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STRESZCZENIE

Niniejsza rozprawa doktorska stanowi cykl artykutéw naukowych, w ktérych
przedstawiono przeglad osiggnie¢ w opracowaniu kompozytowych materiatow
luminescencyjnych na bazie cienkich warstw monokrystalicznych (z ang. SCF) i
monokrysztatow (z ang. SC) granatdéw, otrzymanych metoda epitaksji z fazy cieklej (z
ang. LPE). Opracowane kompozytowe materialy moga znalez¢ zastosowanie jako
detektory scyntylacyjne do monitorowania skladu promieniowania mieszanych
wigzek jonizacyjnych oraz jako ekrany scyntylacyjne w mikroobrazowaniu.

Glowny temat badan zwigzany jest z opracowaniem kompozytowych
scyntylatorow oraz materialow termoluminescencyjnych opartych na warstwach i
krysztalach zwiazkow granatu do jednoczesnej rejestracji rdéznego rodzaju
promieniowania jonizujacego w mieszanych wiazkach jonizacyjnych czastek i
kwantow. Warstwy i podtoza kompozytowych scyntylatoréw mozna z powodzeniem
wytwarzac¢ uzywajac metody epitaksji z fazy cieklej w oparciu o granat LusAlsOn
(LuAG), domieszkowany jonami Ce®, Pr® i Sc*, oraz bazujac na domieszkowanych
jonami Ce* mieszanych granatach GdsxAxAlsyGayOr, gdzie A = Lu lubTb; x=0-1; y =
2-3 z istotnie rézna kinetyka zaniku scyntylagji.

Praca doktorska przedstawia takze analize wynikéw badan wlasciwosci
luminescencyjnych warstw, krysztaléw oraz struktur epitaksjalnych granatéw,
prowadzonych metodami spektroskopii optycznej takimi jak absorbcja,
katodoluminescencja i fotoluminescencja. Przeprowadzone zostaly réwniez pomiary
wlasciwosci scyntylacyjnych i termoluminescencyjnych opracowanych materiatow
przy wzbudzeniu czastkami a i 3 oraz kwantami y.

Warstwy, krysztaly i struktury epitaksjalne prostych i mieszanych granatéw
zostaly zbadane i przeanalizowane pod katem opracowania najbardziej wydajnych
skladéw kompozytowych materiatow scyntylacyjnych i termoluminescencyjnych do
zastosowan w detektorach do monitorowania mieszanych wigzek promieniowania
jonizujacego.



ABSTRACT

The Ph.D. thesis is a review of scientific articles in which achievements in the
development of composite luminescent materials based on the single crystalline films
and single crystals of simple and mixed garnet compounds using the liquid-phase
epitaxy (LPE) method are presented. Such composite materials can be applied as
scintillating and thermoluminescent materials for radiation monitoring of the mixed
ionization fluxes and screens in the microimaging technique.

The main topic of the research is connected with the development of multilayer
composite scintillators and thermoluminescent materials based on SCFs and SCs of
garnet compounds for simultaneous registration of different types of ionizing
radiations in mixed ionization fluxes of particles and quanta. The film and crystal parts
of composite scintillators can be fabricated from effective scintillation materials based
on Ce¥, Pr* and Sc3 doped LusAlsOrn garnets as well as the Ce* doped GdsxAxAls.y
GayOn2 mixed garnets, where A= Lu or Tb; x=0-1; y=2-3 with significantly different
scintillation decay kinetics.

The thesis presents also an analysis of the results of investigation of optical
properties of films, crystals and epitaxial structures of garnets, using absorption,
cathodoluminescence = and  photoluminescence. = The  scintillation = and
thermoluminescent properties of the developed materials under a-and  particles
and y quanta excitations are studied as well.

The properties of films, crystals and epitaxial structures of simple and mixed
garnets were measured and analyzed for the selection of the most efficient
compositions of the composite scintillation and thermoluminescent materials for
application in detectors for monitoring of the content of mixed fluxes of ionizing
radiation.



AHHOTAIIMSI

Kanguaarckast auccepranus sIBASeTCS cepueli HaydHBIX CTaTell, B KOTOPBIX
IpejcraBAaeH 0030p AOCTVKeHII B pa3pabOTKe KOMIIO3UIIMOHHBIX AIOMIHECII@eHTHBIX
MaTepualoB Ha OCHOBe MOHOKpucTaaandecknx 1maeHok (MKII) m Mmonoxpucraaaos
(MK) mpocTeIX M CMeIIaHHBIX COeAVHEHUII TIpaHaTOB, MCIIOAL3Ys MeTO/,
sxmakogasnon  snnrakcuyu  (LPE). PaspaGoranHbple KOMIIO3UTBI MOIYT HalTU
IIpUMEeHeHle B  KadecTBe CIUMHTUAAALVOHHBIX ¥ TePMOAIOMIUHECII@HTHBIX
MaTepuaioB 445 paAMallIOHHOIO KOHTPOASI CMeIlIaHHbIX MOHU3UPYIOIINX IIOTOKOB U
B AeTeKTOpax AAs MUKpPOOOpa3OBaHUsL.

I'aaBHOII TeMOil mMccAeAOBaHMS —sBAseTCs pa3paboOTKa MHOIOCAOMHBIX
KOMIIO3UIIMOHHBIX CUMHTUAASATOPOB U TePMOAIOMMHECIIEHTHBIX MaTepualoB Ha
ocnose MKIT 11 MK coeaunennii rpaHaToB 445 O4HOBPEMEHHOV PerucTpaluy pasHbIX
TUIIOB MOHM3UPYIOIIEro U3AyJ4eHNs B CMeIllaHHBIX IIOTOKaX MOHU3UPYIOMINX YaCTUI]
1 KBaHTOB. [11eHKU 1 KprcTaaamdeckye 4acTy KOMIIO3UTHBIX CLIUHTUAAATOPOB MOTYT
OBITH M3rOTOBAEHBI 13 HPPEKTUBHBIX CIMHTUAASILIVOHHBIX MaTepualoB Ha OCHOBe
akTuByposaHHoro nonamu Ce®*, Pr®* u Sc* rpanarta LusAlsO12, a Takske aernpoBaHHBIX
nonamu Ce* cmenaHHbIX rpaHaToB GdsxAxAlsyGayOrz, rae A =Lunan Tb; x=0-1; y
= 2-3 C CyIIecTBeHHO Pa3ANYHONM CIIMHTUAAAIIVIOHHON KMHETUKOM 3aTyXaHI:I.

B Auccepranmum = mpeacraBaeH — aHaAM3  Pe3yAbTAaTOB  M3MepPeHUI
AIOMMHECIIEHTHBIX CBOJICTB IIA€HOK, KPUCTaAAOB U SIUTAKCUAABHBIX CTPYKTYp
rpaHaTOB C MCIIOAb30BaHMEM MeTOAOB ONTUYECKON CIeKTPOCKONIMM, TaKMX Kak
IIOrA0IIleHne, KaToAOAIOMMHecHleHIIUs ¥ (oToaioMuHecreHuus. Vismepenns
CLUVMHTUAAALVIOHHBIX UM TePMOAIOMMHECHEHTHBIX  CBOJMCTB  pa3pabOTaHHBIX
MaTepuaioB IIPOBOANANICH IIPY BO3DY>KAHUM & U [3 YaCTUIJaMM, a TaKKe Y KBaHTaMIA.

CporicTBa I1A€HOK, KPUCTAAA0B U SIUTAKCUAABHBIX CTPYKTYp IIPOCTBIX U
CMeIllaHHBIX TpPaHaTOB OBIAM MCCAEAOBAaHBI M IIpOaHAaAM3MPOBAHBI C 1I€ABIO
paspaboTKM Hanboaee 9 PeKTUBHOTO COYeTaHI KOMITO3MIIVIOHHBIX
CLVHTUAAAIVIOHHBIX U TEPMOAIOMMHECLIEHTHBIX MaTepual0B AAs UCIIOAb30BaHUS B
AETEKTOpaxX KOHTPOAsI CMEIIaHHbIX [IOTOKOB MOHM3UPYIOILIEro U3Ay9eHNsl.



1. Wstep

Rozw¢j technologii epitaksji z fazy cieklej (LPE) w ciggu ostatnich 30 lat
otworzyt nowe mozliwosci do opracowywania innowacyjnych materialéw
luminescencyjnych opartych na warstwach monokrystalicznych (SCF) réznych
zwigzkow tlenkowych, w szczegolnosci granatow. Takie badania przyczynily sie do
rozwoju szeregu dziedzin inzynierii materialowej, optoelektroniki, fizyki jadrowej, a
takze biologii, medycyny i archeologii. Miedzy innym, nowopowstate materiaty
luminescencyjne w postaci SCF znalazly zastosowanie jako podstawowe elementy
funkcjonalne w laserach mikro-chipowych, ekranach katodoluminescencyjnych,
detektorach scyntylacyjnych do rejestracji czastek o i 3, oraz w detektorach
mikrotomograficznych wykorzystujacych Zroédia promieniowania rentgenowskiego
lub promieniowania synchrotronowego.

Metoda LPE wykazuje rowniez mozliwos¢ tworzenia zaawansowanych typow
scyntylatorow kompozytowych typu ,phoswich” (,,kanapka fosforéw”) do rejestracji
réznych skladnikéw promieniowania jonizujacego, wykorzystywanych do analizy
zawartosci mieszanych strumieni czastek i fotondw o roznych glebokosciach
penetracji w materiatach scyntylacyjnych [1-4]. Takie kompozytowe scyntylatory lub
materiaty termoluminescencynje (TL) stanowia epitaksjalne uktady monokrystaliczne
przeznaczone do jednoczesnej rejestracji czastek o niskiej penetracji a- i - (warstwa)
oraz promieniowania o wysokiej penetracji takich jak kwanty X lub y (podtoze) (Rys.1).
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Rys. 1. Schematy dwuwarstwowego (a) i tréjwarstwowego (b) kompozytowego
scyntylatora oraz materiatu TL, (c) — przyktad detekgji czastek a i kwantow y w sposob
rejestracji czasu zanikow scyntylacyjnych, pochodzacych od warstwy i podloza
kompozytowego scyntylatora, (d) — przyklad rejestracji réznicy w temperaturach
gléwnych pikéw krzywych jarzenia TL od warstwy i podioza kompozytowego
materiatu TL, wyrazonej przez parametr AT (rozdziat 3).



Pierwsze typy scyntylatoréw kompozytowych powstaly na podstawie
epitaksjalnych struktur granatu YsAl:O:w (YAG) [1]. Byly nimi jednowarstwowe
scyntylatory kompozytowe oparte na warstwach YAG:Ce i podiozu YAG:Nd (YAG:Ce
SCF / YAG: Nd SC) oraz warstwach YAG: Ce i podtozu YAG: Sc (YAG: Ce SCF / YAG:
Sc SC), a takze trojwarstwowy scyntylator kompozytowy oparty na dwoch warstwach
YAG: Ce i YAG: Nd, i podtozu YAG: Sc (YAG: Ce SCF / YAG: Nd SCF / YAG: Sc SC).
Te scyntylatory kompozytowe zostaly wyhodowane metoda LPE, a nastepnie badane
przy jednoczesnym wzbudzeniu przez czastki a i kwanty y [1]. Rozdzielenie sygnatéw
scyntylacyjnych pochodzacych od warstwy i podtoza takich zlozonych scyntylatorow
przeprowadzono przy uzyciu analizy ich kinetyki zaniku scyntylagji.

Nalezy zauwazy¢, ze ze wzgledu na niska gestos¢ o =4,57 g/cm® i efektywna liczbe
atomowaq Ze#=29 scyntylatory oparte na podiozach granatu YAG mozna stosowac tylko
do rejestracji niskoenergetycznego promieniowania jonizujacego [1, 2]. Z tego powodu
zaistniata potrzeba wykonania scyntylatoréw kompozytowych do rejestracji mieszanych
strumieni czastek i kwantéw wysokoenergetycznych przy uzyciu innych zwiazkéw
granatow, ktore charakteryzuja sie wysokimi wartosciami Q i Zes [2, 3].

Pierwszym materiatem, na ktory zwrdcono szczegdlowa uwage jest granat
LusAlsO1nz2 (LuAG) [5, 6]. Matryca LUAG ma znacznie wyzsza gestos¢ o = 6,73 g/cm?® i
efektywna liczbe atomowa Ze=59 w poréwnaniu z granatem YAG. To pozwala
zasadniczo zwigkszy¢ efektywnos¢ absorpgji promieniowania rentgenowskiego lub y
w porownaniu z podtozami opartymina YAG. Domieszkowane jonami Ce, Pr oraz Sc
krysztaly granatu LuAG sa dobrze znanymi scyntylatorami do monitorowania
promieniowania rentgenowskiego w tomografii komputerowej [7, 8]. Z tego powodu
powstata duza szansa na uzyskanie dobrej jakosci podidz z komercyjnie dostepnych
krysztatow LuAG:Ce, LuUAG:Pr i LuAG:Sc.

Wczesniej przeprowadzone badania [11-14] wykazaly, ze wydajnosé
scyntylacyjna (LY) domieszkowanych jonami Ce, Pr i Sc krysztatow i warstw na bazie
LuAG przekracza wydajnos¢ odpowiednikéw opartych na YAG. To stato si¢ kolejnym
powodem do produkcgi nowej generacji wysokowydajnych kompozytowych
scyntylatorow na bazie opracowanych wczesniej scyntylatorow w postaci
domieszkowanych warstw i krysztatow LuAG.

Waznym wynikiem badan dotyczacych krystalizacji warstw LuAG metoda LPE
byto uzyskanie mozliwosci krystalizacji tych warstw nie tylko na stosunkowo drogich
podltozach LuAG (homo-epitaksja), a takze na zdecydowanie tafiszych podiozach YAG
(kwasi-homo-epitaksja) w warunkach duzego (do 1%) niedopasowania statych sieci
krystalicznej warstwa/podioze. Jednak w celu zmniejszenia niedopasowania
parametrow sieci miedzy podlozem YAG a warstwg oparta na LuAG mozna
wykorzysta¢ podstawienie jonow Lu* w pozycach dodekaedrycznych matrycy
granatu na wigksze kationy Gd lub Tb oraz podstawienie kationéw Al* w pozycjach
oktaedrycznych i tetraedrycznych na jony Ga (Rys. 2a) [5].
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Rys. 2. (a) Struktura sieci krystalicznej granatu =z ukazaniem pozydji
krystalograficznych zajmujacych przez rézne kationy [18]; (b) - zmiany w pozycji
pasma 5d jonu Ce* w granacie (LusxGdx)s(AlsyGay)O12:Ce spowodowane zmianami w
koncentracji kationow Gd oraz Ga. CB, VB - pasma energetyczne granatu [17].

Przeprowadzone wczesniej badania nad procesami krystalizacji warstw LuAG
za pomoca metody LPE pozwolily takze na rozpoczecie badan polegajacych na
opracowaniu kompozytowych scyntylatoréw opartych na LuAG przy uzyciu réznego
typu domieszek bez zmiany matrycy. W tym celu, jako aktywatory, zaproponowano jony
o réznej i wystarczajaco szybkiej kinetyce zaniku scyntylacyjnego, m. in., Ce®, Pr® i
Sc* [5, 14, 16].

Kolejnym waznym sukcesem w opracowaniu materialow luminescencyjnych w
postaci warstw monokrystalicznych byla hodowla przy uzyciu metody LPE warstw
granatow RsAl:On (R = Lu, Tb, Yb, Eu - Y) na podlozach YAG bez dopasowania
parametrow sieci krystalicznych tych materiatow, ktére wynosito okoto +1%. Ten sukces
otworzyl bogate perspektywy do opracowania nowych warstwowych materiatow
scyntylacyjnych do aplikacji w r6znych dziedzinach nauki i przemystu, m. in. ekranéw
scyntylacyjnych w detektorach mikrotomograficznych do wizualizagii zdjec
rentgenowskich (Rys. 3). W szczegolnosci, opracowane warstwy monokrystaliczne
TbAG:Ce, w poréwnaniu z wlasciwosciami warstw LuAG:Ce wykazuja wigksza o 30%
wydajno$¢ scyntylacyjna oraz unikatowo niski poziom fosforescencji [C1.1].

W ciagu ostatnich dziesieciu lat zostato takze wdrozone nowatorskie podejscie do
opracowywania materiatow scyntylacyjnych, ktére opiera si¢ na inzynierii skladu
kationu mieszanych granatéw i innych ztozonych materialéw tlenkowych. Polega ono
na korzystnej modyfikacji struktury energetycznej matrycy oraz aktywatora
(przewaznie jonéw Ce*) w sposob celowej zmiany w sktadzie kationow (Rys.2b). W taki
sposOb uzyskuje si¢ optymalne warunki do przekazania energii wzbudzenia od
matrycy do centrum luminescengji, co skutkuje znaczacym wzrostem wydajnosci
scyntylacji oraz rozdzielczosci energetycznej materiatu. W szczegolnosci, krysztaly
granatu GdsAls«GaxOn przy x= 2-3 (GAGG:Ce) posiadaja bardzo wysoka wydajnosc¢
scyntylacyjna (LY) do 50 000 Fotonow/MeV przy wzbudzeniu kwantami y ze zrédia
157Cs (662 keV) [C1.1] (Tabelal).



Nieco pdzniejsze badania pokazaly ze mieszane granaty o wzorze LusxGdxAls.y
GayOn2:Ce, gdzie x=1-3; y=2-3 (LGAGG:Ce) sa rowniez bardzo obiecujacymi materiatami
do produkgji scyntylatorow w postaci warstw monokrystalicznych o wysokiej
zdolnosci absorpcji promieni rentgenowskich oraz bardzo wysokiej wydajnosci przy
wzbudzeniu czastkami o [19-21]. Okazalo sig, ze scyntylatory w postaci warstw
LGAGG:Ce z powodu wiekszej statej sieci rowniez mozna krystalizowac nie tylko na
podiozach YAG, ale takze na podtozach GAGG. Nastepna sukcesywna krystalizacja
metoda LPE warstw scyntylatorow opartych na TbAG:Ce na niedomieszkowanych
podiozach GAGG [C1.1], udowodnita hipoteze o mozliwosci krystalizacji dobrej
jakosci warstw monokrystalicznych nawet z duzym (do 2%) niedopasowaniem
statych sieci warstwa/podtoze.

W celu opracowania nowych typow kompozytowych scyntylatorow do
monitoringu radiacyjnego srodowiska dos¢ sensownym wydaje si¢ potaczenie
wymienianych krysztatow GAGG:Ce oraz warstw LGAGG:Ce lub TbAG:Ce w jeden
material kompozytowy przy uzyciu metody LPE [22,23]. To takze pozwolito rozwazy¢
mozliwos$¢ opracowania innego podejscia do konstrukcji kompozytowych scyntylatoréw w
oparciu o polgczenie roznych matryc materiatdw scyntylacyjnych domieszkowanych tym
samym typem aktywatora (Ce>*).

Szczegdlowe informacje zwigzane z doborem materiatdw do opracowania
kompozytowych scyntylatorow zostaly przedstawione w podrozdziale 3.2 pt.
,Materialy” oraz w tabeli 1.

Warto podkresli¢, ze oba wyzej wymienionione podejscia do konstrukgji
kompozytowych scyntylatoréw w postaci zlozonych struktur epitaksjalnych
granatéw lub innych materiatéw scyntylacyjnych moga by¢ takze bardzo korzystne
do produkcji nowoczesnych detektoréw mikrotomograficznych z wielokanalowym
sposobem rejestracji i natozenia uzyskanych obrazow optycznych (Fig.3).
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Rys. 3. Schemat nowoczesnego detektora dla mikroobrazowania zawierajacego
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kompozytowy ekran scyntylacyjny w postaci dwoch warstw monokrystalicznych,
otrzymanych metoda LPE na tym samym podiozu [C1.1].

Ostaniq cze$¢ pracy doktorskiej tworza artykuly pokazujace mozliwosc
opracowania nowych kompozytowych materiatow termoluminescyjnych (TL)
opartych na strukturach epitaksjalnych granatéw, zawierajacych warstwy i krysztaly
YAG:Ce i LuAG:Ce oraz warstwy LusxGdxAlsO12:Ce. W tych kompozytowych
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materiatach TL skupiono si¢ na obserwacji roznicy w temperaturach i wydajnosci
gtéwnych pikéw krzywych jarzenia dla warstw i podtoz przy wzbudzeniu czastkami
a i B. Obserwowana roznica we wlasciwosciach termoluminescencyjnych warstw i
krysztaldéw-podtoz pozwolita rejestrowac jednoczesnie promieniowanie a i [ w
mieszanych wigzkach jonizujacych. Z tego powodu opracowane struktury
epitaksjalne mozna uwaza¢ za prototypy do dalszego rozwoju nowej generacji
kompozytowych detektoréw TL, opartych na strukturach epitaksjalnych réznych
zwiazkow tlenkowych.

W oparciu o podany wyzej przeglad osiagnie¢ w opracowywaniu materiatéw
luminescencyjnych metoda epitaksji z fazy cieklej, celem pracy doktorskiej byta
krystalizacja metoda LPE oraz badanie wlasciwosci luminescencyjnych i
scyntylacyjnych kompozytowych materiatow opartych na strukturach epitaksjalnych
typu ,,warstwa-krysztal” na bazie prostych i mieszanych granatow.

Osiagniecie tego celu wymagato rozwigzania nastepujacych zadan naukowych:

1. Krystalizacja hetero-epitaksjalna wysokowydajnych scyntylatoréw w postaci
warstw monokrystalicznych mieszanych granatéw (Tb,Gd)s(Al,Ga)sO12:Ce metoda
LPE w warunkach znacznej r6znicy parametrow sieci SCF i podtéz GAGG.

2. Szczegodtowe badanie absorbcji, luminescencji oraz wtasciwosci scyntylacyjnych i
termoluminescencyjnych warstw mieszanych granatéw w celu optymizacji ich
wlasciwosci oraz ustalenia mozliwosci skutecznych modyfikacji sktadu warstw przy
opracowaniu kompozytowych scyntylatoréw i materiatéw termoluminescencyjnych.

3. Opracowanie z uzyciem metody LPE kompozytowych scyntylatorow na bazie
warstw i krysztatow-podtéz LuAG z domieszkami jonéw Ce, Pri Sc.

4. Opracowanie metoda LPE kompozytowych scyntylatorow na bazie warstw
TbAG i LGAGG oraz krysztatdéw-podidz GAGG, domieszkowanych jonami Ce®".

5. Pilotazowe badania nad opracowaniem prototypdw kompozytowych materiatow
termoluminescencyjnych na bazie struktur epitaksjalnych granatow.

6. Badania nad optymalizacja skladu warstw oraz typéw domieszek w celu
uzyskania jak najlepszej separacji sygnaléw pochodzacych od warstw i podidz
kompozytowych materiatoéw scyntylacyjnych i termoluminescencyjnych.

Wyniki badan przedstawiono w artykutach opublikowanych w czasopismach
naukowych z listy JCR.

2. Forma pracy doktorskiej oraz wktad doktoranta

Praca doktorska pt. , Kompozytowe scyntylatory na bazie warstw i krysztatow
granatow: krystalizacja metoda epitaksji z fazy cieklej oraz badania ich wtasciwosci
luminescencyjnych i scyntylacyjnych” stanowi cykl artykuléw opublikowanych w
recenzowanych czasopismach naukowych:

Tematycznie praca doktorska sktada sie z 4 czesci.



Czes¢ I. Opracowanie scyntylatorow w postaci warstw monokrystalicznych
granatow TbsxGdxAls-yGayO1. metoda LPE

C1.1Y. Zorenko, P. Douissard, T. Martin, F. Riva, V. Gorbenko, T. Zorenko, K. Paprocki,
A. Iskalieva, S. Witkiewicz, A. Fedorov, P. Bilski, A. Twardak. Scintillating screens
based on the LPE grown TbsAlsO12:Ce single crystalline films. Optical Materials 65 (2017)
73-81

C1.2. V. Gorbenko, T. Zorenko, S., Witkiewicz, K. Paprocki, O. Sidletskiy, A. Fedorov,
P. Bilski, A. Twardak, Y. Zorenko. LPE growth of single crystalline film scintillators
based on Ce* doped TbsxGdxAlsyGayO12 mixed garnets. Crystals 7 (2017) 262.

Czes¢ II. Kompozytowe scyntylatory oparte na strukturach epitaksjalnych granatu
LuAG z domieszkami jonow Ce, Pri Sc

C2.1 S. Witkiewicz-Lukaszek, V. Gorbenko, T. Zorenko, K. Paprocki, O. Sidletskiy,
I. Gerasymov, J.A. Mares, R. Kucerkova, M. Nikl, Yu. Zorenko. Novel all-solid-state
composite scintillators based on the epitaxial structures of LuAG garnet doped with
Pr, Sc and Ce ions. IEEE Transactions on Nuclear Science 65 (2018) 2114 — 2119

C2.2 S. Witkiewicz-Lukaszek, V. Gorbenko, T. Zorenko, K. Paprocki, O. Sidletski,
I. Gerasymov, J.A. Mares, R. Kucerkova, M. Nikl], Yu. Zorenko. Composite scintillators
based on the crystals and single crystalline films of LuAG garnet doped with Ce®, Pr3*
and Sc* ions. Optical Materials 84 (2018) 593-599

C2.3 J.A. Mares, S. Witkiewicz-Lukaszek, V. Gorbenko, T. Zorenko, R. Kucerkova,
A. Beitlerova, C. D’Ambrosio, J. Dlouhy, M. Nikl, Yu. Zorenko. Alpha and gamma
spectroscopy of composite scintillators based on the LuAG:Pr crystals and single
crystalline films of LuAG:Ce and (Lu,Gd, Tb)AG:Ce garnets. Optical Materials 96 (2019)
109268

C2.4 S. Witkiewicz-Lukaszek, V. Gorbenko, T. Zorenko, O. Sidletskiy, P. Arhipov,
A. Fedorov, J.A. Mares, R. Kucerkova, M. Nikl, Yu. Zorenko, High-performance
composite scintillators based on the single crystalline films and crystals of LuAG garnet.
CrystEngComm (2020) opublikowany on-line 06.04.2020, https://doi.org/10.1039/DOCE00266F

Czes¢ III. Kompozytowe scyntylatory oparte na warstwach i krysztalach
mieszanych granatow z domieszka jonow ceru

C3.1 S. Witkiewicz-Lukaszek, V. Gorbenko, T. Zorenko, O. Sidletskiy, I. Gerasymov,
A. Fedorov, A. Yoshikawa, J. A. Mares, M. Nikl, Yu. Zorenko. Development of
Composite Scintillators Based on Single Crystalline Films and Crystals of Ce*-Doped
(Lu,Gd)3(Al,Ga)sO12 Mixed Garnet Compounds. Cryst. Growth Des. 18 (2018) 1834-1842

C3.2 S. Witkiewicz-Lukaszek, V. Gorbenko, T. Zorenko, K. Paprocki, O. Sidletskiy,
A. Fedorov, R. Kucerkova, J. A. Mares, M. Nikl, Yu. Zorenko. Epitaxial growth of
composite scintillators based on TbsAl:O:w:Ce single crystalline films and
GdsAl25Gaz5012:Ce crystal substrates. CrystEngComm 20 (2018) 3994-4002
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Czes¢ IV.  Opracowanie  prototypow  kompozytowych  materialow
termoluminescencyjnych na bazie struktur epitaksjalnych granatow

C4.1 S. Witkiewicz-Lukaszek, V. Gorbenko, T. Zorenko, Y. Zorenko, W. Gieszczyk,
A. Mrozik, P. Bilski. Composite thermoluminescent detectors based on the Ce* doped
LuAG/YAG and YAG/LuAG epitaxial structures. Radiation Measurements 128 (2019)
106124

C4.2 S. Witkiewicz-Lukaszek, A. Mrozik, V. Gorbenko, T. Zorenko, P. Bilski,
Yu. Zorenko, LPE growth of composite thermoluminescent detectors based on the
Lus«GdxAlsO12:Ce single crystalline films and YAG:Ce crystals. Crystals 10 (2020) 189.

Zgodnie z zalaczonymi o$wiadczeniami wspodtautoréow, wkilad doktoranta w
powstanie publikacji byt nastepujacy:

Czesc 1
C1.1 Scintillating screens based on the LPE grown TbsAl5012:Ce single crystalline films.

e analiza calo$ci materiatu eksperymentalnego;

e przygotowanie materialow (rysunki, tabele) do publikacji;

e uczestnictwo w pisaniu czesci manuskryptu, dotyczacej wlasciwosci optycznych
warstw oraz korekt manuskryptu po uwagach recenzentéw

C1.2 LPE growth of single crystalline film scintillators based on Ce* TbsxGdxAlsyGayO12
mixed garnets.

¢ analiza wynikow badan wlasciwosci strukturalnych i optycznych warstw TbsxGdxAls-
yGayO12:Ce na podiozach GAGG;

e uczestnictwo i przygotowaniu materialéw do publikagji (rysunki, tabele) oraz w
napisaniu czesci manuskryptu dotyczacej wiasciwosci optycznych warstw, a takze
korekty manuskryptu po uwagach recenzentéw

Czesc Il
C2.1 Novel all-solid-state composite scintillators based on the epitaxial structures of LuAG
garnet doped with Pr, Sc and Ce ions.

e udzial w powstaniu koncepcji pracy;

e pomiary widm absorbcji warstw i kompozytowych scyntylatoréw;

e -opracowanie wynikéw badan absorbgji, katodoluminescencji i kinetyki zaniku
scyntylacji oraz przygotowanie odpowiednich rysunkéw i tabeli do publikacji;

e opracowanie metody opisu réznic w krzywych zaniku scyntylacji kompozytowych
scyntylatoréw przy wzbudzeniu czastkami a i kwantamiy, wyrazonych jako stosunek
ta/ty lub ty/ts;

e uczestnictwo w napisaniu manuskryptu pracy, oraz przeprowadzenie korekt pracy po
uwagach recenzentdw (autor korespondencyjny)

C2.2 Composite scintillators based on the crystals and single crystalline films of LuAG
garnet doped with Ce*, Pr** and Sc* ions.
udzial w powstaniu koncepgji pracy;

e opracowanie wynikow badan absorbcji, katodoluminescencji, kinetyki zaniku
scyntylacyjnego, widm amplitudowych scyntylacji oraz zaleznosci wydajnosci i
rozdzielczo$ci energetycznej scyntylagji od czasu rejestracji sygnatu scyntylacyjnego;

¢ wykonanie zdje¢ probek przy uzyciu mikroskopu elektronowego;
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opracowanie wynikow badan réznic w krzywych zaniku scyntylacji od warstwowej i
krystalicznej czesci kompozytowych scyntylatoréw przy wzbudzeniu czastkami « i
kwantami y przez stosunki ta/ty lub ty/t

uczestnictwo w napisaniu manuskryptu, a takze przeprowadzenie korekt po uwagach
recenzentow (autor korespondencyjny)

C2.3 Alpha and gamma spectroscopy of composite scintillators based on the LuAG:Pr

crystals and single crystalline films of LuAG:Ce and (Lu,Gd,Tb)AG:Ce garnets.

udziat w powstaniu koncepgiji pracy;

analiza krzywych zaniku scyntylacyjnego pochodzacych od réznych czesci
scyntylatora kompozytowego;

ustalenie mozliwosci skutecznej modyfikacji skladu warstwy przy opracowaniu
kompozytowych scyntylatorow typu (Lu, Tb)AG:Ce/LuAG:Pr;

wprowadzenie parametru A opisujacego rdznice krzywych zaniku scyntylacji
kompozytu przy wzbudzeniu czastkami a i kwantami y na réznych poziomach
intensywnosci zaniku luminescencgji;

uczestnictwo w pisaniu publikacji w czesci dotyczacej zanikow scyntylacyjnych oraz
korekty manuskryptu po uwagach recenzentéw

C2.4 High-performance composite scintillators based on the single crystalline films and

crystals of LuAG garnet.

udziat w powstaniu koncepgji pracy;

prezentacja materiatu pracy na konferencji EURODIM 2018;

analiza wlasciwosci strukturalnych i optycznych otrzymanych warstw i kompozytowych
scyntylatorow;

analityczne opracowanie widm amplitudowych i krzywych zaniku scyntylacyjnego
kompozytowych scyntylatoréw przy wzbudzeniu czastkami o oraz kwantami vy;
badanie wplywu grubosci warstw na wlasciwosci kompozytowych scyntylatoréw;
uczestnictwo w pisaniu publikagji, a takze przeprowadzenie korekt manuskryptu po
uwagach recenzentow (autor korespondencyjny)

Czesc 111
C3.1 Development of Composite Scintillators Based on Single Crystalline Films and
Crystals of Ce**-Doped (Lu,Gd)s(Al,Ga)sO12 Mixed Garnet Compounds.

udzial w powstaniu koncepdji pracy;

prezentacja materiatu pracy na konferencji IWASOM 2018;

opracowanie wynikéw badan absorbgcji, katodoluminescencji, kinetyki zaniku
scyntylacji, widm amplitudowych scyntylacji oraz zaleznosci wydajnosci i
rozdzielczo$ci energetycznej scyntylacji od czasu rejestracji sygnatu scyntylacyjnego;
uczestnictwo w pisaniu publikagji, a takze przeprowadzenie korekt manuskryptu po
uwagach recenzentow (autor korespondencyjny)

C3.2 Epitaxial growth of composite scintillators based on TbsAls:O12:Ce single crystalline
films and GdsAl25Gaz25012:Ce crystal substrates.

udzial w powstaniu koncepgji pracy;

wykonanie pomiaréw absorpcji warstw oraz kompozytowych scyntylatorow;
przygotowanie materialéw (rysunki, tabele) do publikagji;

uczestnictwo w pisaniu czeSci manuskryptu, dotyczacej wlasciwosci optycznych
warstw oraz korekt manuskryptu po uwagach recenzentéw
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Czesc¢ IV
C4.1 Composite thermoluminescent detectors based on the Ce* doped LuAG/YAG and
YAG/LuAG epitaxial structures.
e udziat w powstaniu koncepdji pracy;
e prezentacja materiatu pracy na konferencji LUMDETR 2018;
e opracowanie wynikdw badan absorbgji, katodoluminescengji, oraz krzywych jarzenia
warstw i kompozytowych struktur epitaksjalnych przy wzbudzeniu czastkami o i 3;
e uczestnictwo w pisaniu publikacji oraz przeprowadzenie korekt manuskryptu po
uwagach recenzentdw (autor korespondencyjny)
C4.2 LPE growth of composite thermoluminescent detectors based on the LusxGdxAlsOn:Ce
single crystalline films and YAG:Ce crystals
e prezentacja materiatu pracy na konferencji PGSCC 2019;
e opracowanie wynikdw badan absorbgji, katodoluminescencji, oraz krzywych jarzenia
warstw i kompozytowych struktur epitaksjalnych przy wzbudzeniu czastkami a i {3;
e napisanie tekstu publikacji oraz przeprowadzenie korekt manuskryptu po uwagach
recenzentow (autor korespondencyjny)

3. Metody eksperymentalne

3.1. Krystalizacja warstw i kompozytowych scyntylatorow metoda LPE

Kompozytowe materialy scyntylacyjne w postaci warstw i krysztatéw granatéw
zostaly wyhodowane przy uzyciu metody LPE w Laboratorium Epitaksji Katedry
Materiatéw Optoelektronicznych w Instytucie Fizyki Uniwersytetu Kazimierza
Wielkiego w Bydgoszczy (Rys. 4). Metoda ta zapewnia mozliwos¢ krystalizacji warstw
o pozadanej grubosci przy uzyskaniu bardzo dobrej jakosci strukturalnej i optyczne;j.

Gléwnym zalozeniem metody LPE jest wytworzenie przesycenia w roztworze
krystalizowanego w postaci warstw, materiatu w ciektym topniku, co umozliwia wzrost
warstwy przy stosunkowo niskich temperaturach (okoto 1000° C) w porownaniu z
warunkami krystalizacji tego materiatu ze stopu przy temperaturach > 2000°C. Wsad
do krystalizacji warstw przygotowuje si¢ mieszajac w odpowiednich proporcjach
surowce, zawierajace pierwiastki, ktore wchodza w sktad warstwy. Aby obliczy¢ ilo$¢
poszczegolnych pierwiastkow, potrzebnych do uzyskania koncowego produktu,
potrzebna jest znajomos$¢ masy molowej surowca, z ktérej mozna dobrac¢ ten
pierwiastek w odpowiedniej proporcji. Czystos¢ surowcow do produkcji warstw
monokrystalicznych standardowo powinna wynosi¢ powyzej 99,99 %.

Podczas przygotowywania wsadu do produkgi cienkich warstw
monokrystalicznych granatéw metoda LPE oblicza si¢ tzw. wspdtczynniki Blanka-
Nielsena i Ry, Ry, R3 i R,. Sa one odpowiedzialne za stosunki

R, = Pfluxpyo . R = Y Pgarnet(dod) . _ 2 Pgarnet . __ X Pdaopant
fluxgo03 garnet(oct+tet) garnet flux garnet

gdzie P oznacza masy molowe skladnikow topnika (flux - PbO i B20s), materiatu
warstwy (garnet) i aktywatora (dopant), ktore zajmuja pozycje dodekaedryczne (dod),
octaedryczne (oct) i tetraedryczne (tet) sieci granatu.
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Rys. 4. Schemat oraz =zdjecie aparatury stuzacej do krystalizacji warstw
monokrystalicznych metoda LPE w Katedrze Materiatéw Optoelektronicznych UKW.

Stosunek Ri=11-12 okresla kinetyczng charakterystyke roztworu i rozpuszczalnos¢
tlenkow tworzacych warstwe. Rz = 0.02-0.035 okresla typ fazy granatu jako gldwnej fazy
przy krystalizacji warstw. Natomiast wybor stosunkéw molowych Rs i Rsodpowiednio w
zakresach 0.02-0.03510.01-0.15 wiaze si¢ z optymalizacja wydajnosci scyntylacyjnej warstw.

Aby doprowadzi¢ wsad do postaci cieklej, jako typowy topnik uzyto stopu tlenku
ofowiu (PbO) i boru (B,03) w stosunku 90%:10%, ktory byt ustalony doswiadczalnie.
Stezenie molowe topnika, wyrazone przez wspolczynnik Rs, wynosi 95%-97% w
stosunku od calego roztworu. Atomy topnikdéw, w szczegdlnosci jony ofowiu moga
rowniez wchodzic¢ w sklad otrzymanych warstw i dawac niepozadane efekty. Otow jest
pierwiastkiem, ktdéry jako domieszka wywotuje obnizenie wydajnosci luminescencji
innych domieszek, takich jak Ce*, Pr®* i Sc*. Z drugiej strony stopy PbO i BaO
charakteryzuja si¢ bardzo dobra rozpuszczaja materialéw, tworzacych warstwy, ze
stosunkowo niska gestoscia oraz duza plynnoscia, co jest bardzo waznym atutem
podczas krystalizacji warstw o wysokiej jakosci strukturalnej i optyczne;j.

Przygotowany wsad wybrany wedlug wielkosci wspotczynnikow Ri-Rs
umieszcza si¢ w platynowych (Pt) tyglach o érednicy o = 30-40 mm. Materiat tygla
wybrany zostal ze wzgledu na wysoka temperature topnienia - 1768°C, oraz maty
wplyw domieszki Pt na wlasciwosci optyczne warstw.

Podstawowym mechanizmem warunkujacym powstawanie monokrystalicznej
warstwy na podlozu jest proces przechtodzenia roztworu. W tym celu tygiel
umieszcza si¢ w piecu (Rys. 4) rozgrzanym do temperatury 1050-1100°C. W takiej
temperaturze materialy po stopieniu tworza roztwdr nienasycony, charakteryzowany
przez pewna temperature (temperature solidus lub temperature nasycenia Ts), bedacy
funkcja wielkosci wspotczynnika Rs. Wraz z obnizeniem temperatury roztworu do
temperatury wzrostu Ty w zakresie 950-1050°C ponizej temperatury solidus Ts,
roztwdr osiaga stan przechlodzenia, przez co nadmiar substancji rozpuszczonej
zaczyna osadzac sie na obracajacym podiozu wprowadzonym do tygla.

Wymiary podloza nie powinny przekraczac potowy srednicy tygla, tj. 15-20 mm.

Predkos¢ wzrostu warstwy monokrystalicznej zalezy od kilku czynnikéw, gtowwnie
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od temperatury wzrostu Tg w stosunku do temperatury nasycenia stopu Ts. W ogolnej
postaci grubos¢ warstwy jest proporcjonalna do stopnia przechtodzenia AT = Tg- Ts
oraz pierwiastka kwadratowego od predkosci obracania podtoza w.

3.2. Materialy do produkcji kompozytowych scyntylatorow

W procesie konstrukcji kompozytowych scyntylatorow giéwna role speinia
odpowiednie dopasowanie szeregu wtasciwosci zaréwno warstw jak i krysztatow.
Ponizej w Tabeli 1 przedstawiono wybrane parametry krysztatow granatéw, uzywanych
jako podtoza do krystalizacji kompozytow metoda LPE, ktére pozwolity na wybor
najbardziej optymalnych kombinacji do konstrukgji takich scyntylatorow.

Wybrane wlasciwosci warstw granatéw, ktore zostaly wymienione w publikacjach
autora, podane sa w Tabeli 2. Sq one niezbedne do oszacowania wtasciwosci réznych
typow kompozytowych scyntylatoréw, opracowanych w pracy doktorskie;j.

Mozliwo$¢ uzyskania warstw granatu LuAG:Ce na podiozu YAG przy duzym
(okoto -0.8 %) niedopasowaniu sieci warstwa-podloze jest bardzo waznym wynikiem
opracowania scyntylatorow w postaci warstw monokrystalicznych z duzym wspodt-
czynnikiem absorbcji kwantéw rentgenowskich. Wydajnos¢ scyntylacyjna LY warstw
LuAG:Ce moze by¢ nawet dwa razy wigksza od wydajnosci warstwy YAG:Ce.

Inzynieria sktadu kationéw pozwala na otrzymanie warstw z domieszka Tb* lub
Gd? z znacznie wigkszymi promieniami jonéw w porownaniu z promieniami kationow
Lu*. To powoduje zmniejszenie niedopasowania stalych sieci warstwa/poloze nawet do
zera w wypadku krystalizacji warstw LuisGdisAlsO12:Ce na podlozach YAG. Wymiana
kationéw Lu* na Tb* i Gd* powoduje zwigkszenie sily pola krystalicznego w pozycjach
dodekaedtycznych granatu, co daje mozliwos¢ przesuniecia emisji jondw Ce* w LUAG w
Tabela.
kompozytowych scyntylatorow. Dane pobrane zostaly ze stron internetowych

1. Wybrane wtasciwosci krysztatow, uzytych przy konstruowaniu

producentéw od jakich byly zakupione podtoza, przygotowane z takich krysztatéw.
Cieniowanie - www.crytur.cz (pomaranczowe), www.advatech-uk.co.uk (szare), w

nawiasie podano dane literaturowe, ktére moga rozni¢ sie¢ od danych
przedstawionych przez producentow.
Parametr YAG:Ce|LuAG:Ce | LuAG:Pr | LuAG:Sc GAGG:Ce
Gestos¢ [g/cm?] 4.57 | 6.7301214 6.73 6.7318132529] 6.63
Efektywna liczba atomowa 74 58.9 62.9 61 54.4
Maksymalna dlugOéé 550 535[12,14] 310[12,14,16,27] 280[8,13,28,29] 520
fali emisji [nm]
. 20(19-28 245-610
Czas zaniku [ns] 70 70 [12(, i 6,27]) 181325.29] 50-150
Wydajnos¢ scyntylacyjna 29 54108
przy wzbudzeniu zrédtem y | 30*10° (25*10°01241 | 15-18%10° s | 20-60°10°
kwantéow '¥Cs [ph/MeV]
LY«/LYyw zakresie 0.5-10 us 0.1-145(<221/0.31-0.341<231/0.38-0.421<241/0.19-0.2(<31]
Rozdzielczos¢ energetyczna [%]| 6.71%01 |5.5-711214261 | <5I2141627] | 718152829) 6.68
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Tabela. 2. Wybrane wiasciwosci warstw granatéw. m - niedopasowanie statych sieci
warstwy asce i podloza asw, ktdre wyraza si¢ wzorem m=(ascr - asub/asub)*100%, Amax -
maximum widma emisji, tve - czas zaniku scyntylacyjnego do poziomu 1/e; LY- wydajnos¢
scyntylacyjna przy wzbudzeniu a czastkami Zrodita 2Pu w poréwnaniu z wydajnosci
warstwy wzorcowej YAG:Ce 360 fotoelektrondw/MeV (24000 fotonéw/MeV) Cieniowanie -
wlasne prace, przypis oznacza numer czasopisma omawianego w rozprawie

Warstwa Podloze | m, % | Amax, nm | tie/tizo, ns LY, %
LuAG:Ce YAG -0.82 01 509 (11 53 [t 205 i
LuAG:Pr YAG -0.8 305 [1214] 17 012141 79 [c]
LuAG:Sc YAG -0.8 280 (131 245; 390 13l 96 [C11]
Lu15Gdi15Al5012:Ce YAG +0.02 0151 | 548 [15] 501151 86 [19]

LuisGdisALsGaxs0:Ce | GAGG | -0.73 111 | 519 [ 51/130M11 145011

YAG | +0.55€ 1 | 555[CL | 242/1645[C11 | 253-264(C11]

TbAG:Ce GAGG | -1.29191 | 560112 | 306/1795111| 195(¢12)

Tb15Gd15AL5Gaz5012:Ce (PbO) | GAGG | -0.12[€121 | 543[¢12] | 333/990(¢12] | 3801 ¢12]

Tb15Gd15sAlGax012:Ce (BaO) | GAGG | -1.30[€12 | 5431121 | 228/728IC121 | 380[C12]

zakres dtugofalowy. Mozliwos¢ przekazania energii wzbudzenia do jonow Ce* przez
podsieci kationdw Gd** i Tb* moze takze powodowac wzrost wydajnosci scyntylacyjnej
(LY) warstw. Znaczacy wzrost LY w poréwnaniu z warstwami LuAG:Ce obserwuje sie
m. in. w warstwach TbAG:Ce oraz TbisGdisAl25Gas250122Ce (Tabela 2). Jednak
wydajnos¢ scyntylacyjna warstw LuisGdisAlsO1:Ce jest stosunkowo niska (Tabela 2).
Na Rys. 5 przedstawiono widma katodoluminescencji, charakteryzujace wlasciwosci
luminescencyjne krysztatow i warstw granatéow, uzytych do wytwarzania
kompozytowych scyntylatoréw. Dominujaca emisje jonow Pr® (przejScie promieniste
5d-4f) i Sc** (domieszka izoelektronowa) w krysztatach i warstwach LuAG uzyskuje
sie w zakresie UV. Luminescencje jonow Ce* (przejscie 5d-4f) w krysztatach i
warstwach granatéw obserwuje si¢ w zakresie widzialnym, przy czym potozenie
maximum emisji przesuwa si¢ w strone dtuzszych fal z 512 nm w LuAG:Ce do 560 nm
w TbAG:Ce w skutek zwiekszenia sity pola krystalicznego w pozycjach

100- 1,0~ 545 560

" @ L\ 1-LuAG:PrSCF
2 -LUAG:Sc SC = 4= v - 2-LUAG:Sc SCF
S -LUAG:PrsC 508 na \ 3 LGAGG:Ce SCF

> 0,754 -LuAG:CesC "1 v "4-TbAG:Ce SCF
2 -GAGG:Ce SC = R
@ s r- \
oA ~ 0,6 (3}
o ) .
80,50 S Vs
o ) 4
S S 04 1y

z s , Ce™ | -
2 c vV (b)
@ 0,25 1) -
— = 0,2 \
o c AY
= = ; .,

L ."l A ;\
- el S| 0,0E g 1 s
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Rys. 5. Znormalizowane widma katodoluminescencji krysztatéw (SC) (a) i warstw
(SCF) (b) granatow LuAG, TbAG, LGAGG i GAGG z domieszkami Ce*, Pr® i Sc*.
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dodekaedrycznych granatu, spowodowanego ze zwigkszeniem promieni jonowych
odpowiednich kationéw ziem rzadkich.

3.3. Metody badan wlasciwosci optycznych kompozytowych scyntylatorow i
termoluminoforéw

W celu charakteryzacji wlasciwosci optycznych warstw, krysztaldw oraz
kompozytowych  scyntylatoréw  wykorzystano  widma  absorpgji, widma
katodoluminescengji (CL), widma emisji i widma wzbudzenia oraz kinetyke zaniku
fotoluminescencji (PL), pomiary wydajnosci scyntylacyjnej (LY) oraz zaniku
scyntylacyjnego przy wzbudzeniu czastkami o i kwantami vy, a takze pomiary krzywych
jarzenia (z ang. glow curves) i skladu spektralnego termoluminescengji (TL) w zakresie
od temperatury pokojowej (z ang. RT) do 600 K. Badania te wykonano na Katedrze
Materiatéw Optoelektronicznych w Instytucie Fizyki UKW w Bydgoszczy (absorbgja, CL,
PL, LY oraz zanik scyntylacji przy wzbudzeniu izotopem *’Pu), w Instytucie Fizyki
Akademii Nauk w Pradze (LY oraz zanik scyntylacji przy wzbudzeniu Zréodlem a-czastek
#1Ami kwantow ¥Cs) oraz w Instytucie Fizyki Jadrowej w Krakowie (TL).

Widma absorpcyjne badano za pomoca spektrometru Jasco 760 UV-Vis w zakresie
200-1100 nm. Widma KL zmierzono w temperaturze pokojowej (RT) za pomoca
mikroskopu elektronowego SEM JEOL JSM-820, dodatkowo wyposazonego w
spektrometr Stellar Net pracujacy w zakresie 200-925 nm. Wydajnos¢ scyntylacyjna i
zanik scyntylacji zostate zbadane przy uzyciu ukladu wyposazonego w fotopowielacz
Hamamatsu H6521 (PMT), analizator wielokanatowy oraz oscyloskop cyfrowy
Tektronix TDS3052 przy wzbudzeniu czastkami a pochadzacymi z izotopu *’Pu (5,15
MeV) (Rys. 6). LY warstw porownano ze probka referencyjna YAG:Ce SCF z
wydajnoscia fotoelektryczna 360 fotoelektronéw (phels)/MeV oraz absolutna
wydajnoscia scyntylacyjna 2650 fotonow/MeV, a takze z LY odpowiadajacych im

podtoz. Wszystkie pomiary przeprowadzono w temperaturze pokojowe;.

Rys. 6. (a) - uklad pomiarowy uzyty przy pomiarach wydajnosci oraz kinetyki zanikow
scyntylacyji badanych materialéw przy wzbudzeniu przez a- czastki *°Pu (5,15 MeV ). 1
- tuba z fotopowielaczem i Zrodtem czastek a (7), 2 - oscyloskop z mozliwoscig eksportu
danych, 3-multimetr, 4 - zasilacz wysokiego napiecia, 5-analizator wielokanatowy, 6 -
komputer z oprogramowaniem (MCA) stuzacym do analizy wydajnosci scyntylagji, 7 -
zrodto #Pu, 8 - probka referencyjna warstwy granatu YAG:Ce, uzywana do
porownawczej analizy wydanosci scuntylacynej badanych materialéow. (b) - Czytnik Rise
TL/OSL-DA-20 w Instytucie Fizyki Jadrowej w Krakowie.
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Badania wydajnosci oraz kinetyke zanikéw scyntylacyjnych wybranych warstw,
krysztatow oraz kompozytowych scyntylatoréw w szerokim (0.5-10 mikrosekund)
zakresie czasu rejestracji sygnalu scyntylacyjnego, przeprowadzono przy uzyciu
zestawu skfadajacego si¢ z hybrydowego fotopowielacza HPMT DEP PP0475B,
wzmacniacza ORTEC model 672 oraz analizatora wielokanatlowego ORTEC model
972TM w Instytucie Fizyki Czeskiej Akademii Nauk w Pradze. Do pomiaru uzyto
czastki a pochodzace z radioizotopu *!'Am (energia 55 MeV) i kwantéw v z
radioizotopu ¥Cs (energia 662 keV). Nalezy tutaj zauwazy¢, ze czastki a pochodzace z
radioizotopéw Pu i 2’Am umozliwiaja tylko wzbudzenie warstw o grubosci
odpowiednio powyzej 12 i 15 mikrometréw, co odpowiada glebokosci penetracji tych
czastek w badanych materiatach. Jest to bardzo wazna uwaga ze wzgledu na dobranie
odpowiedniej grubosci warstwy do konstrukgji kompozytowych scyntylatoréw (Rys. 1).

3.4. Wybrane parametry optyczne oraz metody analizy

3.4.1 Wydajnos¢ swietlna scyntylacji (z ang. Light yield - LY)

Jednym z parametrow scyntylatora o dobrych wlasciwosciach jest jego wysoka
wydajnos¢ swietlna scyntylacji (LY). Wyrazona jest w fotonach dzielonych na energie
promieniowania photon/MeV i opisuje si¢ wzorem:

7 () = N5 -08 =199 |5 o
(1)
gdzie Nen - jest liczba wytwarzanych par elektron-dziura na MeV energii wzbudzenia, S
- oznacza efektywnos¢ przenoszenia par elektron-dziura do jonow aktywatora, 3 - jest
stata, Eg - jest szerokoscia pasma wzbronionego (eV), QE - to wydajnos¢ kwantowa
procesu luminescencji zachodzacego w aktywatorze. Energia potrzebna do wytworzenia
jednej termalizowanej pary elektron-dziura jest opisana przez *Eg, gdzie [3 - to liczba
wskazujaca, ile razy energia przerwy pasmowej jest potrzebna do wytworzenia jednej
pary elektron-dziura. Zostato to szczegétfowo omdowione przez Bartrama i Lempickiego,
ktérzy wykazali, Ze [3 jest bliskie 2.5 dla najlepszych scyntylatorow [24].
3.4.2 Amplitudowe widma scyntylacji

W przypadku badan wlasciwosci scyntylacyjnych warstw, krysztatow oraz ich
kompozytow warto rowniez zwrdci¢c uwage na pomiary amplitudowych widm
scyntylacji (ang. Pulse Heigh Spectra). Korzystnym jest to ze, przy wzbudzeniu
czastkami a pozycje gtownych pikéw scyntylacji kompozytowego scyntylatora
zasadniczo roznig si¢ od siebie, co oznacza ze, czastki a wzbudzaja tylko czesc
warstwowa kompozytu. Natomiast widma otrzymane przy wzbudzeniu kwantami y
pochodzacymi od radioizotopu ¥Cs pokazuja bliskie pozycje gtéwnych pikéw, co
dowodzi, ze promienie Y wzbudza gltéwnie podfoze kompozytowego scyntylatora.

3.4.3 Rozdzielczos¢ energetyczna (ER-energy resolution)

Bardzo waznym jest, aby scyntylator mégt odréznic fotony y rézniace sie energia.
Jest to okreslone przez rozdzielczo$¢ energetyczng (ER) ukladu scyntylator-detektor.
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ER okresli¢ mozna wzorem ER=FWHM/H,, gdzie FWHM (z ang. full width at half
maximum) oznacza szerokosc poldéwkowa piku catkowitej absorbcji czastki lub
kwantu o okreslionej energii, Ho-maksimum wysokosci tego piku. Pomiary potozenia
oraz FWHM pikow catkowitej absorbgji a czastek i kwantéw y przeprowadzono za
pomoca programu MAESTRO, ktory wykorzystuje krzywe Gaussa do dopasowan i
pOzniejszych obliczen FWHM oraz ER.

Rozdzielczos¢ energetyczna, uzyskana dla najnowoczesniejszych ukladéw
krysztal-scyntylator-detektor na bazie FWHM wynosi zwykle okoto 5-8%.

3.4.4 Kinetyka zaniku scyntylacji

Aparatura pomiarowa do badan kinetyki zaniku scyntylscji jest przedstawiona na
Rys. 6a.

Podczas badan kinetyki zaniku scyntylacji do wzbudzenia materialow uzywa sie
czastek a, B- oraz kwantow y. Kazde ze Zrodel promieniowania jonizujgcego w rozny
sposob oddziatywuje ze skladnem chemicznym warstwy i podfoza, a gtéwna rdznica
miedzy sygnatami scyntylacyjnymi powstaje na skutek réznic w grubosciach i sktadach
chemicznych kompozytu. Grubos¢ warstwy zwykle znajduje si¢ w zakresie 10-80 pm,
natomiast grubos¢ podloza wynosi 0.5-2 mm, m. in., przy wzbudzeniu podtoza LuAG
kwantami y z radioizotopu '¥Cs o energii 662 KeV, catkowity wspotczynnik ttumienia (z
ang. total attenuation coefficient) wynosi okoto 0,095 cm?/g (warto$¢ pobrana z danych do
kalibracji NIST- www.nist.gov). Taka wartos¢ pozwala na wzbudzenie scyntylagji
przewaznie w podlozach tego granatu. Dla czastek B (elektronow wysoko-
energetycznych) ze srednia energia 1.1 MeV, glebokos¢ penetracji w granacie LUAG
powinna wynosic okoto 0.8 mm [25]. Natomiast czastki a oddziatuja z elektronami jonéw
materialu warstw i ich gleboko$¢ penetracji dla granatu LuAG i mieszanych granatow
wynosi okoto 12-15 pum.

Aby obiektywnie porownac¢ réznice pomiedzy krzywymi zaniku scyntylacji
niezbednym narzedziem okazalo sie¢ obliczenie odpowiednich czaséw zaniku
intensywnosci scyntylacji do poziomdw 1/e (szybki sktadnik emisji tie), oraz 0,1, 0.05
(ti20) lub 0.01 (dtugozyciowe sktadniki emisji) (Tabela 2), a takze stosunku pomiedzy
warto$ciami tych czasow przy wzbudzeniu badanych materiatow czastkami o, B oraz
kwantami y (ta/tp , ta/ty lub ta/ty).

Podczas analizy krzywych zaniku scyntylacji materiatow kompozytowych w
pierwszej kolejnosci bardzo waznym jest preprowadzenie analizy krzywych zaniku
scyntylacji podtoz na bazie krysztatow LuAG:Pr, LuAG:Sc LuAG:Ce lub GAGG:Ce
przy wzbudzeniu czastkami a, B i kwantami y. W literaturze [10]) znany jest juz
przyklad takiej analizy dla krysztatu scyntylatora GdsAl:GasOw:Ce (Rys. 7). Jak
wynika z tego rysunku, kinetyka zaniku scyntylacji przy wzbudzeniu czastkami o
oraz czastkami B i kwantami y znaczaco rézni si¢ od siebie. Dzigki temu jest mozliwe
uzyskanie separacji sygnatu dla czastek alfa, beta oraz kwantéw gamma przy uzyciu
czasu zaniku scyntylacyjnego nawet pojedyniczego krysztatu.
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Rys. 7. Krzywe zaniku scyntylacyjnego krysztatu GdsAl:GasO12:Ce przy wzbudzeniu
czastkami alfa, beta i kwantami gamma [10].

Opracowanie kompozytowych scyntylatorow ztozonych z dwodch lub wiecej
materiatow w postaci warstw i krysztatow daje szanse na zasadnicze zwigkszenie
stopnia separacji sygnatow scyntylacyjnych, pochodzacych od réznych sktadnikéw
promieniowania jonizacyjnego. Zwigkszenie separacji sygnalow od warstw i
krysztalow, zalezy gléwnie od ich oddzialywania z kwantami i czastkami oraz
roznych wlasciwosci warstw i podtéz uzytych przy krystalizacji.

3.4.5 Parametry to/ty lub ty/ta

Podczas analizy krzywych zaniku scyntylacji przy wzbudzeniu kompozytowego
scyntylatora czastkami a i kwantami y niezbednym okazato si¢ okreslenie parametru
to/ty lub ty/ta. Parametr ten jest wyznaczony na podstawie poréwnania réznic w
czasach zaniku na wybranych poziomach intensywnosci (1/e, 0.1, 0.05 oraz 0.01) dla
krzywych zaniku scyntylacji przy wzbudzeniu czastkami o i kwantami vy (w
publikacjach oznaczone jako ratio to/ty lub ty/t«).

Rys. 1c pokazuje analize i odczyt wartosci ta i ty obu krzywych zaniku dla
przyktadowej probki kompozytowego scyntylatora. Wartosci ta i ty, odczytane na
roznych poziomach rejestracji intensywnosci scyntylacji mozna przedstawi¢ za
pomoca wykresu zaleznosci intensywnosci od stosunku czasu ta/ty lub ty/ta. Uwaza sig,
ze stosunek to/ty lub ty/ta wiekszy od 1.5 jest wystarczajacy aby zapetni¢ mozliwosc¢
czasowej dyskryminacji sygnatéw scyntylacyjnych od réznych jego czesci. Dla tego
linig przerywana na Rys.1c oznacza optymalny przedziat czasowy, w ktérym stosunek
ta/ty lub ty/ta jest wiekszy od 1.5.

Podczas analizy krzywych zaniku scyntylacyjnego takze wzieto pod uwage
dodatkowy parametr jakim jest przedzial czasowy rejestracji scyntylacji. Przy ocenie
kompozytowych scyntylatorow oprocz roznicy miedzy sygnatem scyntylacyjnym,
pochodzacym z ich warstwowej i krystalicznej czes$ci, waznym jest znalezienie
rownowagi miedzy wartoscia stosunku ty/ta oraz wielkoscia przedzialu czasowego.
Najbardziej korzystna sytuacja jest dobry rozdziat krzywych zaniku (stosunek ty/ta
powyzej 1.5) w mozliwie jak najwigkszym przedziale czasowym (Rys.1c).
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3.4.6 Termoluminescencja (TL)
Pomiary TL badanych materialow w zakresie temperarur 300-600 K wykonano w

Zakladzie Dozymetrii Instytutu Fizyki Jadrowej w Krakowie (Rys. 6b). W tym celu
wykorzystano automatyczny czytnik Risg TL/OSL-DA20 (Rys.6). Napromieniowanie
badanych materiatéw dokonano czastkami a (50 Gy) ze zZrodto 2! Am oraz czastkami 3
(0,97 Gy) ze zrodia PSr/*Y. W celu rejestracji luminescencji w zakresie widzialnym
krzywe TL rejestrowano stosujac zielony filtr BG 39).

Podobnie jak w przypadku kinetyki zaniku, warto zauwazy¢, ze krzywe jarzenia
przy wzbudzeniu czastkami « odpowiadaja wylacznie czesci warstwowej
kompozytowego matetrialu ze wzgledu na wigksza grubos¢ (powyzej 15 pm) w
porownaniu z obliczonym przejsciem dla czastek a o energii 5.15-5.5 MeV w tych
materiatach w zakresie 12-15 pm. Glebokos¢ penetracji czastek (3 (zrodia *°Sr + °°Y) o
typowej energii odpowiednio 546 keV i 2280 keV wynosi odpowiednio 0.8 i 1.3 mm,
(dla sredniej energii 1.1 MeV). Dlatego w przypadku struktur epitaksjalnych energia
promieniowania (3 zostanie zaabsorbowana gtéwnie w podiozu. Przyktadowa analize
krzywych jarzenia TL przedstawia rysunek 1d.

3.4.7. Parametr AT

W czesci IV pracy doktorskiej skupiono si¢ na problemie opracowania
kompozytowych detektorow TL do jednoczesnej rejestracji roznych skladnikow

mieszanych strumieni jonizacji, z wykorzystaniem réznic miedzy gléwnymi pikami
krzywych jarzenia TL, pochodzacymi z cze$ci warstwowej oraz podioza takiego
materialu kompozytowego (Rys.1d). Analizujac krzywe jarzenia, przy wzbudzeniu
kompozytowego materiatu TL czastkami alfa oraz beta, nalezy wyznaczy¢ potozenie
pikow TL o jak najwigkszej intensywnosci oraz parametr AT (Rys.1d).

4. Krotki opis wynikow skladajacych rozprawe doktorska
Czesc 1

Poczatek pracy doktorskiej jest zwiazany z opracowaniem scyntylatorow w
postaci warstw monokrystalicznych TbAG:Ce za pomoca metody LPE z wykorzystaniem
topnika PbO-B:0s nie tylko na , tradycyjnych” podiozach YAG, lecz takze na podtozach
GdsGazsAls01 (GAGG) ze statymi sieci odpowiednio 12.01 i 12.232 A [C1].

W celu scharakteryzowania struktury warstw wykonano pomiary XRD i
obliczono niedopasowanie stalych sieci m warstwy TbAG:Ce i podtéz YAG i GAGG,
rownez odpowiednio + 0.53-0.56 % oraz - 1.29 % (Tabela 2). Te znaczenia wielkosci m
podaja granice brzegowe w odniesieniu do moznosci krystalizacji warstw TbAG na
podtozach granatéw. Powodem tego, ze warstwa monokrystaliczna TbAG wzrasta na
podtozach YAG i GAGG przy takim duzym niedopasowaniu statych sieci tych
granatow jest tworzenie strefy przejsciowej w postaci roztworu statego na granicy
rozdziatu “warstwa-podloze”, w celu zmniejszenia tego niedopasowania.

Badania wlasciwosci scyntylacyjnych warstw TbAG:Ce wykazaty dobre wyniki.
Warstwy TbAG:Ce, krystalizowane na podlozach YAG i GAGG, posiadaja do 30%
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wigksza wydajnosc scyntylacji (Tab. 1) oraz unikatowo niski poziom fosforescencji w
poréwnaniu z warstwami YAG:Ce i LuAG:Ce. Te warstwy takze charakteryzuja sie
stosunkowo szybkim zanikiem scyntylacji w zakresie 0-1000 ns (Fig.8a) Z tego powodu
warstwy TbAG:Ce sg bardzo objecujacym materialem scyntylacyjnym dla ekranéow w
detektorach mikrotomograficznych, a takze odpowiednim skladnikiem do
konstruowania kompozytowych scyntylatoréw na bazie podtéz GAGG:Ce (Fig.7c).

InZynieria skladu kationdéw otwiera nowe mozliwosci w opracowaniu
scyntylatorow opartych na warstwach monokrystalicznych mieszanego granatu Tbsx
Gdx AlsyGayO12:Ce, hodowanych za pomoca metody LPE na podiozach YAG i GAGG
z konwencyjnego topnika PbO-B:0s, a takze z bezotowiowego topnika BaO-B:0s-BaF:
(Rys.8 and Tab. 2). Krystalizacja warstw na réznych podtozach z uzyciem réznych
topnikow pozwala na optymalizacje warunkow wzrostu oraz warunkow do
przekazania energii wzbudzenia od matrycy do aktywatora niezbednych do uzyskania
wysokiej wydajnosci scyntylacyjnej tych warstw.

W tym celu zastosowano kombinacje kationdw Gd*, Tb* i Ga* do zmian przerwy
energetycznej pomiedzy pasmem przewodnictwa i pasmem walencyjnym granatu oraz
poziomow energetycznych 5d jonow Ce* w prezerwie energetycznej tych materiatéw
(Rys. 2a). Zmiany te powoduje podstawienie kationow Gd* i Tb* w pozycjach
dodakaedrycznych oraz zastgpienie jonami Ga* kationéw Al* zaréwno w pozydji
tetraedrycznej jak i oktaedrycznej granatu (Rys.2a). Wynikiem tych zmian jest
przesuniecie widma luminescencji jonow Ce* w granacie TbsxGdxAlsyGayOn:Ce do
zakresu niebeskiego lub czerwonego w skutek wzrostu zawartosci odpowiednio Ga*
(Rys. 8a) lub Gd* (Rys. 8b).

W tak skomplikowanym materiale, jakim jest granat Tbs.GdxAlsyGayO1:Ce o
duzej koncentracji kationéw Gd** i Tb*, obserwuje si¢ ztozony kaskadowy transfer
energii wzbudzenia Gd* — Tb* — Ce* — Tb%*. Powodem takiego transferu jest
nakladanie si¢ pasm emisji Gd* i Tb* oraz pasm absorpgji jondéw Ce* w zakresie UV,

oraz pasm emisji jonéw Ce* i pasm absorbcji Tb* w zakresie niebieskim. Dla tego
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Rys. 8. (a) — znormalizowane widma KL warstw TbsAlsyGayO12Ce (PbO) przy stezeniu
Ga w zakresie y=0.2.5 (a) oraz warstw TbsxGdxAl25Gaz25012:Ce (PbO) przy stezeniu Gd
w zakresie 0,5-1.5 (b).
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Fig. 9. Znormalizowane krzywe zanikow scyntylacyjnych warstw TbAG:Ce (a, 1),
Tb15Gd15A1:GasOr2:Ce (BaO) (1b) i Tb15Gdis5Alzs Gaz25012:Ce (PbO) (2b) w poréwnaniu z
krysztalem GdsAl25Gaz25012:Ce (2a; 3b).

optymalizacja zawartosci Gd* i Tb* oraz Ga* w granacie TbsxGdxAlsyGayO12:Ce, gdzie
x=1.5 oraz y=2-2.5, powoduje znaczna poprawe wydajnosci scyntylacyjnej warstw ze
wzgledu na korzystniejsze warunki transferu energii wzbudzenia, spowodowane
zmianami wielkosci przerwy pasmowej i struktury energetycznej jonow Ce™.

Warstwy TbsxGdxAlsyGayO:Ce (PbO), wyhodowane ze stopu na bazie topnika
PbO, wykazuja bardzo wysoka jakos¢ strukturalng jednak nieco mniejsza wydajnos¢
scyntylacyjna w skutek wptywu jonow otowiu. Natomiast warstwy, hodowane ze stopu
na bazie topnika BaO wykazuja doskonate wlasciwosci scyntylacyjne, jednak nieco
mniejsza jakos¢ struktury z powodu duzej gestosci tego topnika. Tym nie mniej,
wydajnos¢ scyntylacyjna warstw Tb15Gd15Al25Gaz5012: Ce (PbO) i Tb15Gd15AlGazOn2:
Ce (BaO) jest 0 10 % wigksza od wydajnosci najlepszych warstw LGAG:Ce (BaO) i
GAGG:Ce (BaO), opracowanych w [11].

Bardzo waznym jest fakt, ze zanik scyntylacji warstw Tb15Gdi5Al25Ga25012:Ce
(PbO), a zwlaszcza Tb15GdisAlsGa2012:Ce (BaO) w zakresie 0-2 us jest szybszy o co
najmniej 2 razy w pordwnaniu z krysztalem GAGG:Ce (Rys. 9b). W ten sposob
kombinacje warstw TbsxGdxAlsyGayO:Ce i krysztatu GAGG:Ce takze moga by¢
stosowane do tworzenia kompozytowych scyntylatoréw do jednoczesnej rejestracji
roznych skladnikéw mieszanych wiazek jonizacyjnych. Koncept pracy takiego typu
kompozytowego scyntylatora mozna oprierac si¢ na separacji sygnatéw pochodzacych
od warstwy i podioza za pomoca réznic w kinetyce zaniku ich scyntylacji (Rys.1c).
Czesc 11

Pierwszym podejsciem, stosowanym w pracy doktorskiej do stworzenia
kompozytowych scyntylatorow przy uzyciu technologii LPE bylo wykorzystanie juz
istniejacej wiedzy o dobrze znanych scyntylatorach w postaci krysztatow i warstw
monokrystalicznych opartych na domieszkowany jonami Pr%, Sc3 i Ce* granat LuAG
(Tabele 11 2). Przeprowadzone badania réznych typow struktur epitaksjalnych na bazie
LuAG z domieszkami jonéw Pr®, Sc* i Ce* udowodnity mozliwos¢ jednoczesnej
rejestracji czastek o i kwantow y w sposdb separacji kinetyki zaniku scyntylacyjnego
warstwy i podtoza.
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Podloza na bazie krysztalow LuAG [C.2.1-C.23]. W pierwszej fazie
konstruowania kompozytowych scyntylatorow bardzo wazna jest analiza krzywych
zaniku scyntylacji podt6z na bazie krysztatow LuAG z domieszkami jondéw Ce?, Pr¥ i
Sc* przy wzbudzeniu czastkami o. i kwantami y. Ta analiza zostata przeprowadzona na
podfozach LuAG:Ce, LuAG:Pr i LuAG:Sc o grubosci 1 mm (Rys.10).

Badania te pokazuja stosunkowo mata réznice w krzywych zaniku scyntylacji dla
podtoza LuAG:Pr (Rys.11d). Nieco wieksza réznice obserwuje si¢ dla podtoz LuAG:Ce
i LuAG:Sc, gdzie stosunek ty/t« odpowiednio dochodze nawet do 1.451 1.5 przy spadku
intensywnosci scyntylacji do poziomu 1/e (Rys.10a,b). Jest to zwigzane z osobliwosciami
interakgji czastek o i kwantow y z wymienionymi materiatami, co powuduje takze duza
roznice w ich wydajnosci scyntylacyjnej, wyrazonej przez stosunek LY«/LYy (Table 1).
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Rys. 10. (a) - kinetyka zanikdéw scyntylacji podiéza LuAG:Sc przy wzbudzeniu
czastkami a ze zrodla 2'Am (1) i kwantami y ze zrédta ¥Cs (2). (b) — wartos¢ stosunku
ty/ta dla roznych poziomow spadku intensywnosci scyntylacji dla podiéz LuAG:Ce (1),
LuAG:Pr (2) i LuAG:Sc (3). Parametr S okreslia odleglos¢ od miejsca, gdzie stosunek
ty/tawynosi 1, co oznacza, ze nie ma réznic w krzywych zaniku scyntylacyjnego.

Kompozytowe scyntylatory na bazie podloza LuAG:Ce [C2.1, C2.2]. W
pierwszej kolejnosci przy uzyciu metody LPE zostaly opracowane dwa typy
kompozytowych scyntylatorow LuAG:Pr SCF/LuAG:Ce SC i LuAG:Sc SCF/LuAG:Ce
SC na bazie podt6z LuAG:Ce.

Na Rys. 11 podane sq widma amplitudowe kompozytowych scyntylatorow LuAG
:Pr SCF/LuAG:Ce SC i LuAG:Sc SCF/LuAG:Ce SC przy rejestracji a-czastek i y-kwantow
odpowiednio ze zrodet 2?Am i ¥Cs. Gléwny pik na Rys. 11a odpowiada catkowitej
energii absorbcji a-czastek o energii 5.5 MeV, natomiast pik w lewej czesci widma
zwigzany z absorbcja y kwantu zrddta ¥Cs o energii 59.65 keV. Waznym na Rys. 11a jest
to, ze potozenie gtéwnych pikow w wypadku wzbudzenia a czastkami warstw LuAG:Pr
i LuAG:Sc jest r6zne w wymienionych typach kompozytowych scyntylatorow, w
porownaniu z podiozem LuAG:Ce. To znaczy, ze a-czastki rejestruja si¢ wylacznie w
warstwowej czescia kompozytowego scyntylatora i nie wzbudzaja podtoza.

W wypadku wzbudzenia kompozytowych scyntylatorow LuAG:Pr/LuAG:Ce i
LuAG:Sc/LuAG:Ce promieniowaniem vy ze zrodta '¥Cs, dodatkowy i gtowny pik w
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Rys. 11. Widma amplitudowe scyntylacji podioza LuAG:Ce (1) oraz kompozytowych
scyntylatorow LuAG:Pr SCF/LuAG:Ce SC (2) i LuAG:Sc SCF/LuAG:Ce SC (3) przy
wzbudzeniu a czastkami ze zrédla *'Am (5.5 MeV) (a) i y kwantami ze zrodta ¥Cs
(662 keV) (b) [C2.2].

amplitudowych widmach odpowiadaja catkowitej absorbcji y kwantéw o energii 32 keV

i 662 keV (Rys.11b). Jednak waznym tutaj jest to, ze gldwne fotopiki na Rys.11b maja
podobne potozenie zarowno w wypadku wzbudzenia obojga kompozytowych
scyntylatorow, jak i podtoza LuAG:Ce. To znaczy, ze y kwanty przewaznie absorbuja
si¢ w podlozu kompozytowych scyntylatorow.

Przy wzbudzeniu kompozytowych scyntylatorow LuAG:Pr SCF/LuAG:Ce SC i
LuAG:Sc SCF/LuAG:Ce SC czastkami a i kwantami vy, obserwuje si¢ wyrazna rdznice w
kinetyce zaniku scyntylacji (Rys.12 a, b). Ta roznica charakteryzuje si¢ stosunkiem
odpowiednich czasow zaniku ta/ty, ktore dla wymienionych scyntylatorow sa réwne
0.27-0.3511.1-2.2 przy spadku intensywnosci scyntylacji z poziomu 1/e do poziomu 0.05
(Rys.12 ¢).

Kompozytowy scyntylator LUAG:Pr SCF/LuAG:Ce SC ma pewng przewage w
stosunku do struktury LuAG:Sc SCF/LuAG:Ce SC w zwiazku z tym, Ze sygnaty
scyntylacyjne od warstwy i podloza pierwszego typu kompozytu moga by¢
separowane z wiekszym stosunkiem czasow zaniku t./ty w catym czasowym przedziale z 0 do
700 ns przy spadku intensywnosci scyntylacji od poziomu 1/e do poziomu 0.05 (Rys.12a).

Jednak dla drugiego typu kompozytowego scyntylatora LuAG:Sc SCF/LuAG:Ce
SC sygnaly scyntylacyjne od warstwy i podtoza takze moga by¢ separowane nawet
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Rys. 12. Kinetyka zanikdéw scyntylacji kompozytowych scyntylatorow LuAG:Pr SCF/
LuAG:Ce SC (a) i LuAG:5c SCF/LuAG:Ce SC (b) przy wzbudzeniu a czastkami ze Zrodia
#Am (5.5 MeV) (1) i kwantami y ze zrodta ¥Cs (662 keV) (2). (c) — wartos¢ stosunku ty/ta
dla réznych pozioméw spadku scyntylaci dla wymienionych wyzej typoéw
kompozytowych scyntylatorow (1, 2) w poréwnaniu z podtozem LuAG:Ce (3) [C2.1,C2.2].
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z wigkszym stosunkiem czasow zaniku t/ty, lecz w wazkim czasowym interwale z 200 do 900
ns i w mniejszym przedziale spadku intensywnosci scyntylacji od pomiedzy poziomami 0.2 i
0.05 (Rys.12b). To swiadczy o tym, ze obydwa typy kompozytowych scyntylatoréw
moga by¢ z sukcesem stosowane do rozdzielczej rejestracji a-ciastek i y-kwantow w
mieszanych wigzkach jonizacyjnych.

Kompozytowe scyntylatory na bazie podloza LuAG:Pr [C2.3]. W kolejnym
etapie badan, z uzyciem metody LPE, zostal opracowany zestaw kompozytowych
scyntylatorow opartych na podiozu LuAG:Pr. Na materiat scyntylatora warstwowego
zostaly wybrane mieszane granaty Lu>xGdTbxAlsO12:Ce i LusxTbxAG:Ce o wartosci x
w zakresie 0.15-2.285. Zmiana stezenia kationow w wymienionych sktadach granatow
powoduje korzystne zmiany ich wlasciwosci scyntylacyjnych, potrzebne do
konstrukgji kompozytowych scyntylatoréw.

Widma amplitudowe kompozytowych scyntylatorow LuAG:Ce SCF/LuAG:Pr SC,
Lu25Tbo1sAG:Ce SCF/LuAG:Pr SC i Lu17GdTbosAG:Ce SCF/LuAG:Pr SC przy rejestracji
czastek a i kwantéw y od zrédet 'Am i ¥Cs podane sa na Rys. 13. Rozne potozenie
gtownych pikow w wypadku wzbudzenia o czastkami warstw LuAG:Ce, LuzssTboisAG:Ce
i LuizGdTbosAG:Ce w wymienionych typach kompozytowych scyntylatorow w
poréwnaniu z podtozem LuAG:Pr swiadczy o tym Ze czastki o absorbuja sie¢ wytacznie
w warstwowej czesci kompozytowego scyntylatora. Natomiast przy wzbudzeniu
wymienionych kompozytéw kwantami y ze Zrédta ¥Cs gtdwne piki tez wykazuja rézne
potozenie w stosunku do podioza LuAG:Pr (Rys.13b); przy czym wielkos¢ tej rdznicy
zalezy od typu, grubosci i wydajnosci warstwowych scyntylatoréw (Rys.13a). To
swiadczy o znaczacym wplywie warstw na bazie LuAG na absorbcje promieniowania y
w badanych typach kompozytowych scyntylatorow, opartych na podtoze LuAG:Pr.

Ze wzgledu na mato satysfakcjonujacy wynik separacji krzywych zanikéw
scyntylacyjnych podtoza LuAG:Pr i warstw LusxTbxAG:Ce SCF przy koncentracjach Tb
x=0.15-0.3, dobrym rozwiazaniem okazata si¢ krystalizacja kompozytowych
scyntylatoréw na bazie warstw mieszanych granatéw Lus«TbxAG:Ce SCF/LuAG:Pr SC
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Rys. 13. Widma amplitudowe scyntylacji podioza LuAG:Pr oraz kompozytowych
scyntylatorow LuAG:Ce SCF/LuAG:Pr SC, Luz2s5Tbo1sAG:Ce SCF/LuAG:Pr SC i Lui,Gd
TbosAG:Ce SCF/LuAG:Pr SC przy wzbudzeniu a-czastkami zrodia !Am (5.5 MeV) (a)
i y-kwantami zrédta ¥Cs (662 keV) (b) [C2.3].

przy duzym stezeniu kationow Tb* (x=1.65-2.285). W tym celu takze zbadano wptyw
domieszki jonow Tb* na wlasciwosci scyntylacyjne warstw granatéw LusxTbxAG:Ce
(x=0.65, 1.051 2.15), krystalizowanych na podtozach YAG przy wzbudzeniu czastkami a.
Na postawie tych badan przypuszczono, ze w przypadku udanej krystalizacji warstw
LusxTbxAG:Ce przy x>1.5 na podiozu LuAG:Pr, separacja krzywych zaniku scyntylagji
kompozytowego scyntylatora przy wzbudzeniu czastkami o i kwantami y moze by¢
znacznie wieksza. Krystalizacja takich prébek wigzata si¢ jednak z wysokim
nieodpasowaniem statych sieci krystalicznych warstwa-podtoze powyzej 1%.
Natomiast dzigki pomyslnie przeprowadzonej krystalizacji warstw metoda LPE
powstaly dwa nowe zestawy kompozytowych scyntylatorow na bazie warstw Lus«x
TbxAG:Ce SCF z zawarto$cig Tb x=1.6-1.65 i 2.275-2.285 i pod16z LuAG:Pr ze znaczaco
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Rys. 14. (a) - kinetyka zanikow scyntylacji kompozytowego scyntylatora LuozisTb22s5A1:012
:Ce SCF/LuAG:Pr SC (b) przy wzbudzeniu a-czastkami ze zrédla 2?Am (5.5 MeV) (1) i
kwantamiy ze zrédta ¥Cs (662 keV) (2). (b) —wartosc stosunku ty/ta dla réznych poziomow
spadku intensywnosci scyntylacji dla kompozytowych scyntylatorow Lus«TbxAls:O:Ce
SCF/LuAG:Pr SC przy zawartosci Tb x=0 (1), 0,65 (2), 1,65 (3), 2.15 (3) 1 2.285 (4) [C2.3].
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lepszymi wiasciwosciami scyntylacyjnymi w poréwnaniu z kompozytami na bazie
warstw z niskim stezeniem Tb (Fig.14). m. in, przy wzbudzeniu kompozytowego
scyntylatora Luo7isTb226AG:Ce SCF /LUAG:Pr SC czastkami a i kwantami y, obserwuje
si¢ duza réznice w kinetyce zaniku scyntylacji (Rys.14 a), ktdra charakteryzuje sie
stosunkiem odpowiednich czaséw zaniku ts«/ty w zakresie 1.56-4.16 przy spadku
intensywnosci scyntylagji z poziomu 1/e do poziomu 0.1 (Rys.14 b).

Kompozytowe scyntylatory na bazie podloza LuAG:Sc [C2.4]. Ostatnie zestawy
kompozytowych scyntylatoréw opartych na strukturach epitaksjalnych LuAG to
kompozytowe scyntylatory na bazie podtéz LuAG:Sci warstw LuAG:Ce i LuAG:Pr. W
tej serii zbadano po dwie prébki z wyzej wymienionych kompozytowych
scyntylatorow o réznych grubosciach warstw LuAG:Ce i LuAG:Pr SCF w zakresie 12-
30 pm, hodowanych na podiozach LuAG:Sc.

Widma amplitudowe kompozytowych scyntylatorow LuAG:Ce SCF/LuAG:Sc SC,
i LuAG:Pr SCF/LuAG:Sc SC oraz podtéz LuAG:Sc przy wzbudzeniu a-czastkami od
zrodta !Am (5,5 MeV) i kwantami y od ¥Cs (662 keV) podane sa na Rys.15. Warto
zauwazyy¢, ze przy rejestracji czastek a pozycje gtéwnych pikow sa potozone z pewnymi
przesunigeciami wzgledem siebie oraz wzgledem podloza (Rys.15a). Oznacza to, ze
czastki o pobudzaja tylko cze$¢ warstwowa materialow kompozytowych. Przy
rejestracji kwantow y kompozytowymi scyntylatorami takze obserwuje si¢ rozne
pozycje gldownych pikow (Rys.15b), co oznacza, ze wzbudzenie nastepuje nie tylko
podtoza, ale rowniez czesci warstwowych. Z tego powodu polozenie gldéwnych pikow,
odpowiadajace catkowitej absorpcji kwantow y o energii 662 keV zrddia ¥Cs zalezy
takze od typu, grubosci i wydajnosci scyntylacyjnej warstw, co wplywa réwniez na
podstawowe wlasciwosci scyntylacyjne opracowanych kompozytdw.

Dla kompozytowych scyntylatorow LuAG:Ce SCF/LuAG:Sc SC i LuAG:Pr SCF/
LuAG:Sc SC poréwnano réznice w czasach zaniku na réznych poziomach spadku
intensywnosci scyntylagji (1/e, 0.1, 0.05 i 0.01) przy wzbudzeniu czastkami a i kwantami
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Rys. 15. Amplitudowe widma kompozytowych scyntylatoréw LuAG:Ce SCF/ LuAG:Sc
SC (1) i LuAG:Pr SCF/LuAG:Sc SC (2) oraz substratu LuAG:Sc (3) zmierzone w
przedziale czasu 3 us przy wzbudzeniu czastkami a ze zrédia 2!Am (5.5 MeV) (a) i przy
wzbudzeniu kwantami y ze zrédia ¥Cs (662 keV) (b) [C2.4].
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Y (Rys.16). Dobdr probek o réznej grubosci warstw w zakresie 12-30 um pozwolil takze
na analize wptywu tego czynnika na wtasciwosci scyntylacyjne oraz mozliwos¢ poprawy
separacji krzywych zaniku przy réznych typach wzburzenia. W przypadku
wymienionych kompozytow optymalne oddzielenie sygnalu scyntylacyjnego,
pochodzacego od warstwy i podloza, szczegolnie dla struktury LuAG:Pr SCF/ LuAG:Sc
SC, mozna uzyska¢ w catym zakresie czasowym (Rys.16b).

Jak widac z Rys.16, kompozytowy scyntylator LuAG:Ce SCF/LuAG:Sc SC takze
posiada zdolnos¢ do separowanej rejestracji czastek o i kwantéw y. Przy wzbudzeniu
tego typu kompozytowego scyntylatora czastkami a i kwantami y, obserwuje si¢ dobra
separacje krzywach zaniku scyntylacji (Rys.16a), ktéra charakteryzuje si¢ stosunkiem
odpowiednich czasow zaniku ty/ta w zakresie 1.34-1.96 przy spadku intensywnosci
scyntylacji z poziomu 1/e do poziomu 0.01, ktora jednak nie jest zbyt wysoka w
poréwnaniu nawet z samym podiozem LuAG:Sc (Rys.10a i Rys.16c).

Jednak najlepsze wiasciwosci scyntylacyjne zostaly uzyskane dla kompozytowego
scyntylatora LuAG:Pr SCF/LuAG:Sc SC przy grubosci warstwy 12 um i podtoza Imm.
Ten typ scyntylatora charakteryzuje sie¢ unikatowo dobra separacja krzywych zaniku
scyntylacji przy rejestracji czastek a i kwantow y. Dla tego kompozytu stosunek
odpowiednich czaséw zaniku ty/ta jest bardzo duzy w zakresie 9,6-15,6 przy spadku
intensywnosci scyntylacji z poziomu 1/e do poziomu 0,05, co jest najlepszym wynikiem
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Rys. 16. Kinetyka zanikow scyntylacji od kompozytowych scyntylatorow LuAG:Ce
SCF/ LuAG:Sc SC (a) i LuAG:Pr SCF/ LuAG:Sc SC (b) przy rejestracji a czastek ze zrédia
21Am (1) i kwantow vy ze zrédia ¥Cs. (c) — wartosc stosunku ty/ta dla réznych poziomdow
spadku intensywnosci scyntylacji dla struktur epitaksjalnych LuAG:Ce SCF/LuAG:Sc
SC (2) i LuAG:Pr SCF/LuAG:Sc SC (3) w porownaniu z podtozem LuAG:Sc (1) [C2.4].
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ze wszystkich opracowanych typow kompozytowych scyntylatoréow na bazie struktur
epitaksjalnych LuAG z domieszkami jonéw Ce>*, Pr¥ i Sc*.
Czesc 111

Sukcesy zwigzane z krystalizacja warstw i krysztalow mieszanych granatéw
(Lu,Gd, Tb)s(Al,Ga)sO12:Ce otwieraja nowe mozliwosci do konstruowania nowych typow
kompozytowych scyntylatorow opartych na warstwach i krysztatach tych materiatow.
Rozwazajac proponowane skltady scyntylatorow kompozytowych na bazie mieszanych
granatow, szczegolng uwage zwrdcono na poprawe zdolnosci absorpcyjnej warstw i
krysztatlow odpowiednio czastek a i kwantéw v, oraz ich wydajnosci scyntylacyjnej w
poréwnaniu z opracowanymi sktadami kompozytéow na bazie LuAG. Po pierwsze, w
skutek mniejszej gestosci i liczby efektywnej, warstwy mieszanych granatow maja
mniejsza zdolnos¢ do absorbcji kwantow y w poréwnaniu z warstwami na bazie granatu
LuAG, co moze znaczaco zmniejszy¢ zaburzenie sygnatu scyntylacyjnego przez warstwy
od podiéz GAGG:Ce przy rejestracji innego typu promieniowania. Po drugie, granaty
GdsAls«GaxOr (x=2-3), przy zachowaniu duzej gestosci i wysokiej liczby efektywnej,
charakteryzujace znacznie wigksza wydajnoscia scyntylacyjna przy wzbudzeniu vy
kwantami (*¥Cs, 662 keV) na poziomie do 50 000 foton/MeV w poréwnaniu z podlozami
LuAG:Ce, LuAG:Pr i LuAG:Sc (Tabela 1). Z tych powoddéw warstwy i krysztaly
mieszanych granaty sa takze idealna podstawa do uzyskiwania coraz lepszych typdéw
kompozytowych scyntylatoréw.

Podloza na bazie krysztatow GAGG:Ce [C3.1]. Przed rozpoczeciem konstruowania
kompozytowych scyntylatorow na bazie warstw i krysztatow mieszanych granatow
zostata przeprowadzona analiza krzywych zaniku scyntylacji dwdch typéw podioz na
bazie GdsAlsxGaxOn:Ce z koncentracja Ga=2.5 i 3 o grubosci 1 mm przy wzbudzeniu
czastkami o i kwantami y (Rys.17). Zaobserwowano, ze przy wzbudzeniu kwantami y
kinetyka zaniku scyntylagji tych podtdz jest systematycznie szybsza niz w przypadku
wzbudzenia czastkami a, co jest spowodowane specyficzng interakcja czastek a iy
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Rys. 17. (a) - kinetyka zanikdw scyntylacji podtdz GdsGazsAls012:Ce (1, 2) i GdsGas
AlO12:Ce (3, 4) przy wzbudzeniu a czastkami ze zrodla 'Am (5,5 MeV) (1, 3) i kwantami
v ze zrodla ¥Cs (662 keV) (2, 4) [C3.1]. (b) — warto$¢ stosunku ty/ta dla réznych
poziomdw spadku intensywnosci scyntylacji dla wymienionych wyzej typow podtoz.

30



kwantow z materiatem scyntylatora. Roznica w wydajnosci scyntylacyjnej podloz GAGG
:Ce przy tych typach wzbudzenia, wyrazona przez stosunek LY«/LY+ jest rozwa 0.195-0.2.
Jak widaé¢na Rys.17a, zwiekszenie koncentracji Ga z x=2.5 do 3 powoduje znaczace
przyspieszenie zaniku scyntylagji dla obuch typéw wzbudzenia, a takze zwigkszenie
stopnia separadji kinetyki zanikow scyntylacyjnych przy rejestracji czastek o i kwantow
¥ (Rys.18b). m. in., znacznie wigksza rdznica krzywych zaniku obserwuje sie dla pod1éz
GAGG:Ce ze stezeniem Ga=3.0, gdzie stosunek ty/ta dochodzi nawet do 1.46-1.49 przy
spadku intensywnosci scyntylacji od poziomu 1/e do 0.01 w poréwnaniu wielkoscia
tego stosunku 1.17-1.26 dla podtéz GAGG:Ce ze koncentracja Ga=3.0 (Rys.17b).
Kompozytowe scyntylatory na bazie podloza GAGG:Ce [C3.1, C3.2]. Informacja
o mozliwosci krystalizacji metoda LPE warstw mieszanych granatow na podiozach
GAGG [C1.1 i C1.2], byly omowione w czesci II i podane w Tabeli 2. Ta informacja
pozwolita na pomyslnie prowadzenie krystalizacji dwdch typéw kompozytowych
scyntylatorow na bazie podt6z GAGG:Ce oraz warstw LAGG:Ce i TbAG:Ce (Rys.18).
Pierwszym krokiem bylo okreslenie wlasciwosci strukturalnych otrzymanych
scyntylatorow LGAGG:Ce SCF/GAGG:Ce oraz TbAG:Ce SCF/GAGG:Ce na podlozach
GAGG:Ce. m. in., niedopasowanie stalych sieci warstwa-podtoze wyniosto dla tych
kompozytéw odpowiednio -0.73% oraz -1.32% (Rys.19), co okazato si¢ wystarczajace do
otrzymania dobrej jakosci optycznej warstw, a takze uzyskania ich odpowiednich
wlasciwosci scyntylacyjnych, spetiajacych wymogi do konstruowania

Rys.18. Podloza GAGG:Ce (a) oraz kompozytowe scyntylatory TbAG:Ce SCEF/
GAGG:Ce SC (b) i TbAG:Ce SCF/GAGG:Ce SC (c).
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Rys. 19. Dyfraktogramy epitaksjalnych struktur LGGAG:Ce SCF/GAAG:Ce SC (1) i
TbAG:Ce SCF/GAGG:Ce SC (2).
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wysokowydajnych kompozytowych scyntylatorow. Waznym jest takze to, zZe
krystalizacja warstw LAGG:Ce i TbAG:Ce na podtozach GAGG:Ce z zawartoscig Ga x=3.0 nie
powiodta sie w skutek duzego (powyzej 2%) niedopasowania statych sieci warstwa-podtoze.

Wyniki, podane w czesci I, odnoszace sie¢ do kompozytowych scyntylatorow na
bazie podiéz granatow LuAG:Pr i LuAG:Sc wyraznie pokazuja, ze jednoczesne
wzbudzenie kwantami y warstwy i podloza znaczaco wplywa na ich sumaryczne
widma amplitudowe (Rys.13b i 15b) oraz krzywe zanikdw scyntylacyjnych (Rys.141 16).
Jednak dla kompozytowych scyntylatoréw, opartych na mieszanych granatach
LGAGG:Ce SCF/ GAGG:Ce SC i TbAG:Ce SCF/GAGG:Ce SC, ta sytuacja jest odmienna
w korzystny sposdb. Czastki a wzbudzaja tylko warstwy LGAGG:Ce i TbAG:Ce w tych
typach kompozytowych scyntylatoréw, co pokazuje réznica w potozeniach gtéwnych
pikow odpowiednich widm amplitudowych w stosunku do podloza GAGG:Ce
(Rys.20a). Przy wzbudzeniu kwantami y charakterystyczne sa bliskie pozycje gtéwnych
pikoéw zaréwno kompozytowych scyntylatorow, jak i podtoza GAGG:Ce, a to oznacza,
ze wzbudzone zostaje gtdéwnie podtoze w tych kompozytach (Rys.20b).

Przy wzbudzeniu kompozytowych scyntylatorow LGAGG:Pr SCF/GAGG:Ce SC
i TbAG:Ce SCF/GAGG:Ce SC a czastkami i y-kwantami, obserwuje si¢ duza rdznice
w krzywych zaniku scyntylacji (Rys.21a, b). Ta roznica charakteryzuje si¢ stosunkiem
odpowiednich czaséw zaniku t«/ty, ktore dla wymienionych typdw scyntylatoréow sa
rowne 1.3-2.07 i 1.7-3.2 przy spadku intensywnosci scyntylacji z poziomu 1/e do
poziomow odpowiednie 0.1 i 0.05 (Rys.21c).

Dla kompozytowego scyntylatora LGAGG:Ce SCF/GAGAG:Ce SC sygnaty
scyntylacyjne od warstwy i podloza takze moga by¢ separowane z wysokim stosunkiem
czasow zaniku to/ty, w krétkim czasowym interwale z 0 to 500 ns, lecz w nieco wezszym
przedziale spadku intensywnosci scyntylacji pomiedzy poziomami 1/e i 0.1 (Rys.21a).

Kompozytowy scyntylator TbAG:Ce SCF/GAGG:Ce SC posiada bardziej korzytsne
wlasciwosci w stosunku do struktury LGAGG:Ce SCF/GAGG:Ce SC w zwiazku z tym,
ze sygnaty scyntylacyjne od warstwy i podloza tego typu kompozytu moga by¢
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Rys. 20. Widma amplitudowe kompozytowych scyntylatoréw LGAGG:Ce SCF/
GAGG:Ce SC (2) i TbAG:Ce SCF/GAGG:Ce SC (3) oraz podloza GAGG:Ce (1),
zmierzone w przedziale czasu 10 us przy wzbudzeniu czastkami o ze Zrédia !Am (5,5
MeV) (a) i przy wzbudzeniu kwantami y ze zrodia ¥Cs (662 keV) (b).
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Rys. 21. Kinetyka czaséw zanikdw scyntylacji od kompozytowych scyntylatorow
LGAGG:Ce SCF/GAGG:Ce SC (a) i TbAG:Ce SCF/GAGG:Ce SC (b) przy rejestracji o
czastek ze zrodla 2 Am (1) i y kwantow ze zrédta ¥Cs (2). (c) — wartosc¢ stosunku tv/t« dla
roznych poziomow zaniku intensywnosci scyntylacji dla tych dwoch typdw kompozytow.

separowane z wigkszym stosunkiem czasow zaniku to/ty w szerokim czasowym przedziale z 0
do 6000 ns przy spadku intensywnosci scyntylacji od poziomu 1/e do poziomu 0.01 (Rys. 21b).

Te wyniki swiadcza o tym, ze oba typy kompozytowych scyntylatoréw na bazie
warstw i krysztatow mieszanych granatow moga by¢ sukcesywnie stosowane do
rozdzielczej rejestracji a-ciastek i y-kwantéw w zlozonych wiazkach jonizacyjnych.
Czes¢ IV

Opracowane w czesci II i III kompozytowe scyntylatory na bazie wybranych
struktur epitaksjalnych granatow, wytworzonych metoda LPE, wykazuja zdolnosci do
jednoczesnej rejestracji skladnikow mieszanych wiazek jonizujacych w sposob
pomiaru kinetyki zaniku sygnatdw scyntylacyjnych, pochodzacych od warstwy i
podioza kompozytowego scyntylatora przy wzbudzeniu czastkami a i kwantami .
Natomiast detekcja czastek 3 w mieszanych wigzkach jonizujacych z energiami w dos¢
szerokim zakresie od keV do MeV nie moze by¢ dokonana przy pomocy takiego
kompozytowego scyntylatora w sposob rejestracji krzywych zaniku scyntylacji.
Uzycie kompozytowych scyntylatorow, pracujacych w trybie “in situ”, jest takze
utrudnione przy rejestracji niskich dawek promieniowania oraz przy dilugotrwalej
ekspozycji badanych obiektow na promieniowanie jonizujace.

Rozwiazanie tego problemu stalo si¢ motywacja do rozwazan nad innym
podejsciem do wytwarzania kompozytowych detektoréw do jednoczesnej rejestracji
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roznych skladnikow promieniowania jonizujacego. Nowa mozliwoscig okazato sie
wykorzystanie roznic miedzy krzywymi termoluminescencji (TL), pochodzacymi od
warstwy i podtoza kompozytowego materiatu, wytworzonego za pomoca metody LPE.

Celem tej czeSci pracy doktorskiej jest pokazanie mozliwosci stworzenia
kompozytowych detektorow TL, opartych na strukturach epitaksjalnych dobrze
znanych materiatdw optycznych, ktorymi sa warstwy i krysztaly na bazie
domieszkowanych jonami Ce* granatéw LuAG i YAG. Takie detektory TL moga by¢
uzywane do jednoczesnej detekcji czastek o i 3 oraz kwantow X lub .

Kompozytowe materialy TL LuAG:Ce SCF/YAG:Ce SC i YAG:Ce SCF/LuAG:Ce
SC [C4.1]. Pierwszymi prototypami kompozytowych materiatow TL byly struktury
epitaksjalne granatoéw YAG:Ce SCF/LuAG:Ce SC i LuAG:Ce SCF/ YAG:Ce SC. M. in,,
bardzo duzym sukcesem technologicznym byto udowodnienie mozliwosci krystalizacji
takich kompozytow metoda LPE przy duzym niedopasowaniu statych sieci krystalicznej
materialdéw warstwy i podioza , ktére wyniosito 0.8 % dla struktur LuAG:Ce SCE/YAG:Ce
SC 10.75 % dla struktur YAG:Ce SCF/LuAG:Ce SC (Rys.22).
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Rys. 22. Dyfraktogramy epitaksjalnych struktur LuAG:Ce SCF/YAG:Ce SC (a) i YAG:Ce
SCF/LuAG:Ce SC (b).

Konstruowanie tych kompozytéow bylo takze oparte na poprzednich badaniach,
dotyczacych zaobserwowania réznic we wiasciwosciach TL warstw i podidz tych
granatow. Te roznice spowodowane sa réznymi warunkami krystalizacji warstw i
krysztatow, a mianowicie duza réznica w temperaturze wzrostu, skladzie atmosfery
gazowej oraz typach defektow i domieszek. Biorac pod uwage, ze jony Ce** typowo sq
domieszkami do putapkaowania dziur, za piki TL w warstwach i krysztatach odpowiadajg
centrom putapkaowania elektronéw. Takimi centrami w granatach moga by¢ luki po tlenie
oraz ich agregaty z innymi defektami, w szczegdlnosci defektami podstawienia w
krysztatach lub jonami otowiu w warstwach tych materiatléw [30] .

Nadrzednym zadaniem byt odczyt gtéwnych pikéw TL, pochodzacych od warstw
i krysztatlow YAG:Ce i LuAG:Ce w kompozytowych detektorach TL przy ich ekspozydji
czastkami a i . Korzystajac z wiedzy zawartej we wczesniejszych publikacjach
dotyczacych opracowania kompozytowych scyntylatorow byto wiadomo, ze czastki a
zrodla Am (5,5 MeV) sa calkowicie zatrzymywane w czesci warstwowej (SCF)
kompozytu, natomiast czastki  zrodta *Sr + Y o sredniej energii 1,1 MeV moga by¢
absorbowane przez podioza YAG o grubosci 1,3 mm i LuAG 0,8 mm. Dlatego sygnaty
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Rys. 23. Krzywe jarzenia TL kompozytowych materiatéw TL LuAG:Ce SCF/YAG:Ce SC
(a) 1 YAG:Ce SCF/LuAG:Ce SC (b) po napromieniowaniu czastkami a (1) i 3 (2).

TL od warstw i podidz obu badanych kompozytowych struktur odpowiadaja gtownie
rejestracji czastek a i odpowiednio czastek [3.

Gloéwne piki dla kompozytow LuAG:Ce SCF/YAG:Ce SC obserwuje sie w
temperaturach 325°C i 215°C po napromieniowaniu odpowiednio czastkami a i 3 (Rys.
23a), natomiast dla struktur YAG:Ce SCF/LuAG:Ce SC odpowiednie piki znajdujg sie
odpowiednio w 180°C i 345°C (Rys. 23b). Dlatego roznica AT miedzy gtéwnymi pikami
TL, uzywana jako miara separacji tych dwoch czastek dla wymienionych typéw
kompozytéw odpowiednio jest rowna 110°C i 165°C.

Kompozytowe materialy TL LusxGd<AG:Ce SCF/YAG:Ce SC [C4.2].
Zakonczone sukcesem opracowanie pierwszych typow kompozytowych materiatow
TL pozwolito na dokonanie modyfikacji skladow warstw LuAG:Ce w tym typie
kompozytu poprzez dodanie do sktadu Gd.

W strukturach LusxGdxAlsO12:Ce SCF/YAG:Ce SC, gdzie x=0-1,5 (Rys.24), réznica
miedzy potozeniami gltownego piku TL po napromieniowaniu czastkami a i
stopniowo wzrasta wraz ze wzrostem zawartosci Gd w zakresie 0-1,5. W ten sposob
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Rys. 24. (a) - zalezno$¢ potozenia gtéwnego piku TL LusxGdxAlsO:Ce SCF/YAG:Ce
SC po wzbudzeniu a-czastkami (1) oraz réznicy miedzy gléwnymi pikami TL od
warstwowej i krystalicznej czesci struktur Lus«GdxAls:O:Ce SCF/YAG:Ce SC po
wzbudzeniu a (*'Am) i B (*Sr+'Y) czastkami (2). (b) - krzywe jarzenia TL
kompozytowego materiatu po wzbudzeniu czastkami o (1) i B (2).
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uzyskana wartos¢ roznicy (AT) w potozeniu gtownych pikéw TL jest znacznie wigeksza
od tej otrzymanej dla struktury epitaksjalnej LuAG:Ce SCF/YAG:Ce SC. Parametr AT
wzrést z poziomu 110 do 215°C.

Prowadzone badania, opisane w czesci IV, pozwolily na otrzymanie
kompostowych materialéw ze zdolnoscia do jednoczesnej rejestracji promieniowania
alfa i beta w mieszanych wiazkach jonizujacych, wykorzystujac zjawisko TL.

Opracowane struktury epitaksjalne staly si¢ protopopami do konstrujowania
nowej generacji kompozytowych detektoréw TL, opartych na strukturach epitaksjalnych
roznych zwiazkdw tlenkowych, krystalizowanych przy uzyciu metody LPE.

5. Podsumowanie rozprawy doktorskiej

Celem pracy doktorskiej byta weryfikacja mozliwosci realizadji trzech réznych podejsc
do konstruowania kompozytowych scyntylatoréw i materiatéw TL do jednoczesnej detekgji
czastek i kwantéw w mieszanych wigzkach jonizujacych, z wykorzytaniem metody LPE.
Pierwsze podejscie polega na zmianie domieszek w warstwach i podlozu tej samej matrycy
w postaci granatu LuAG, co powoduje ich rézne wlasciwosci scyntylacyjne (czes¢ II).
Drugie podejscie oparte jest na wykorzystaniu réznych typéw warstw i krysztatow
mieszanych granatow, domieszkowanych jonami Ce* z bardzo odmiennymi
wlasciwosciami scyntylacyjnymi (czesci I i IIT). W tabeli 2 przedstawiono zestawienie
kompozytowych scyntylatoréw opracowanych w czesci Il i IIl pracy. Pogrubiona linig
zostaty rozdzielone poszczegolne wyniki z odpowiadajacych im publikagji.

Tabela 2. Porownanie wlasciwosci scyntylacyjnych réznego typéw kompozytdw na
bazie struktur epitaksjalnych granatow.

Najlepsza . Poziom , .| Optymalna | Zakres
Kompozytowy scyntylator wartos¢ 1ntens.ywnosc1 wartos¢  |czasowy
to/ty dla najlepszego intensywnosci (ns)
stosunku to/ty

LuAG:Pr SCF /LuAG:Ce SC 3.6 0.1 0.03-0.4 0-700

LuAG:Sc SCF /LuAG:Ce SC 22 0.05 0.05-0.2 | 200-900

LuAG:Ce SCF/LuAG:Pr SC 1.1 0.05 0.05-0.2 60-320
Lu2ssThoisAG:Ce SCF/LuAG:Pr SC 1.2 0.05 0.1-0.02  |200-1500
Lu1TbosAG:Ce SCF/LUAG:Pr SC 1 - - -
Lui135Tb1.6sAG:Ce SCF/LuUAG:Pr SC 14 0.1 0.05-0.2  |250-1000
Luo715Tb228sAG:Ce SCF/LuAG:PrSC 4.2 0.07 0.05-0.36 |100-3000
LuAG:Ce SCF/ LuAG:Sc SC 2.7 0.05 0.02-0.2 | 250-110
LuAG:Pr SCF/ LuAG:Sc SC 15.6 0.05 0.01-0.5 0-2500
TbAG:Ce SCF/GAGG:Ce SC 3 0.05 0.05-0.2  |450-3700
LGAGG:Ce SCF/GAGG:Ce SC 2 1/e 0.2-0.5 50-500

Trzecie  podejdzie  polega na  wykorzystaniu réznych  wlasciwosci
termoluminescencyjnych warstw i krysztaléw prostych i mieszanych granatow,
domieszkowanych jonami Ce* (czes¢ IV).

36



Najwazniejsze wnioski rozprawy doktorskiej

1. Uzywajac metody epitaksji z cieczy z roztworow na bazie topnikow PbO i BaO,
pokazano mozliwosc syntezy na podtozach YAG i GAGG nowych typow efektywnych
scyntylatorow w postaci warstw monokrystalicznych mieszanych granatow
(Gd, Tb,Lu)3(Al,Ga)sO12:Ce z bardzo wysoka zdolnoscia do absorpcji promieniowania
rentgenowskiego. Opracowane warstwowe scyntylatory moga by¢ zastosowane
przed wszystkim jako ekrany scyntylacyjne w detektorach mikrotomograficznych.
Jednoczesnie takie warstwy oraz struktury epitaksjalne na bazie tych warstw mozna
rowniez stosowac do detekcji czastek alfa lub beta w monitoringu radiacyjnym.

2. Warstwy TbAG:Ce oraz (Gd,Tb)(Al,Ga)Ow:Ce posiadaja bardzo wysoka wydajnos¢
scyntylacyjna, ktora przekracza wydajnos¢ najlepszych znanych odpowiednikow
scyntylatorow w postaci warstw monokrystalicznych granatéw, otrzymanych z
topnikéw opartych na PbO, oraz wykazuja bardzo niski poziom dlugozyciowych
sktadnikow scyntylacji, zblizony do tego, ktory uzyskuje si¢ w najlepszych obecnie
ekranach scyntylacyjnych.

3. Wsrod opracowanych kompozytowych scyntylatorow, opartych na warstwach i
krysztatach granatow LuAG, domieszkowanych jonami Ce*, Pr® i Sc*, najlepsze
wlasciwosci scyntylacyjne posiadaja struktury epitaksjalne LuAG:Pr SCF/LuAG:Ce
SC oraz LuAG:Pr SCF/ LuAG:Sc SC. Dla kompozytowego scyntylatora LuAG:Pr
SCF/LuAG:Ce SC stosunek to/ty osiagna odpowiednio warto$¢ 3.6 przy zaniku
intensywnosci scyntylacji do poziomu 0.1 w przedziale czasowym 0-750 ns, a dla
LuAG:Pr SCF/ LuAG:Sc SC wartos¢ 15.6 przy zaniku intensywnosci scyntylacji do
poziomu 0.05 w przedziale czasowym 0-2500 ns.

4.  Nowoopracowane wysokowydajne scyntylatory w  postaci warstw
monokrystalicznych GdisLuisAl22sGaz75012:Ce i TbsAlsO12:Ce mozna z powodzeniem
stosowa¢ do produkgji kompozytowych scyntylatorow na bazie podtéz GAGG:Ce,
uzywajac metody LPE.

5. Opracowane metoda LPE kompozytowe scyntylatory na bazie warstw i krysztatlow
domieszkowanych jonami Ce* mieszanych granatéw posiadaja lepsze wlasciwosci do
rozdzielnej detekcji a czastek i Y kwantdw oraz wieksza wydajnos¢ scyntylacyjna w
poréwnaniu z odpowiednikami na bazie domieszkowanych warstw i krysztatéw LuAG.

6. Z opracowanych kompozytowych scyntylatoréw, opartych na warstwach i
krysztatach mieszanych granatow, najlepsze wlasciwosci scyntylacyjne posiada
scyntylator kompozytowy TbsAlsO12:Ce SCF/GdsAl25Gaz25012:Ce. Dla tego scyntylatora
stosunek ta/ty 0siaga wartos¢ 3 przy zaniku intensywnosci scyntylacji do poziomu 0,05
w przedziale czasowym 450-3700 ns.

7. Wykorzystujac metode LPE, opracowano prototypy kompozytowych materiatow
termoluminescyjnych opartych na strukturach epitaksjalnych, zawierajace warstwy i
krysztaly YAG:Ce i LuAG:Ce. Pokazano, ze takie kompozyty mozna stosowac do
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detekcji a i B czastek, wykorzystujac réznice miedzy krzywymi termoluminescencji
(TL), pochodzacymi od warstw i podidz tych granatow.

8. Wsrdéd opracowanych kompozytowych materiatéw termoluminescyjnych,
opartych na warstwach i krysztatach granatow, najlepsze wtasciwosci do jednoczesnej
rejestracji a i B czastek pozdaja struktury epitaksjalne YAG:Ce SCF/LuAG:Ce SC oraz
Lu1sGdisAG:Ce SCF/YAG:Ce SC. Dla tych struktur wielko$¢ réznicy pomiedzy
polozeniem gtownych pikow TL, ktére odpowiadaja detekgji czastek a i B wynosi
odpowiednio 165 i 215 °C.
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We report in this work the creation of new heavy and efficient Tb3Als013:Ce (TbAG:Ce) single crystalline
film (SCF) scintillators, grown by LPE method from PbO-B,03 based flux onto Y3Als0¢; (YAG) and
GdsGay5Al5 5012 (GAGG) substrates, for different optoelectronic applications. The luminescent and
scintillation properties of the TbAG:Ce SCF screens, grown onto different types of substrates, are studied
and compared with the properties of the Lu3Al5013:Ce (LuAG:Ce) and YAG:Ce SCF counterparts. TbAG:Ce
SCFs show very high scintillation light yield (LY) under a—particles excitation, which overcomes by 30%
the LY of high-quality LuAG:Ce SCF samples. In comparison with YAG:Ce and LuAG:Ce SCFs, TbAG:Ce SCF
screens show also significantly lower afterglow (up to 10~ level at X-ray burst duration of 0.1 s), which is
comparable with the afterglow level of the best samples of LSO:Ce, Tb SCFs typically being used now for
microimaging. Together with a high light output of X-ray excited luminescence, such extremely low
afterglow of TbAG:Ce SCF is a very good reason for future development of scintillating screens based on
the mentioned garnet. We also introduce the possibility to create new types of “film-substrate” hybrid
scintillators using the LPE method for simultaneous registration of different components of ionizing
radiation and microimaging based on the TbAG:Ce SCF and GAGG:Ce substrates.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

the synchrotron radiation with energy in the 5—20 eV range [1,2].
Meanwhile, the further increase of X-ray detectors spatial res-

Synchrotron radiation sources with energy in X-ray range make
it possible to visualize X-ray images with micron-submicron spatial
resolution for application in microtomography and non-destructive
testing in biology, archeology and materials science. X-ray detector
with spatial resolution in the micron range using a screen in the
form of thin (5 um) Y3Al501;:Ce (YAG:Ce) garnet single crystalline
films (SCF), and deposited by the liquid phase epitaxy (LPE) on YAG
substrates, was first designed at the ESRF (Grenoble, France) [1,2].
Detector spatial resolution in the micron range was achieved using

* Corresponding author.
** Corresponding author.
E-mail address: zorenko@ukw.edu.pl (Y. Zorenko).

http://dx.doi.org/10.1016/j.optmat.2016.09.066
0925-3467/© 2016 Elsevier B.V. All rights reserved.

olution to submicron range can only be achieved by reducing the
SCF thickness. It also requires scintillation screens with high X-rays
absorption coefficient p ~ pZds (where p is density and Zeg is
effective atomic number of scintillator) and a good overlap of the
SCF emission spectrum with the sensitivity range of typical CCD
sensors [3].

In the past, two novel concepts of detectors for X-ray micro-
tomography were proposed [4—7].

The first concept is based on the creation of hybrid multi-layer
scintillators with separate pathways for registration of the optical
signal coming from each scintillating layers and their final combi-
nation (Fig. 1). Using the hybrid film scintillators could improve the
detector system Detective Quantum Efficiency (DQE) [4] and pro-
vide in formations on the incoming X-ray radiation energy [5,6].
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Fig. 1. Scheme of hybrid detector for X-ray micro-imaging containing two LPE grown film scintillators grown onto the same substrates [4].

The second concept is connected with the engineering of ,,X-ray
absorption K-edge” multilayer-film scintillators, using the solid
solution of oxide compounds containing for example Lu, Gd or Tb
ions [7,8] (Fig. 2). In such a way, the absorption ability of the
multilayer scintillator can be significantly improved in the
20—65 keV range, due to the significant broadening of the X-ray
absorption K-edge in such multicomponent materials [7,8]. How-
ever such novel concept requires the development of different
efficient and heavy SCF scintillator materials, which can be
deposited onto the same Iuminescent or non-luminescent
substrates.

Among the known garnet compounds, LuzAl501,:Ce (LuUAG:Ce)
garnet (pZ&s = 90 +10° g/cm?), is a dense and efficient X-ray scin-
tillator [3]. In our previous papers [9—11] we demonstrated the
possibility of producing LuAG:Ce SCF grown by the LPE method
onto YAG substrates.

For better matching of the CCD sensor spectral sensitivity, the
optimization of SCF emission is performed in the green or red
spectral region [7,11]. For this reason, we continued to investigate
the crystallization of scintillating screens based on multi-
component rare-earth garnets [10,12—14]. In this work we
concentrated on the study of Ce doped Tb3Al5012 (TbAG) garnets,
grown by LPE method onto YAG and GdsAly5Gas501> (GAGG)
substrates.

Compared to YAG:Ce and LuAG:Ce, the Ce3* jon emission
spectrum in TbAG:Ce can be significantly shifted to the red range
[15,16]. For this reason, and due to the large density and effective
atomic number of ThAG (pZgs = 90*10° g/cm?®) hosts, growth of

TbAG:Ce SCF can be very perspective for the development of SCF
screens used in the visualization of X-ray images [10]. We present
in this paper new results on TbAG:Ce films grown by LPE and
compare their properties with those of LuAG:Ce and YAG:Ce SCF
counterparts.

2. Growth of TbAG:Ce SCFs

Three sets of Ce-doped TbAG:Ce SCFs (denoted A, G and T sets)
were grown using the LPE method onto Y3Als01; (YAG) and
Gd3Al; 5Gas 5012 (GAGG) substrates with different orientations
from typical melt-solution (MS) based on the PbO:B,03 (12:1 mole/
mole) flux and the crystal-forming Ry03 and Al,03 oxides of 4N-5N
purity in a total concentration of 2.5—5 mole% with respect to the
total content of the MS (Table 1). The first set of undoped TbAG and
Ce** doped TbAG SCFs (A set) was grown in the Laboratory of
Optoelectronic Material, University of Lviv, Ukraine from the 4 N
row materials onto YAG substrates with orientation close to (211)
and lattice constant of 12.011 A[10]. The second set of TbAG:Ce SCFs
(G set) was grown in the LPE Laboratory at the ESRF in Grenoble,
France, using 5 N raw materials onto YAG substrates with (111)
orientation. The third set of TbAG:Ce SCFs (T set) was grown in the
Institute of Physics UKW in Bydgoszcz, Poland using 5 N row ma-
terials onto YAG substrates with (110) orientation (T1 set) and
Gd3Al, 5Gaz 5012 (GAGG) substrates with (100) orientation (T2 set)
with a lattice constant of 12.233 A.

In all growth cycles, the growth temperature Ts was in the

950—-1025 °C range. The growth rate was in the range
100 5 thickness
e g 10um
f Ts & —YAG .
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Fig. 2. Absorption ability of scintillation screens in the 20—65 keV range using the Gd, Tb and Lu ions.
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Table 1

75

Growth conditions (type of flux and substrate; misfit m = ascp/ascr —asup*100% between lattice constant of SCF and substrate), maximum of emission spectra Amax, scintillation

decay time tyje,/t1/10 and LY of the best TbAG:Ce SCF samples under excitation by a—particles from a Pu

239 source (measured with a shaping time of 12 pis) in comparison with

standard YAG:Ce SCF (386 phels/MeV) [17] and LuAG:Ce SCF, reference GdsAl,5Gaz 5012:Ce SCF and GdsAl,Gaz01,:Ce bulk crystals.

Content of garnet Substrate m, % Amax, NM Scintillation decay time, ty/e/t1/10, NS LY, %
Y5Al5015:Ce SCF YAG - 535 57.3/132 100
LusAl5015:Ce SCF YAG -0.78 509 52.8/142 205
Tb3Al;01, SCF A set YAG +0.52 543

Tb3Al5012:Ce SCF A set YAG +0.53 558 299/1725 123
Tb3Al5012:Ce SCF G set YAG +0.55 552 242/1645 253-264
Tb3Als01,:Ce SCF T1 set YAG +0.56 560 233/1710 200—203
Tb3Al501,:Ce SCF T2 set GAGG -1.29 560 306/1795 190—-195
Gd3Al,Gaz013:Ce SC - - 549 275/657 318
GdsAl; 5Gaz 5012:Ce SC - - 547 425/1036 381

f; = 0.35—1.6 pm/min and the velocity of substrate rotation
w = 80—100 rev/min. The SCF thickness was in the 1.5—35 pm
range.

The optimal CeO, oxide concentration in all three growth cycles
was determined experimentally in the range 8—10.5 mole % with
respect to the total content of garnet-forming components, in order
to obtain the maximal light yield (LY) of SCFs under excitation by
Pu®*? (5.15 MeV) o—particles. The SCFs composition was deter-
mined using a JEOL JSM-820 electronic microscope, comprising an
EDX microanalyzer and equipped with IXRF 500 and LN2 Eumex
detectors. From the content microanalysis of the SCF samples, we
found that the segregation coefficient of Ce>* ions in ThAG host was
0.004—0.005 and 0.0085—0.01 in the case of YAG and GAGG sub-
strates, respectively.

For the growth of TbAG:Ce SCF scintillators we did not use
additional doping to reduce the lattice mismatch of TbAG and YAG
or GAGG lattices (Table 1). Nevertheless, the stable growth of
TbAG:Ce SCF was observed in all growth cycles and the three series
of TbAG:Ce SCF samples. TbAG:Ce SCFs were successfully obtained
onto YAG substrates with (211), (111) and (110) orientations and
GAGG substrates with (100) orientation for SCF/substrate misfit m
in the range - 1.29% < m< + 0.56% (Table 1).

The structural and luminescent properties of different TbAG:Ce
SCF samples, grown onto YAG and GAGG substrates, were
compared with LuAG:Ce and YAG:Ce SCF counterparts, grown onto
YAG substrates with (111) orientation from PbO:B,03 flux.

The secondary electron images cross-section of LuAG:Ce and
TbAG:Ce A SCFs with a thickness of 25 um and 7.5 um respectively,
both grown on the YAG substrates, and TbAG:Ce T SCFs with a
thickness of 35 pum, grown onto GAGG substrate, are shown in
Fig. 3a and b and c, respectively. Generally, in the case of TbAG SCF
growth, the formation of a transition layer (TL) with a thickness
1.5—2.5 um between TbAG:Ce SCFs and undoped YAG and GAGG

B R Y S horrate

LuAG:Ce SCF
~ 25 um

(@)

(b)

substrates was observed (Fig. 3b and c). But in the case of LuAG:Ce
SCF growth onto YAG substrates, the dimension of the TL is
significantly smaller and does not overcome 200 nm (Fig. 3a).

The possible explanation of the observed differences in the
dimension of TL layers in the case of LUAG and TbAG SCF crystal-
lization needs more detailed investigations. From the measurement
of the TL content, we found that the content of this layer in the case
of ThAG growth onto YAG substrates presents a mixed composition
between TbAG and YAG or GAGG garnets. Therefore, the difference
between the lattice constants of TbAG and YAG or GAGG hosts can
be steeply eliminated in this TL. After equalizing the lattice constant
of SCF and substrate, the stable growth of the main volume of TbAG
based SCFs is observed (Fig. 3b and c).

The XRD measurements (spectrometer DRON 4, Cug, X-ray
source) were used for characterization of the structural quality of
SCFs with different cation compositions (Fig. 4). The misfit
m = ascg/asce —asyb “100% between the LUAG and TbAG film lattices
and YAG or GAGG substrate lattices being equal to —0.78%, +0.53%
and - 1.32%, respectively, was determined from the respective XRD
patterns (Fig. 3).

Due to the possibility to grow high-optical quality TbAG SCFs
both onto YAG and GAGG substrates without any additional doping
(Table 1), we conclude that the limiting misfit for crystallization of
R3Al5012 (R = rare earth ions and Y) SCF garnets onto substrates
with garnet structure can be extended in comparison with [10], and
determined as —1.61 A < Aa < + 0.34 A (- 1.32% < m < + 0.56%).

3. Optical and luminescent properties of TbAG:Ce SCFs

For characterization of the optical properties of Ce3* doped
TbAG:Ce SCFs, the absorption spectra, cathodoluminescence (CL)
spectra, LY and scintillation decay kinetics measurements, as well
as the thermostimulated luminescence (TSL) glow curves under

GAGG substrate

Fig. 3. Secondary electron images of the cross-section of LuAG:Ce (a) and TbAG:Ce SCFs (b) with a thickness of 25 and 7 um, respectively, both grown on YAG substrates, and

TbAG:Ce T2 SCFs with a thickness of 35 um, grown onto GAGG substrate.
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Fig. 4. XRD patterns of LuAG:Ce (a) and TbAG:Ce (c, d) SCFs, grown onto YAG substrates (a, b) and GAGG substrate (c) with (111), (211) and (100) orientations, respectively.

excitation by o—particles were measured and compared with their
YAG:Ce and LuAG:Ce SCF counterparts.

The absorption spectra were measured using a Specord M40
spectrophotometer in the 200—750 nm range. The CL spectra were
measured at room temperature (RT) using an electron microscope
SEM JEOL JSM-820, additionally equipped with a Ocean Electronics
spectrometer and a TE-cooled CCD detector working in the
200—925 nm range. The scintillation LY (with a shaping time of
12 ps) and decay kinetics measurements were performed using the
setup based on a Hamamatsu H6521 PMP, multichannel analyzer
and a digital TDS3052 oscilloscope under excitation by a-particles
of Pu®*® (5.15 MeV) source. The TSL measurements after a-particle
excitation by an Am?#! source were performed in the 300—800 K
temperature range using a commercial Risoe DA-20 TL/OSL reader
(Denmark).

3.1. Absorption spectra

The absorption spectra of Ce-doped TbAG:Ce SCFs, grown onto
YAG and GAGG substrates, in comparison with the LuAG:Ce and
YAG:Ce SCFs are shown in Fig. 5. Two arrows in Fig. 5 in the
340—-350 nm and 450—460 nm spectral ranges indicate the posi-
tion of the absorption bands caused by the allowed 4f(2F5/2)—>5d1
transitions of the Ce>* ion with the E' and E? energies, respectively
[10,12]. The low-intensive sharp peaks in the 270—285 nm and
326 nm ranges, in the absorption spectra of TbAG:Ce SCF corre-
sponds to the 4f%—4f’5d! spin-allowed (sa) and spin-forbidden
(sf) transitions of Tb>* ions, respectively [10,12]. The 4f-5d (sf)-
absorption band of Tb>* jons peaked at 327 nm to a great extent is
distorted by the presence in this spectral region of the 4f-5d-

——TbAG:Ce A'YAG sub (1)
—— TbAG:Ce T2/GAGG sub (2)
—— YAG:CelYAG sub (3)

—— LuAG:Ce sub (4)

Optical density (arb. units)

Wavelenght (nm)

Fig. 5. Absorption spectra of Ce-doped TbAG:Ce SCFs, grown onto YAG (1) and GAGG
substrates (2) in comparison with YAG:Ce (3) and LuAG:Ce (4) SCF counterparts, grown
onto YAG substrates.

absorption band of Ce3* ions peaked at 336 nm. The spectral
closeness of these bands indicates the possibility of efficient exci-
tation energy transfer from the host (Tb3* cations) to the activator
(Ce3* jons) in ThAG:Ce SCF [10,12,15,16]. The sharp bands in the
range of 275 and 313 nm in the absorption spectra of TbAG:Ce SCF,
grown onto GAGG substrates, correspond to the absorption of Gd3*
impurity in the substrate (the ®P7.32 — 35712 and %72 — 8S7p
transitions, respectively).
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Increase of the crystal field strength in the dodecahedral posi-
tions of the garnet host in a series of Ce-doped SCF with different
garnet compositions is accompanied by shifting the 4f’ —5d! Ce3*
absorption bands in the 340—350 nm and 450—460 nm ranges
(Fig. 5). Generally, the magnitude of the crystal field strength is
proportional to the difference AE = E! - E? between the maxima of
the mentioned Ce>" absorption bands (Table 2). The crystal field
strength increases by 20—22% in TbAG garnets in comparison with
LuAG garnets (Table 2).

3.2. CL spectra

Fig. 6 shows the CL spectra under e-beam excitation of different
TbAG:Ce SCFs (curve 1-3), grown onto YAG (1, 2) and GAGG (3)
substrates, in comparison with LuAG:Ce (curve 4) and YAG:Ce
(curve 5) SCF counterparts. An increase in the magnitude of the
crystal field strength of garnets in the series of Ce-doped SCF of
mentioned garnet compounds is accompanied by the strong shift of
the emission spectra peak position in the long-wavelength range
from 506 nm in LuAG:Ce to 535 nm in YAG:Ce and 552—661 nm in
TbAG:Ce SCFS. This also results in a change of the emission color
from green for LuAG:Ce SCF to yellow for YAG:Ce SCF and deep
orange for TbAG:Ce SCFs. The observed differences in the positions
of the Ce>* emission band in the A, B and T series of ThAG:Ce SCF
samples (Fig. 6) can be caused by some deviation in the Ce>*
concentration in the mentioned samples due to slightly different
conditions of LPE growth of these samples onto YAG and GAGG
substrates with different orientations.

From Fig. 6 it also appears that the CL spectra for all SCFs under
e-beam excitation are well fitted to the range of spectral sensitivity
of a back-side illuminated CCD camera which is typically used for X-
ray microimaging with SCF screens (curve 6). A good agreement of
the SCF emission with CCD sensitivity range is observed for
TbAG:Ce SCFs (curves 1-3).

3.3. LY measurements under a—particles and X ray excitations

The RL photoelectron LY of TbAG:Ce SCFs is presented in Table 1
and compared to LuAG:Ce and YAG:Ce standard SCF samples. It is
measured with a shaping time of 12 ps under excitation by
a—particles from a 23°Pu (5.15 MeV) source.

For TbAG:Ce SCFs coming from set A, we have recorded a
satisfying LY, which was equal to 123% in comparison with that of
the standard YAG:Ce SCF with a photoelectron LY of 386 Phels/MeV
(Table 1). At the same time, the LY of TbAG:Ce A SCFs from this set is
significantly smaller (in 1.66 time) than the LY of the best samples
of LuAG:Ce SCF analogues (Table 1) [11].

Further increase of the LY in the mentioned SCF can be achieved
by using initial raw powders of highest (5 N) purity and by opti-
mizing the relation between the Ce>* jons and Pb?* trace impurity
concentrations in SCF. Indeed, the LY of TbAG:Ce SCF samples,
grown from the charge prepared with raw materials of 5 N purity
onto YAG substrates (G and T1 sets), is very high and significantly

Table 2
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Fig. 6. CL spectra of Ce-doped TbAG:Ce A (1), TbAG:Ce G (2), TbAG:Ce T2 (3), LuAG:Ce
(4) and YAG:Ce (5) SCFs under e-beam excitation in comparison with the spectral
sensitivity of a typical back-side illuminated CCD camera (6).

(by 1.9—-2.64 times) overcomes the LY of YAG:Ce reference SCF
scintillators. The best LY is achieved for TbAG:Ce SCF samples from
the G serie (Table 2). Namely, the LY of the best samples from this
set overcome by 23—-29% the LY of high-quality LuAG:Ce SCFs
produced in this laboratory [11]. Without any doubt, this LY is one of
the highest ever obtained garnet SCF scintillators grown by the LPE
from traditional PbO-B,03 based flux [11,14].

It is important to note that the LY of TbAG:Ce SCF scintillators of
G and T series is comparable with the LY of high-quality GdsAl, 5.
2Gay 5.3012:Ce bulk SC analogues. This fact also enables producing
with the help of the LPE method the new type of hybrid scintillators
based on the epitaxial structures of garnet compounds. Such type
hybrid scintillators can contain film and substrate scintillators with
the optimized contents and high LY, taking into account also the
requirement that the decay times of the signals coming from the
film and substrate components of the hybrid scintillator can differ
by at least 2 times [ 18]. Such a demand is fully realized in the case of
TbAG:Ce SCF/GdsAl,5Gaz 5012:Ce SC hybrid scintillators grown by
the LPE method (Fig. 7). These scintillators can be proposed for
different types of application, first of all, for registration of the
components of mixed ionizing flux [18] and multi-layer screens for
visualization of X—ray image as well [7].

Under 8 keV X-ray irradiation, the light output of the TbAG:Ce
SCFs was also compared to a reference 500 um thick YAG:Ce, 11 pm
LuAG:Ce SCF and 6 um thick LSO:Tb, Ce SCF, see Table 3.

Similarly to the LY under a—particles excitation, the maximum
light output of 98%* under X-ray excitation was found in the
13.2 pm thick TbAG:Ce G SCFs. The light output decreased to 48% for
TbAG A sample prepared with low purity raw material onto (110)
oriented YAG substrates (Table 3). Anyway, it is worth to note that
the light output of the X ray excited luminescence of TbAG:Ce SCFs
is large and comparable with the best samples of LuAG:Ce and

Difference between the positions of E! and E? absorption bands maxima connected with the 4f” —5d’ transitions of Ce>" ions in R3Als0;2:Ce SCFs (R = Tb, Y, Lu), which is
proportional to the crystal field strength of garnet compounds, position of Ce>* photoluminescence (PL) band and decay time of Ce>* emission under excitation in the Ce>*

absorption band at 440 nm.

Garnets type E{, nm E,, nm AE = E'-E?, eV Maxima of Ce** PL emission, nm Decay time of PL, ns
TbAG:Ce T2 336 464.5 0.9 0.99 585 37; 1355

TbAG:Ce A 339 461.5 0.97 577 33; 814

TbAG:Ce G 3395 460.5 0.96 570 35; 385

YAG:Ce 341 460 0.9 091 535 68

LuAG:Ce 348 449 0.8 0.81 506 52
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Fig. 7. Scintillation decay kinetics of TbsAls0q5:Ce T2 (1), LuAG:Ce (2) SCFs and
GAGG:Ce substrate (3) under a-particles excitation of 2>°Pu source.

Table 3

Relative LY of the series of TbAG:Ce SCFs under X-ray excitation, measured with
microscope optics and CCD camera. Results are corrected by X-ray absorption effi-
ciency (film thickness and scintillator content) and compared to reference YAG:Ce
SC.

Samples h, um LY, %
YAG:Ce SC 500 100
LuAG:Ce SCF 11 77
LSO:Ce, Tb SCF 6 127
TbAG:Ce SCF A 7 48
TbAG:Ce SCF G 13.2 98

2 The light output of TbAG:Ce SCF G sample can be enhances by a factor 1.5—2 due
to more rough surface than in the case of TbAG:Ce A sample.

LSO:Ce, Tb SCF counterpart. This can be a good reason for the future
development of scintillating screen based on the mentioned SCFs.

3.4. Scintillation decay kinetics of TbAG:Ce SCFs under a—particles
excitation

The scintillation decay kinetics of Th3Al501,:Ce SCFs under a-
particles excitation from a 2*°Pu source is shown in Fig. 7, in com-
parison with LuAG:Ce SCF and GAGG:Ce substrate. As one can see
from this figure, TbAG:Ce SCF scintillators demonstrate a substan-
tially slower non-exponential decay kinetics as compared to their
LuAG:Ce SCF counterpart (curve 1 and 2, respectively). Such slower
and complicated decay kinetics of the Ce>* luminescence is typical
for Tb>* based garnet hosts, where the energy transfer via the
sublattice of Tb>* cations is significant [15,16] in comparison with
LuAG:Ce SCFs, where the direct energy transfer from the host to
Ce>* ions dominates [11]. The conditions of the Th3* — Ce3* energy
transfer in TbAG garnet host is considered in more details in Section
4, see also [13].

Scintillation decay times t/e and tq/10 of the best samples from
different TbAG:Ce SCF series were measured under excitation by
a—particles of Pu?3® sources and shown in Table 1 in comparison
with standard YAG:Ce and LuAG:Ce SCF counterparts, GdsAlys.
Gay5012:Ce and Gd3Al,Gasz0q3:Ce reference bulk crystals. Gener-
ally, the decay kinetics of TbAG:Ce SCFs can be presented by the
superposition of two decay components with the decay in the
hundreds and thousands ns range (Fig. 7 and Table 1). As one can
see from Table 1, the decay times tyje and ty;1 for the TbAG:Ce SCF
samples notable depends on the conditions of SCF growth, namely,

the concentrations of Ce>* and Pb?* related dopants as a function of
the SCF growth temperature, type of substrates, etc. Namely, the
largest values of tye and ty;o decay times (306 and 1795 ns,
respectively) are observed in TbAG:Ce SCF grown onto GAGG sub-
strate whereas in the case of TbAG:Ce SCFs grown onto YAG sub-
strates the scintillation decay kinetics is slightly faster (Table 1).

3.5. TSL properties of TbAG:Ce SCFs and their afterglow

The results from TSL investigations of different a—particles
irradiated TbAG:Ce SCFs above RT range are shown in Fig. 8 (curves
1, 2) in comparison with LuAG:Ce SCFs (curve 3). The TSL mecha-
nism in these SCFs is connected with the electrons liberated from
traps and their subsequent recombination with the holes localized
around Ce** ions [11,14].

In TbAG:Ce SCFs, a strong shift of the main TSL peak position
(415—430 K) is observed (Fig. 6, curves 1, 2) in comparison with
LuAG:Ce SCFs with a main TSL peak at 590 K (curve 3) [see also 11,
14]. Additionally a significant decrease of the TSL signal for TbAG:Ce
SCFs in the 500—650 K high-temperature range is observed in
comparison with LuAG:Ce SCF sample (Fig. 8). This result is in good
correlation with the significant increase of the LY in TbAG:Ce SCFs
from G and T series in comparison with LuAG:Ce SCF counterpart
(Table 1).

The nature of these traps in the garnet SCFs has not been
determined yet. Most probably, due to the expected low concen-
tration of antisite defects and oxygen vacancies in the SCF samples,
grown at relatively low (~1000 °C) temperatures in oxygen con-
taining (air) atmosphere, the traps can be related mainly to the
presence of Pb?* (from flux) and Pt** (from crucible) contamina-
tion in these SCF samples [8,11]. As a consequence, various locally
non-compensated lattice defects can be created in SCFs, for
instance oxygen or cation vacancies around the mentioned impurities,
which may result in the formation of trap levels in the forbidden
band gap, the appearance of a slow component in the decay kinetics
of the Ce3* luminescence and in a decrease of the scintillation ef-
ficiency of SCF scintillators.

The results of TSL measurements are also well correlated with
the afterglow measurements performed on TbAG:Ce SCF, in com-
parison with LuAG:Ce SCF and standard YAG:Ce crystal (Fig. 9). We
found that the afterglow level of TbAG:Ce SCF is very low and
significantly better than that in YAG:Ce SC standard sample and
LuAG:Ce SCF counterpart. It is worth to note here that TbAG:Ce
shows a very low afterglow level comparable with high quality
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Fig. 8. TSL (in the log scale) of different TbAG:Ce (1, 2) SCFs in comparison with
LuAG:Ce SCF (3) after the irradiation by a—particles of Am?*! sources, registered in the
range of Ce®* emission.
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Fig. 9. Afterglow under 8 keV X-rays (Cug,) of TbAG:Ce G SCFs (1—3) in comparison
with LuAG:Ce SCF counterpart (4—6) and YAG:Ce standard SC sample (7—9) with a X-
ray burst duration of 0.1 s (1, 4, 7), 1.0 s (2, 5, 8) and 10 s (3, 6, 9), respectively.

LSO:Ce, Tb SCFs (Fig. 9), see also [19]. Together with a high light
output under X-ray excited luminescence, this can also be a good
reason for pushing the development of scintillating screen based on
the mentioned SCFs.

4. Photoluminescence study and energy transfer in ThAG:Ce
SCF

The PL spectra of the ThAG and different Ce>* doped TbAG:Ce
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Fig. 10. (a) PL spectra of TbAG SCF and different TbAG:Ce SCFs (A, G, T2 series) under
excitation in the Tb>* absorption band at 280 nm. (b) — PL spectra under excitation in
the Th®* absorption band at 280 nm (1) and Ce** absorption band at 440 nm (2) and
PL excitation spectra (3) of Ce** luminescence at 600 nm in ThAG:Ce A SCFs. T = 300 K.

SCFs, grown onto YAG substrate, at 300 K under excitation in the
absorption bands of Th3* cations are shown in Fig. 10a. The PL
spectra of TbAG:Ce A SCF at 300 K under excitation in the absorp-
tion bands of Tb>* cations and Ce>* ions and excitation spectra of
the Ce3* luminescence in TbAG host are shown in Fig. 10b.

From the emission and excitation spectra of TbAG:Ce A SCF,
presented in Fig. 10, we can confirm in this work that the effective
energy transfer from Tb>* cations to Ce>* ions is realized in TbAG
host both under high-energy e-beam excitation (Fig. 5) and exci-
tation in the Tb>* related absorption bands. The emission spectra of
undoped TbAG SCFs under excitation in the Tb>* related absorption
band at 280 nm show sharp low-intensity bands peaked at 490, 543
and 590 nm corresponding to the Dy —F; (j = 6—4) transitions of
Tb3* cations (Fig. 10a, curve 1). At the same time, under the same
excitation, the PL spectra of all TbAG:Ce SCFs samples consist only
of the dominant Ce3* emission band, which corresponds to the
5d! > 4f (2F5/2,7/2) radiative transitions of Ce3* ions. Therefore, a
effective energy transfer between the Tb3* cations and Ce>* ions
exists in TbAG:Ce SCFs. Depending on the LPE growth conditions,
influencing the Ce>* concentrations in the SCFs, the position of the
Ce>* emission band is slightly shifted to the 570—580 nm range
(Fig. 104, curve 1-3).

The PL spectra of TbAG:Ce A SCFs under excitation in the in the
E, absorption band of Tb3* ions at 280 nm (Fig. 10b, curve 1) and
Ce3+ ions at 440 nm (Fig. 10b, curve 2) consist only of the wide band
peaked in the 570—585 nm range. It is worth noting that the
emission spectrum of Ce>* ions, under excitation in E, absorption
band of Th>* jons at 280 nm (curve 1), is probably slightly modified
by the TbAG host luminescence (Fig. 10a, curve 1). Namely, the
maximum of the spectrum is slightly shifted from 577 nm to
580 nm in comparison to the emission spectra under excitation in
the Ce3* absorption band at 440 nm (curve 3), due to presence of
the low-intensity bands corresponding to the transitions of Tb>*
cations (Fig. 104, curve 1).

The excitation spectrum of the Ce3* emission monitored at
600 nm in the TbAG:Ce SCFs (at 300 K) is shown in Fig. 10b, curve3.
In this spectrum, the bands in the 220—330 nm range correspond to
the 4% — 4f75d" transitions of the Tb>* ions with the main maxima
peaked at 232 nm (E3), 262 and 285 nm (E; band) and 329 nm (E;
band). In the 330—550 nm range the excitation spectrum of the
Ce3* luminescence in ThAG:Ce SCF consists of the band peaked at
377 nm, caused by the “Fg— °Dj3 transitions of Tb>* cations; another
group of excitation bands in the 480 nm range, corresponding to
the 7Fg— °Dj transitions, which are overlapped with the respective
Ce>*-related excitation band (Fig. 10b, curve 3). This also confirms
the existence of the very efficient energy transfer between the
TbAG host and the Ce3* ions; namely, the Ce>* luminescence can be
effectively excited not only from the d-f bands but also from the f-f
bands of the Th3* cations. The excitation bands of the Ce3* lumi-
nescence in TbAG:Ce SCFs peaked at 469 nm and at 334 nm are
related to the 4f(*Fsp2,7;2)—5d" transitions of Ce>* ions; the long-
wavelength band being strongly overlapped with the E; band of
Tb3* cations.

For investigation of the energy transfer processes between Th>*
and Ce3" ions, we also studied the luminescence decay kinetics in
TbAG and different TbAG:Ce SCFs under excitation in the absorp-
tion bands of Tb3* cations (at 260 nm) and Ce3* ions (at 440 nm)
(Fig. 11a and b, respectively).

The comparison of the decay kinetics from the Tb>* lumines-
cence host in TbAG and TbAG:Ce SCFs at 300 K is shown in Fig. 11a,
curves 1 and 2, respectively. Under excitation at a wavelength of
262 nm (in the E; band vicinity of the Th** cation), the decay ki-
netics of the Tb>" luminescence in TbAG SCFs monitored at a
wavelength of 543 nm (%Fs— °D4 transitions) at 300 K (Fig. 11a,
curve 1), can be modeled by the sum of exponential functions
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Fig. 11. Luminescence decay kinetics of Th>* cations in ThAG SCF (a1) and ThAG:Ce SCF (a2) at 543 nm under excitation at a wavelength of 262 nm in the f-d Tb** absorption band
(a) and luminescence decay kinetics of Ce** ions in the different ThAG:Ce SCFs (b) under excitation in the Ce>* absorption band at 440 nm (b).

I(t) = = Ajexp(-t/t;) + background. It allows one to separate two
components of the luminescence of Tb®* cations in TbAG: a low
intensity and fast decay component with a decay time 7f = 0.2 s
and a main slow component with a decay time s = 8.9 us. The two-
component decay kinetics of the Tb3* luminescence in ThAG host
indicates the significant influence of the transitions from 3Dj level
on the radiative transitions from D4 level of Tb>* cations. Com-
parison of the obtained values of t¢ and s for TbAG at 300 K with
the analogous values 7= 0.39 ms and 75 = 3.9 ms corresponding to
the radiative transitions from D3 and °Dy4 levels in YAG:Tb [20]
points to the substantial reduction of the decay time from these
levels in the TbAG host due to the concentration quenching of the
Tb** cations luminescence.

The doping of TbAG SCFs by Ce3* ions leads to a strong accel-
eration of the decay curve of the host TbAG luminescence and a
decrease of the main components lifetime from 8.9 ps in TbAG to
2.1 ps in TbAG:Ce SCFs. Such a decrease of 75 values enable us to
estimate the kind of energy transfer which is realized in the
TbAG:Ce scintillators. Specifically, a decrease of the decay time of
the TbAG host luminescence in the case of Ce*>* doping can be
caused by the Forster effective resonance energy transfer between
Tb3* cations to Ce®* ions through nonradiative dipole—dipole
coupling, which results in the lifetime reduction of Tb>* ion excited
levels.

The Ce3* luminescence decay kinetics in the different ThAG:Ce
SCFs at 300 K under excitation in the E; f-d absorption band of these
ions at 404 nm is presented in Fig. 11b. As one can see from Fig. 9b,
curves 1-3, the decay kinetics of the Ce3* luminescence in ThAG:Ce
host under excitation in Ce>* absorption band at 440 nm cannot be
fitted with a single exponential decay. Along with the fast com-
ponents with a decay time of 32—37 ns caused by the radiative
transitions of Ce>* ions, the slow parts of the decay curves with a
lifetime in the 0.355—1355 ns range are also observed, which are
probably due to the energy transfer process between Ce3* and Tb3*
ions, most probably from both D3 and °D4 radiative levels [9,12,13].
It is worth to note that along with all the studied TbAG:Ce SCF
samples, the fastest decay kinetics is observed in the TbAG:Ce G SCF
(Fig. 11b, curve 3). This also corresponds to the fastest scintillation
decay kinetics and the highest LY in all grown SCFs series.

5. Conclusion

We report in this work the development of new heavy and
efficient Tb3Al5013:Ce (TbAG:Ce) single crystalline film (SCF) scin-
tillators, grown by the LPE method from PbO based flux, for
different optoelectronic applications, first of all for microimaging
techniques and detectors for registration of low-energy particles
and quanta.

We demonstrated for the first time the possibility to grow
without lattice compensation TbAG:Ce SCFs by the LPE method
both onto YAG and Gds3Al, 5Gaz 5012 (GAGG) substrates with lattice
constants of 12.01 and 12.232 A, respectively. The crystallization
mechanism of these SCFs involves the formation of transition layers
between the SCF and substrate for reducing their lattice mismatch.
Due to the TbAG SCF crystallization onto YAG and GAGG substrates
with the mentioned lattice parameters, the boundary conditions for
film-substrate misfit concerning the LPE growth of those rare-earth
garnets SCFs must be reconsidered with respect to the data pre-
sented in Ref. [10] and a new wider condition - 1.29% < m < + 0.56%
can be considered (Table 1).

The luminescent and scintillation properties of the TbAG:Ce
SCFs, grown onto YAG and GAGG substrates from PbO based flux,
are studied and compared with the properties of the LuzAls01,:Ce
and YAG:Ce SCF counterparts. We confirmed the presence of a very
effective energy transfer from TbAG host to Ce>* ions using the
photoluminescence emission and excitation spectra and photo-
luminescence decay kinetics of Th>* cations and Ce3* activators.

Apart from the excellent structural quality, the SCFs of TbAG:Ce
garnet, grown both onto YAG and GAGG substrates, possess a very
high scintillation LY under a-particles excitation, which exceeds by
up to 30% the LY of the best LuAG:Ce SCFs samples, obtained from
PbO based flux. Without any doubt, this LY is one of the highest ever
obtained with garnet SCF scintillator,s grown by the LPE method from
traditional PbO-B,03 based flux [11,14].

TbAG:Ce SCF screens show also extremely low afterglow (up to
10~ level at X-ray burst duration of 0.1 s), which is comparable
with the afterglow level of the best LSO:Ce, Tb SCF samples being
used nowadays for microimaging. Together with a high light output
of the X-ray excited luminescence, such a low afterglow level is a
very good reason for future development of scintillating screens
based on the mentioned garnet.

Taking into account that the Tb3Al5013:Ce SCFs can be grown
also onto GAGG substrates, these SCFs and the high-quality
Gd3Al,Gaz01;,:Ce crystals can be used for creation of new types of
“film-substrate” hybrid scintillators using the LPE method (see Fig. 1),
for simultaneous registration of different ionization radiations and
microimaging as well.
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Abstract: The growth of single crystalline films (SCFs) with excellent scintillation properties based
on the Tby5Gd;5Al5-yGayOq2:Ce mixed garnet at y = 2-3.85 by Liquid Phase Epitaxy (LPE)
method onto Gd3Al, 5Gay 5012 (GAGG) substrates from BaO based flux is reported in this work.
We have found that the best scintillation properties are shown by Tbj 5Gd; 5Al3GaO12:Ce SCFs.
These SCFs possess the highest light yield (LY) ever obtained in our group for LPE grown garnet SCF
scintillators exceeding by at least 10% the LY of previously reported Luj 5Gd; 5Al; 75Gap 2501,:Ce
and Gd3Al,_p 75 Gaz 5 25012:Ce SCF scintillators, grown from BaO based flux. Under «-particles
excitation, the Tb;5Gd;5 AlzGayOq:Ce SCF show LY comparable with that of high-quality
Gd3Al, 5Gay 5017:Ce single crystal (SC) scintillator with the LY above 10,000 photons/MeV but
faster (at least by 2 times) scintillation decay times t;,, and t; /59 of 230 and 730 ns, respectively.
The LY of Tb; 5Gd; 5Aly 5Gay 5012:Ce SCFs, grown from PbO flux, is comparable with the LY of their
counterparts grown from BaO flux, but these SCFs possess slightly slower scintillation response with
decay times t1 /. and t; 59 of 330 and 990 ns, respectively. Taking into account that the SCFs of the
Tb1 5Gd1 5Al3 5 25Gap 75012:Ce garnet can also be grown onto Ce3* doped GAGG substrates, the LPE
method can also be used for the creation of the hybrid film-substrate scintillators for simultaneous
registration of the different components of ionization fluxes.

Keywords: liquid phase epitaxy; single crystalline films; scintillators; mixed garnets; Tb3* cations

1. Introduction

The development of detectors for 2D /3D microimaging using X-ray sources and synchrotron
radiation demands the creation of thin (from a few microns thick up to 20 microns) single
crystalline film (SCF) scintillating screens with an extremely high ability for X-ray absorption and
a micron-submicron spatial resolution [1-4]. More recently, for this purpose, the visible emitting
scintillating screens based on the SCF of Ce doped Y3Al501; (YAG) and LuzAl501, (LuAG) garnets
grown by the Liquid Phase Epitaxy (LPE) method have been used and the spatial resolution of
the detector in the micron range has been achieved using synchrotron radiation with energy in the
8-20 keV range [1,2]. After that, the SCFs of Eu®t, Tb3* doped Gd3Al501; (GGG) and Sc3+ doped LuAG
garnets [3,4], Tb3* and double Tb%*, Ce** doped Lu,SiOs (LSO) orthosilicates [5-14], Ce3*, Tb** and
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Eu’* doped LuAlO3 (LuAP) and (Gd,Lu)AlO3 (GLAP) perovskites [15-19] and recently Ce3* doped
Tb3Als012 (TbAG) garnets [20,21], have also been successfully developed in the last decade for
microimaging detectors using the LPE method.

The fabrication of screens with higher spatial resolution of X-ray images in the submicron range
demands the creation of new scintillating film screens with extremely high absorption ability for
X-rays—which is proportional to 0Zg*, where ¢ is the density and Z; is the effective atomic number
of scintillators [2,3]—as well as the development of novel concepts for microimaging.

During the last years, two novel concepts for the creation of a detector for microtomography
have been proposed [15,19,21]. The first concept is related to the engineering of K-edge of X-ray
absorption multilayer-film scintillators using the solid solution of oxide compounds containing the Lu,
Gd and Tb ions [15,19,21]. Indeed, the absorption ability of the film scintillator can be significantly
improved in the 20-65 keV range due to the significant broadening of the K-edge of X-ray absorption
in such mixed materials [15,19,21]. The second concept is based on using the complex multilayer-film
scintillator with a separate pathway for registration of the optical signal from each layer and final
overlapping of the images coming from the different parts of the complex scintillator [15,21]. By using
such multilayer-film scintillators one can significantly improve the contrast and resolution of images
even in the submicron range. Two such novel concepts also demand the fabrication of different sets of
heavy and efficient SCF scintillators which can be deposited onto the same substrates.

The Ce3* doped Luz_xGdxAl5_yGayO1; and GdszAls_yGayO1p mixed garnets are related to the
efficient and heavy scintillators with very high (up to 50,000 photons/MeV) light yield (LY) under
Y quanta excitation [22-25]. For this reason, these compounds are also used for the fabrication of
the scintillation screens with high absorption ability for X-rays [26-33]. With the aim of increasing
the energy transfer efficiency from the host of mixed garnets to the Ce3* ions, the Tb3Al;015,
Lus_4TbxAl501, and Gds_«TbcAl501; SCFs were also crystallized by the LPE method and their
luminescent and scintillation properties were investigated [20,21,34,35]. The Ga co-doped analogues of
these garnets can also be considered as very interesting matrixes for this purpose and their luminescent
and scintillation properties were briefly reported by us as well [36]. At the same time, the possibility of
the creation of the efficient SCF scintillators on the basis of the mentioned Tb containing garnets by the
LPE method still needs the following technological and experimental evidence. First of all, estimation
of the real potential of different garnet compositions for producing the scintillation screens strongly
requires the LPE crystallization of these compounds in the SCF form from the different types of fluxes
due to very large influence of flux related dopants on their scintillation characteristics [31,33,37,38] as
well as the crystal analogs of these garnets using MPD [39] or Czochralski methods.

In this paper, we present the new results of the research on the creation of the advanced SCF
scintillation screens based on Ce doped Tb; 5Gd15Al5_yGayO1, mixed garnets at y = 2-3.85, grown
by the LPE method from the novel lead free BaO based flux (later called Tb; 5Gd; 5Al5_yGayO15:Ce
(BaO) SCFs) and compare their properties with those of Tb;_xGdxAls_yGayO1 SCFs at x = 0-2.1 and
y = 0-2.75, grown from the traditional PbO based flux [21,37] (later called Tb3_xGdxAls_yGayO15:Ce
(PbO) SCFs).

For engineering the scintillator composition we apply the combination of Ce3* 5d-level
positioning [20] and band-gap engineering [40] in the Ce doped Tb3_xGdxAls_yGayO1, mixed garnet
using the substitution by Gd3* cations of the dodecahedral sites of Tb3Al;O;5 garnet lattice with the
concentration x = 1.5 and the substitution by Ga®" ions of the AI** cations in both the tetrahedral and
octahedral positions of the garnet host at concentration y = 2-3.85. Additionally, we can expect an
increase in the energy transfer efficiency from the host of the Tb3_yGdxAls_yGayO12 garnet to the Ce3*
ions using the sublattices of Tb3* and Gd®* cations.

2. Growth of Tb;_xGdxAls_yGayO1,:Ce Single Crystalline Films

The SCFs of Tb;_xGdxAls_yGayO12:Ce garnets were grown by the LPE method onto Gd3 Al 5
Gay 5012 (GAGQG) substrates with a relatively high lattice constant of 12.228 Ain comparison with
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the traditional Y3Al501, (YAG) substrates with a lattice constant of 12.003 A from supercooled melt
solutions using both BaO-B,O3-BaF, and PbO-B,Oj3 fluxes. Firstly, the sets of optical quality perfect
SCF samples—with x values in the 0-2.1 range, y values changing in the 0-2.85 range and thickness
in the 16-38 um range—were crystallized onto GAGG substrates with a square of 1 x 1 cm? with
the (100) orientation (Figure 1, left) using the conventional PbO flux for more detail determination of
the optimal ranges of Gd and Ga concentrations x and y, respectively, in comparison with work [36].
After that, other sets of optically good quality Tby 5Gd; 5Al5_yGayO12:Ce SCF samples—with y values
changing in the 2-3.8 range and thickness in the 10.5-22 um range—were also successfully crystallized
onto GAGG substrates from novel lead-free BaO based flux (see Figure 1, middle and right figures,
and Table 1). The components of this flux have significantly smaller influence on their scintillation
properties than in the case of PbO flux grown SCF scintillators [31,33,37,38]. At the same time, the high
viscosity of this BaO based flux leads to formation of different structural macro-defects and strongly
decreases the uniformity of SCF surface [31,33,37]. Such unwanted effects are also observed in the
case of growing the Tby 5Gd; 5Al5_yGayO15:Ce SCFs from BaO based flux. For this reason, using the
PbO-B;,03 solvent—due to its low viscosity and good kinematic properties—is preferable for producing high
quality SCF scintillators for ensuring the best structural and surface quality of screens for high-resolution
X-ray imaging [6,7,18,19].

GAGG substrate TGAGG (PbO) SCF
’ TGAGG (BaO) SCF

Figure 1. Images of undoped Gd3Al, 5Gay 5012 (GAGG) substrate (left), Tb3Aly 5Gap 5012:Ce (PbO)
(middle) and Tb; 5Gd; 5Al3GayOq:Ce (BaO) (right) SCF scintillators, grown by the LPE method onto
GAGG substrates.

Table 1. Growth conditions, luminescent and scintillation properties of Tb3_,GdxAls_yGayO1,:Ce
SCFs. M—SCEF/substrate misfit, Amax—maximum of CL spectra, t; /o and t; /5¢ scintillation decay times
to 1/e and 1/20 levels, respectively; LY—photoelectron light yield under a-particle excitation by 29py
(5.15 MeV) source with respect to the standard YAG:Ce SCF with a photoelectron LY of 360 phels/MeV
(light yield of 2650 photons/MeV) [38] and reference Gd3Aly_ 5Gaz_p5012:Ce bulk crystals with a
photoelectron LY of 1300-1370 phels/MeV (light yield of about 10,100 photons/MeV).

Content of SCF Samples Flux Substrate m, % Amax, hm ty/e/t1/20, NS LY, % Reference
YAG:Ce PbO YAG - 535 67.3 100 [21,31]
LuAG:Ce PbO YAG —0.82 509 52.8 205 [21,31]
Tb1_5Gd1_5Al3Ga2012:Ce BaO GAGG —1.30 553 228/728 380
Tb15Gd; 5Al, 5Gay 5017:Ce BaO GAGG —0.79 543 201/893 270
Tb1_5Gd1A5A11_5Ga3A5012:Ce BaO GAGG +0.05 543 183/728 160
Tb1'5Gd1_5A11'15Ga3,85012:Ce BaO GAGG +0.5 543 103/868 50
Tb3Al5015:Ce PbO GAGG —-1.29 560 306/1795 195 [21]
Tb3Al3GayOq5:Ce PbO GAGG —0.49 543 435/1340 200 [36]
Tb3Al, 5Gap 5017:Ce PbO GAGG —-0.37 543 456/1368 235 [36]
Tby,Gd Al 5Gay 5015:Ce PbO GAGG —0.20 543 291/883 254 [36]
Tb15Gdy5Al,5Gay 5012:Ce PbO GAGG —0.12 543 333/990 380 [36]
TbGd, Al 5Gajy 5015:Ce PbO GAGG —0.04 543 299/88 160 [36]
Gd3Aly 5Gay 5012:Ce SC - - - 547 441/1536 381 [21,31]
Gd3zAl,Gaz0q;:Ce SC - - - 549 240/876 365 [21,31]

The concentration of CeO; activating oxide was 10 and 5 mole% with respect to the garnet-forming
components in the cases of SCF growth using PbO and BaO based fluxes, respectively.
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The composition of SCF samples was determined using a JEOL JSM-820 electronic microscope,
equipped by an EDX microanalyzer with IXRF 500 and LN2 Eumex detectors. From the microanalysis
of the content of the SCF samples we have also found that the segregation coefficient of Ga3*
ions in Tb3Als_yGayO1p:Ce and Tbs_xGdxAls_yGayO1r:Ce SCFs, grown from PbO based flux,
was equal to 0.59-0.65 and 0.735-0.82, respectively (Table 2). The segregation coefficient of Gd**
ions in Tb;_xGdxAls_yGayOq2:Ce (PbO) SCFs was equal to 0.95-1.05. The segregation coefficient
of Ce®* ions was equal to about 0.004-0.005 and 0.0095-0.02 in Tb;Al5_yGayO1p:Ce SCF and
Tb;_xGdxAls_yGayO15:Ce SCFs, in the case of using PbO based flux for their growth (Table 2).

We have also found that the segregation coefficients of Ga** and Ce3* ions in
Tb;_xGdxAls_yGayO1:Ce SCFs in the case of using BaO based flux were significantly larger.
Specifically, the segregation coefficient of Ga* ions in these SCFs, grown from BaO based flux,
was equal to 1.0-1.1 and was notably larger than the respective values in the SCFs grown from PbO
based flux (Table 2). The segregation coefficient of Ce®* ions in the Tb3_xGdxAls_yGayO1,:Ce SCFs was
also significantly larger in the case of using BaO based flux and was equal to 0.012-0.14 in comparison
with the 0.004-0.005 value in Tb3Als_yGayO15:Ce and 0.0095-0.02 in Tb3_xGdxAls_yGayO12:Ce SCF
counterparts grown from PbO based flux (Table 2). At the same time, the segregation coefficient of
Gd?* ions, being equal to 1.0-1.1 in the case of Tb;_xGdxAls5_yGayO1,:Ce SCFs, grown from BaO
based flux, was only slightly larger than that in the case of using PbO based flux (Table 2).

The XRD measurements (spectrometer DRON 4, Cugy X-ray source) were used for
characterization of the structural quality of Tby 5Gd; 5Al5_yGayOq2:Ce SCFs, grown from BaO based
flux (Figure 2). From the respective XRD patterns of these SCFs at y value in the 2-3.85 range
(Figure 2), we can also estimate the lattice constants of the different garnet compositions and the
misfit between the lattice constants of SCFs and GAGG substrate Aa = (agcr — agyp)/asyp X 100%
(Table 1). Namely, the lattice constant of Tby 5Gd; 5Al5_yGayO12:Ce (BaO) SCFs at y = 2-3.85 changed
from 12.069 A for Tby 5Gd15Al3GazO1,:Ce SCFs to 12.2913 A for Tby 5Gdy5Al 2GaggO12:Ce SCFs
(Figure 2) and the value of misfit m changed from —1.3% to +0.52% for these SCF samples (Table 1).

Table 2. Segregation coefficients of different ions in Tbz 4 GdxAls_;GayO15:Ce SCFs grown onto

GAGG substrates.
Garnet Content Type of Flux Segregation Coefficient
Gd3+ Ga3+ Ce3+
T“b3A15_2'9Ga0_2'1012:Ce PbO 0.59-0.65 0.004-0.005
sz_o.ngl_z,lA12.25_2'4Ga2.75_2'6012:Ce PbO 1.0-1.1 0.735-0.82 0.0095-0.02
Tb1'5Gd1.5Al3_1'15G82_3485012ZCe BaO 1.0-1.05 1.0-1.1 0.012-0.14
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Figure 2. XRD patterns of (1200) planes of Tb1 5Gd; 5Al5—yGayOqo:Ce (BaO) SCFs aty =2 (1); 2.5 (2);
3.5 (3) and 3.85 (4). The film/substrate lattice misfit m lies in the —1.3% < m < +0.5% range.
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The measurements of rocking curves in the w and 20-w scanning modes were applied for
characterization of the structural quality of Tby 5Gd;5Al5_yGayOq2:Ce (BaO) SCFs at different Ga
content y in the 2.0-3.85 range (Figure 3a,b, respectively). As can be seen from these figures,
the quality of the SCFs, which is proportional to FWHM of rocking curves, significantly increases at
lower SCF-substrate misfit values m in Tby 5Gd1 5Al5_yGayO12:Ce (BaO) SCFs. Namely, the smallest
FWHM values of 0.0182 and 0.0121 degrees are observed for Tby 5Gd; 5Al; 5Gaz 5012:Ce (BaO) SCFs
(Figure 3a,b, respectively) grown onto GAGG substrates with the lowest SCF/substrate misfit value
m = +0.05% (Table 1).
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Figure 3. Rocking curves of Tby 5Gd; 5Al5_yGayO1,:Ce (BaO) SCFs grown onto GGAG substrates at
different y values: y = 2 (1); 2.5 (2); 3.5 (3) and 3.85 (4) recorded in w (a) and 28-w (b) scanning modes.

3. Luminescent and Scintillation Properties of Tb3_xGdxAls_yGayO1,:Ce Single
Crystalline Films

For characterization of the optical properties of Ce®* doped Tb;_xGdxAls_yGayO1,:Ce SCFs,
the cathodoluminescence (CL) spectra, LY and scintillation decay kinetics measurements as well as the
thermostimulated luminescence (TSL) glow curves under excitation by a-particles were performed.

The CL spectra were measured at the room temperature (RT) using an electron microscope SEM
JEOL JSM-820, additionally equipped with a spectrometer Stellar Net with TE-cooled CCD detector
working in the 200-1200 nm range. The scintillation LY with a shaping time of 14 pus and decay kinetics
measurements were performed using the setup based on a Hamamatsu H6521 PMT, multichannel
analyzer and digital TDS3052 oscilloscope under excitation by a-particles of Pu?® (5.15 MeV) source.
The energy resolution (ER) of SCF scintillators is calculated as a ratio of the FWHM of the full energy
peak to the peak’s centroid position: E = FWHM/ centroid [%]. The TSL measurements were performed
in the 300-800 K temperature range using a commercial Risoe DA-20 TL/OSL reader (Denmark) after
a-particle excitation by the Am?*! source which is built into the DA-20 reader. The TL glow curves
were registered from 50 °C to 450 °C at the rate of 5 °C-s~!. The measurements were conducted with
a Shott BG 39 green filter, with transmission from 350 to 700 nm. This filter is well adapted for the
registration of Ce>* luminescence in the SCF samples under study. Meanwhile, the spectrally resolved
TSL spectra of Tbs_xGdxAls—yGayOq2 SCF with different Gd?* and Tb3* content (not present in the
paper) show only Ce®* luminescence in the green-yellow ranges and absence of the emission of Tb3*
or Gd3* cations.

3.1. Cathodoluminescence Spectra

The RT CL spectra of Tb3Als _yGayO12:Ce and Tb3_xGdxAls—yGayO12:Ce SCFs, grown from PbO
based flux, with close y values in the 2-2.5 range and different x values in the 0-2 range, are shown
in Figure 4a,b, respectively, in comparison with the spectrum of TbAG:Ce SCF (Figure 4a, curve 1).
The RT CL spectra of Tby 5Gd1 5Al5-yGayO12:Ce SCFs, grown from BaO based flux, with different y
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values in the 2-3.85 range, are presented in Figure 4c, curves 1-4 in comparison with the CL spectra of
standard Gd3Aly 5Gap 501,:Ce bulk SC (Figure 4b, curve 5).

The CL spectra of all the SCFs under study show only the dominant luminescence of Ce3* or Tb3*
ions in the visible range without any bands in the UV range related to the luminescence of antisite
defects [41-44], which typically are observed in the bulk crystal analogues of these garnets [45,46].

The results, presented in Figure 4a—c, indicate that the complicated Gd** —Tb%* —Ce?* —Tb3*
cascade energy transfer is observed in the Tb3 _xGdxAls_yGayO12:Ce mixed garnet, with large content
of Gd3* and Ga®* cations due to overlapping of the Gd>* and Tb* emission bands and the absorption
bands of Tb*" and Ce®* ions [47-51]. Namely, the change of the positions of Ce3* and Tb3* 4f-5d
absorption and emission bands at different concentrations of Tb3*, Gd3* and Ga3* cations leads
to a strong variation of the efficiency of Gd** —Tb* —Ce3* —Tb3" energy transfer processes in
Tb;_xGdxAls_yGayO12:Ce SCFs and results in the respective changes of their CL spectra (Figure 4a—c).

The estimation of the optimal content of Gd3* and Ga3* cations in Tbs_,Gd,Als —yGayOqp:Ce
SCFs in the x = 1-1.5 and y = 2-3 ranges was firstly performed in [36]. We will explain such a choice in
this work in more detail based on the results of their CL spectra (Figure 4a,b). Alloying of Ga* ions in
Tb3Al5017:Ce (PbO) SCF in the concentration range above x = 2 leads to a decrease of the garnet band
gap value [34] and increasing the centroid shift of O-Ga bonding in comparison with O-Al bonding.
That results in the subsequent blue shift of the Ce3* emission spectra in Tb3Als_;GayO1,:Ce (PbO)
SCFs (Figure 4a, curves 2 and 3) and Tby 5Gd; 5Al5—yGayOq7:Ce (BaO) SCFs (Figure 4c, curves 1-4).
It is most important here that increasing the level of Ga®* alloying in these SCFs above y = 2-2.5
also leads to a strong decrease of the Ce3* emission contribution to the total spectrum of the CL
luminescence of these SCF samples (Figure 4a,c).
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Figure 4. Normalized CL spectra at 300 K of Tb3 Al5_,GayO12:Ce (PbO) (a), Tb3_xGdxAls—yGayO12:Ce
(PbO) (b) and Tb3_xGdxAls_yGayO12:Ce (BaO) (c) SCFs with different x and y values (see legend of
the figure) in comparison with CL spectra of Tb3Al501,:Ce (PbO) SCF (1a) and Gd3Al, 5Gay 5012:Ce
bulk SC (5b).
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Alloying of Gd3* ions in TbsAl5_yGayO1;:Ce (PbO) SCFs in the concentration range x = 0-1.5 has
an opposite effect than the Ga3* alloying and leads to the notable red shift of their CL spectra. The Gd**
alloying in concentrations up to x = 1 increases the Ce>* luminescence contribution (Figure 4b, curves 2)
in comparison with the CL spectra of Gd free SCF samples (Figure 4a, curve 1). Meanwhile, the Gd>*
alloying in the concentration range above x = 1.0 in Tb3 _xGdxAls -y GayO1:Ce (PbO) SCFs also results
in the notable decrease of the Ce3* emission contribution to the total spectrum of the SCF luminescence
and respective increase of the Tb%* luminescence contribution (Figure 4a, curves 3-5). This can
be caused by variation of the efficiency of Gd*>*—Tb%* and Tb**—Ce®" energy transfer processes
in Ths_xGdyAls_yGayO1,:Ce SCFs due to the change of the respective positions of Ce** and Tb**
absorption and emission bands at different concentration of Tb** and Gd3* cations.

Based on the results presented in Figure 4a,b, we can confirm here that the optimal values of the
Gd3* and Ga®* concentrations in TbsxGdxAls_yGayO12:Ce SCFs are x = 1-1.5 and y = 2-2.5 ranges,
respectively. At these concentrations the respective CL spectra of Tby 5Gd; 5Al3 5 5Gap 5 5012:Ce (PbO)
and (BaO) SCFs show the dominant Ce>* emission band with relatively small contribution of the Tb3*
luminescence (Figure 4b, curves 2 and 3 and Figure 4c, curves 1 and 2).

3.2. Scintillation Decay Kinetics

The scintillation decay kinetics of Tb3_xGdxAls_yGayO12:Ce and Tby 5Gdy 5Al5_yGayO15:Ce SCFs,
grown both from PbO (a) and BaO (b) fluxes with different x and y values in the 0-2 and 2-2.5 ranges,
respectively, are shown correspondingly in Figure 5a,b. Generally, the Tb3_xGdxAls_yGayOq2:Ce SCF
scintillators demonstrate the notably slower non-exponential kinetics similarly to their YAG:Ce and
LuAG:Ce SCF counterparts [21,36]. Such slower decay kinetics of the Ce>" luminescence is typical
for Tb®>" and Gd3* based SCF scintillators, where the cascade energy transfer via both sublattices of
Gd** and Tb?* cations is more complicated [36] in comparison with their YAG:Ce and LuAG:Ce SCF
analogues, where the direct energy transfer from the garnet host to Ce>* ions dominates [21].
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Figure 5. (a) The normalized scintillation decay kinetics of Tb3_,GdxAl, 5Gap 5017:Ce (PbO) SCFs
(curves 2, 3) with different Gd and Ga contents in comparison with the decay kinetics of the
Tb3Al5015:Ce (PbO) SCF counterpart (curve 1); (b) the normalized scintillation decay kinetics of
Tby 5Gd; 5Al5_yGayO15:Ce (BaO) SCFs (curves 1, 2) with different Ga content in comparison with the
decay kinetics of Gd3Aly 5Gap 5017:Ce bulk SC (curve 3).

The influence of Ga* and Gd3* alloying on the scintillation decay of Tb;_xGdxAls_yGayO12:Ce
(PbO) SCFs was firstly considered in [36]. We will explain the choice of optimal Gd** and Ga®*
concentrations in these SCFs in more detail based on the results of their scintillation decay kinetics
(Figure 5a). The Ga’* alloying with the concentration up to y = 2.5 in Tb3Als_yGayO15:Ce (PbO)
SCFs leads to a significant slowdown of the decay kinetics of the Ce3* emission in comparison with
the TbAG:Ce SCF due to the lowering of the bottom of the conductive band and the arising electron
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transitions from the excited levels of Ce3* to the conductive band. This results in the strong elongation
of the scintillation decay of Tb3Al5_;GayO15:Ce (PbO) SCFs (not present in Figure 5a). Contrary to the
influence of Ga®* cations, the Gd** alloying in the concentration range x = 1.5-2 strongly accelerates
the scintillation decay of Tb3_,GdyxAl, 5Ga; 5012:Ce (PbO) SCFs (Figure 5a, curves 2 and 3). It is also
important to note here that the scintillation decay times t; /e and t1 /59 in Tb3_xGdxAls_yGayO1; (PbO)
SCFs at high Gd and Ga concentrations (x = 1.5-2; y = 2.5) (Figure 5a, curves 2 and 3) are close or even
faster with respect to the corresponding values for Tb3Al501,:Ce SCF (see also Table 1).

The Tb1,5Gd1_5A15_yGay012:Ce SCF scintillators, grown from the BaO based flux (Figure 5b),
demonstrate significantly more exponential kinetics than that in their SCF counterparts, grown from
the PbO based flux (Figure 5a). Such a difference can be caused by eliminating the delay of energy
transfer from the garnet hosts to Ce®* ions caused by the defect centers related to the Pb?* ions
in Tbs xGdxAls yGayO12:Ce (PbO) SCF scintillators. The concentration of these defect centers is
significantly smaller in their analogues, prepared from the BaO based flux due to the very low
contamination with Ba* ions.

It is necessary also to note here that the scintillation decay of Tby 5Gd; 5Al3_5 5Gan_p 5012:Ce (BaO)
SCFs (Figure 5b, curves 1 and 2) is also notably faster than that in GdzAly 5Gay 5012:Ce SC counterparts
(Figure 5b, curve 3) which can also be used as a substrate for producing SCF scintillators. In such a
way these SCFs and the high-quality GdzAl, 5Gay 501,:Ce SCs can also be used for the creation of
advanced hybrid film-substrate scintillators using the LPE method for simultaneous registration of the
different components of ionization fluxes [52]. In such scintillators, the separation of the signal coming
from the film and crystal parts of the hybrid scintillator can be performed using the differences in their
scintillation decay kinetics (Figure 5b, curves 1 and 3, respectively).

3.3. TSL Properties

The results of the TSL investigations after irradiation by alpha particles of Tb3_,GdxAls_yGayO15:Ce
SCFs with different x and y values, grown from both PbO (a) and BaO (b) based fluxes, in the above RT
range are shown in Figure 6. The TSL in these SCFs arises at the thermal liberation of electrons from
traps and their recombination with the holes localized around Ce3* ions [21,28,33,42,43]. Taking into
account the low temperature of SCF preparation in oxygen containing atmosphere (air), the formation of
these traps can be caused mainly by the presence of Pb?* and Ba?* (from flux) and Pt** (from crucible)
contaminations in SCF samples. This leads to the creation of different locally non-compensated lattice
defects, such as the oxygen or cation vacancies, around the mentioned impurities, which act as trapping
centers [21,31,36,53,54].

In Tb3Al501,:Ce (PbO) SCFs, the position of the main TSL peak is located at 440 K (Figure 6a,
curve 1). Ga®* alloying of Tb3Als_,GaxO12:Ce SCFs in the concentration range up to y = 2 leads
to the shift of the TSL peaks to 407 K and substantially decreases the TSL signal in the 350-600 K
range (Figure 6a, curve 2) (see also [31,36]). Gd** alloying additionally shifts the TSL peak to 390
K and slightly decreases the TSL signal of Tbq 5Gd; 3Aly 5Gay 5017:Ce (PbO) SCFs in the 450-650 K
high-temperature range in comparison with Gd free SCF samples (Figure 6a, curve 3). These results
are in good correlation with the significant increase of the LY in Tb; 5Gd; 5Al3_5 5Gap 5 5012:Ce (PbO)
SCFs (Table 1), most probably due to elimination of the participation of high-temperature trap-related
centers in the scintillation processes in the SCF samples with the mentioned optimal content.

Using the lead free BaO based flux for the growth of Tbs yGdxAls_yGayOq2:Ce SCFs
leads also to the low intensity of the TSL peaks in the above RT range in SCF scintillators
(Figure 6b). Namely, the TSL intensity of Tb1 5Gd1 5Al53 5 5Gas_p5012:Ce (BaO) SCFs in the 450-600 K
range is also negligible (Figure 6b). This result is in good correlation with the high LY in
Tb15Gd; 5Al35 5Gas_ 5012:Ce (BaO) SCFs (Table 1), due to the low Ba?* contamination and related
with them ptrapping centers as well as to the additional elimination of the trap-related phenomena in
the scintillation processes in these SCFs by Ga** and Gd** alloying.
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irradiation by Am?*! a-particles and registration of the Ce3* luminescence.

Thus, the Ga®* alloying in the concentration range y = 2-2.5 positively affects not only the
scintillation properties of melt-grown mixed garnet crystals with a large concentration of antisite
defects and oxygen vacancies [22-24] but antisite free SCF counterparts as well [31-33] due to burying
the trap levels by the bottom of the conductive band in the Ga-containing garnets. The additional
positive effect on the elimination of the trap centers in scintillation phenomena, which is observed in
Tb;_«GdxAl5_GaxO17:Ce SCF samples, is most probably caused by burying the deeper trap levels by
high-energy states of Tb>" and Gd>" cations in such Tb,Gd-rich garnets [36].

3.4. Photoelectron Light Yield Measurements

The scintillation LY of Tb3_xGdxAls_yGayO12:Ce SCFs, grown from PbO and BaO based fluxes at
different content of Gd>* and Ga®* cations, measured with a shaping time of 14 pus under excitation by
a-particles of Pu?¥ (5.15 MeV) source, is shown in Table 1 and Figure 7.

In principle, the simultaneous influence of Gd** and Ga®* doping of TbAG:Ce SCFs can also
result in a strong increase in the LY of Tb;_yGdxAls_;GayOq2:Ce SCF scintillators at x = 0-1.5 and
y =2-3[21,36]. Thus, the determination of the optimal content and ratio between the Gd?* and Ga®*
cations in the TbAG:Ce garnet host is the most important task for the optimization of the properties of
Tbs_xGdxAls_yGayO1,:Ce SCF scintillators in the case of growth from both PbO and especially lead
free BaO based flux.

We have observed that Ga®>* doping in the concentration range y = 2-2.5 leads to the increase of the
LY of Tb3Al5_yGayO12:Ce (PbO) SCF scintillators. Indeed, with the Ga%* doping at the concentration
y = 2.5, the LY of these scintillators notably (up to 20%) overcomes the LY of the Tb3Al501,:Ce
SCF sample (Table 1). This is caused mainly by the elimination of trap-related phenomena in
TbsAls_yGayO12:Ce SCF scintillators due to the decrease of the Tb3Als01, band gap in the case
of Ga alloying in the mentioned concentration range (see Part 3.3 for details).

In addition to the positive trend caused by the doping with Ga®* ions, the significant increase of
the LY is observed in Tb;_xGdxAls_yGayO12:Ce (PbO) SCFs due to Gd** doping at the concentration
x = 1-1.5 (Table 1). This effect can be caused by the deepest localization of the Ce** emitting levels
inside the band gap and better separation of them with respect to the levels of conductive band.
Namely, the Tby 5Gd; 5Aly 5Gay 5012:Ce (PbO) SCF possess excellent scintillation properties (Table 1
and Figure 7). The photoelectron LY of this SCF sample significantly overcomes the LY of the best
samples of LuAG:Ce SCF [53], Lu1,5Gd1.5A12,75Ga2,25012:Ce SCF [31] and Tb3A15012:Ce SCF [21],
grown from PbO based flux, up to 1.85, 2.62 and 1.95 times, respectively (see Table 1). This LY is
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the highest one ever obtained in our group for the garnet SCF scintillators grown by the LPE from
traditional PbO-B,0O3 based flux [21,31,36,38,53].
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Figure 7. Pulse height spectra of Tby 5Gdj 5Al; 5Gay 5012:Ce (PbO) (2) (LY = 1368 phels/MeV (380%);
E =20%) and Tbj5Gd; 5A13Ga012:Ce (BaO) (3) (LY = 1370 phels/MeV (380%); E = 12.1%) in
comparison with YAG:Ce SCFs (1) (LY = 360 phels/MeV (100%), E = 12.4%) and Gd3Al; 5Gap 501,:Ce
SC (4) (LY = 1375 phels/MeV (381%); E = 6.9%) excited by «-particles of 239Py (5.15 MeV) source and
registered with a shaping time of 14 ps.

The elimination of Pb?" contamination by using the lead-free BaO based flux in principle
can result in the improvement of the LY and energy resolution of Tb;_,GdxAls_yGayOq2:Ce SCF
scintillators (Table 1 and Figure 7). Indeed, the Tb5Gd; 5Al3Ga01,:Ce (BaO) SCF sample also
possess excellent scintillation properties. Probably due to the elimination of the quenching and trap
related phenomena caused by lead ions, the best LY and energy resolution in these SCF is observed
at lower Ga concentration y = 2 in the Tb; 5Gd; 5Al3GayO15:Ce (BaO) SCF sample than in the case
of using the PbO based flux (Table 1). The LY of these SCFs also notably (up to 10%) exceeds the
LY of the best Luz_xGdxAls_yGayO15:Ce (BaO) and GdzAls_yGaxO15:Ce (BaO) SCF scintillators [31]
(Table 1). Without doubt, this is the highest LY for garnet SCF scintillators, grown by the LPE method from
BaO based flux in our group [31]. Hoverer, the increase of the LY of Tb3_xGdxAls_yGayO1,:Ce SCFs
due to the elimination of negative influence of Pb?* flux related dopants is relatively small and is not
so significant as in the case of producing Lu; xGdxAls_yGayO12:Ce and GdzAls_yGayO1,:Ce SCFs
scintillators from PbO and BaO based fluxes [31]. This can be caused by a more favourable situation in
terms of the energy transfer phenomena via the sublattice of Tb>* cations to Ce>* ions in the case of
Tb;_xGdxAls_yGayO12:Ce (PbO) SCFs which enables the production of these scintillators with high
LY and excellent structural quality from the traditional PbO based flux.

Thus, the main reason for such an increase of the LY of Tb3_xGdxAls_yGayO12:Ce SCFs is the
optimized cation content with respect to the crystal field strength and energy transfer efficiency
to Ce®" ions directly from the mixed garnet host and via the sublattice of Tb3* and Gd>* cations.
Most probably, the relative position of Ce* levels with respect to the levels of Tb3* and Gd®* cations is
optimal in Tby 41 5Gd} 6-1.5Al3-25Ga_»5012:Ce garnet hosts from the point of view of efficiency of the
complicated Gd** —Tb?** —Ce3* —Tb%* energy transfer in these matrixes. The details of such a transfer
are presented in the separate papers [34,35,49-51].

It is also important to note that the LY of Tby 5Gd; 5Al; 5Ga; 5012:Ce (PbO) and Tby 5Gd; 5Als
Gay017:Ce (BaO) SCFs is comparable with that in the high-quality Gdz Aly 5.,Gay 5-3012:Ce SC samples
(Table 1 and Figure 7). This also enables producing the hybrid film-substrate detectors using the LPE
method with high LY both in film and substrate scintillators with optimized contents, taking into
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account the requirement for the decay times of the signals coming from the film and substrate
components of the hybrid scintillator differs by a factor of at least two [52]. Such a demand is fully
realized in the case of Tby 5Gd; 5Al3GayO1,:Ce (BaO) SCF/GdsAly 5Gay 5012:Ce SC hybrid scintillators
(Figure 4b). These scintillators can be proposed for different types of application, especially for
registration of the components of mixed ionizing flux [52] and multi-layer screens for visualization of
X-ray images [21].

4. Conclusions

In this work, we report the creation of advanced single crystalline film (SCF) screens with excellent
scintillation properties based on the Tby 5Gd; 5Al3 5 5Gap_5 5012:Ce mixed garnet compounds grown by
the LPE method from both novel lead free BaO and traditional PbO based fluxes onto GdzAl, 5Gas 5015
(GAGG) substrates.

The optimization of Gd3* and Ga®* content in the Tbs_xGdxAls_yGayO15:Ce garnet at x = 1.5 and
y = 2-2.5 results in the strong improvement of the energy transfer efficiency from the Tb**-Gd3* based
matrix to Ce®* ions due to the modification of the band gap value and Ce®* energy structure, as well as
the elimination of the TSL peaks above room temperature. Namely, the Tb; 5Gd; 5Al3GapO1,:Ce SCFs
grown from BaO based flux under a-particle excitation possess the highest LY values among all the
LPE grown garnet SCF scintillators obtained in our group, which exceeds by at least 10% the LY of the
best samples of the recently developed Lu; 5Gd; 5Alp 75Gag 25012:Ce and Gdz Al 75Gag 25012:Ce SCF
scintillators grown from BaO based flux [31]. The photoelectron LY of these SCF scintillators under
excitation by 239Py (5.15 MeV) source is comparable with that in high-quality Gd3Al, 5_3Gay 5_3012:Ce
reference bulk crystal analogue with a photoelectron LY of 1370 phels/MeV (light yield of about
10,000 photons/MeV). Tby 5Gd; 5Al13GaO17:Ce SCFs also have a relatively fast scintillation response
in the hundred ns range under x-particle excitation with decay times t1 /. and t; /p9 of 230 and 730 ns,
respectively. Meanwhile, the structural uniformity and optical quality of these SCF scintillators are
strongly influenced by the high-viscosity of BaO based melt.

The SCFs of Tbj5Gd;5Alp5Ga501,:Ce garnets, grown from PbO based flux onto GAGG
substrates, possess very high structural quality and excellent scintillation properties. Under «-particle
excitation, the LY of Tb; 5Gd; 5Aly 5Gap 5012:Ce (PbO) SCFs is comparable with that of their analogues
grown from BaO flux and these SCFs possess only slightly slower scintillation response with
decay times t;,/, and t; 59 of 330 and 990 ns, respectively. It is important to note that the negative
quenching influence of the Pb?* flux related dopants is not so significant during manufacturing
the Tbq15Gdj 5Al, 5Gay 5077:Ce SCF scintillators as in the case of Lul,XGdXA15,yGayOu:Ce and
Gd3Als_yGayO15:Ce SCFs analogues grown from PbO based fluxes [31]. This enables the production
of Tb3_xGdxAls_yGayO1,:Ce SCF scintillators with high LY and excellent structural quality from
the traditional PbO based flux. Most probably, this positive trend is observed only in the Tb
containing scintillators, where very complicated but efficient energy transfer from Tb** and Gd**
cation sub-lattices to Ce3* ions can be realized in comparison with Lu- and Gd-containing scintillators
where such transfer is absent.

We have also found that the scintillation decay of Tby 5Gd; 5Al; 5Gay 5012:Ce (PbO) and especially
Tb 5Gd1 5A13Gap012:Ce (BaO) SCFs in the 0-2 ps range is notably faster (at least by 2 times) than
that in GdsAl, 5Gap 5012:Ce SC counterparts which can also be used as a substrate for producing
SCF scintillators. In such a way these SCFs and the high-quality GdzAl, 5Gay 5012:Ce crystals can be
used for the creation of hybrid film-substrate scintillators using the LPE method for simultaneous
registration of the different components of ionization fluxes. In such types of hybrid scintillators,
the separation of the signal coming from the film and crystal parts can be performed using the
differences in the scintillation decay kinetics.
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Novel all-solid-state composite scintillators
based on the epitaxial structures of LUAG garnet
doped with Pr, Sc and Ce ions

S. Witkiewicz-Lukaszek , V. Gorbenko, T. Zorenko, K. Paprocki, O. Sidletskiy, I. Gerasymov,
J.A. Mares, R. Kucerkova, M. Nikl, Yu. Zorenko

Abstract— This work presents our achievement in the
development of new types of advanced composite scintillators
based on the single crystalline films (SCFs) of LuzAl;0,, (LUAG)
garnet, doped with Pr®* and Sc®* ions, and substrate from single
crystals (SCs) of Ce®* doped LUAG using the technology of liquid
phase epitaxy (LPE). We show the possibility of the simultaneous
registration of a-particles and y-quanta by means of separation of
the decay kinetics of SCF and crystal parts of such composite
scintillators. Namely, the significant differences in the scintillation
decay kinetics of LUAG:Pr SCF / LUAG:Ce SC and LUAG:Sc
SCF / LUAG:Ce SC composite scintillators under excitation by o—
particles of 22Am (5.5 MeV) source and y-quanta of **'Cs (662
keV) source are observed. Thus, such types of composite
scintillators can be successfully applied for separation of the
signals coming from their film and crystal parts at the registration
of the mixed radiation fluxes of a-particles and y-quanta.

Index Terms—a-particles and y-quanta, composite scintillator,
liquid phase epitaxy, LUAG, films and crystals, Ce**, Pr** and
Sc* dopants

I. INTRODUCTION

HE technology of the liquid phase epitaxy (LPE) offers

today the possibility of developing the luminescent

materials based on the single crystalline films (SCFs) of
different oxide compounds [1-3]. The fields of application of
such SCFs now include cathodoluminescent screens [4, 5],
laser media [6, 7], scintillators for registration of o— and B-
particles and low-energy ionizing radiation [1, 8, 9] and
scintillating screens for microtomography detectors using X-
ray sources and synchrotron radiation [10, 11].

The LPE method opens also the possibility of creating the
advanced types of composite scintillators of “phoswich-type”
(phosphor sandwich) for registration of the different
components of ionizing radiation, for instance, for analysis of
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the content of mixed fluxes of particles and photons with
various penetrating depths [1, 12-14]. Such composite
scintillators (CS) present the all-solid-state crystalline systems,
including one or two SCFs intended for registration of low
penetrating a- and B-particles, and a bulk single crystal (SC)
substrate for registration of the highly penetrating radiation (X
ory rays).

The advantages of these types of composite scintillators in
comparison with the well-known analogues based on the
splice of different scintillation crystals [15] are as follows.
Such types of composite scintillators present the epitaxial
structure with a sharp interface between the composing
scintillators with quite close refractive indices. This permits to
substantially eliminate the light losses at the interface of
scintillators, enhancing the selectivity of registration of the
different components of mixed ionizing radiations. The LPE
method for composite scintillator production permits also to
obtain the thickness of film scintillators close to the
penetration depth of registered particles. Namely, the
thickness of film scintillators, which is necessary for the
complete absorption of a-particles of 2°Pu and #**Am sources,
typically is equal to 8-10 um [1].

The different types of composite scintillators have been
recently considered by some of us in [1, 12-14]. The first types
of composite scintillators were created on the basis on the LPE
grown epitaxial structures of Y3Als03, garnet (YAG) [1].
Namely, one-layered composite scintillators based on the
YAG:Ce SCF and YAG:Nd SC substrate (YAG:Ce SCF/
YAG:Nd SC) and YAG:Ce SCF and YAG:Sc SC substrate
(YAG:Ce SCF/YAG:Sc SC) as well as triply-layered composite
scintillator based on the YAG:Ce SCF, YAG:Nd SCF and
YAG:Sc SC substrate (YAG:Ce SCF/YAG:Nd SCF/ YAG:Sc
SC) were grown by the LPE method and later examined under
simultaneous excitation by o particles and y quanta [1]. The
separation of the scintillation signals coming from SCF and SC
parts of composite scintillator was performed using the
discrimination of their scintillation decay Kinetics.

It should be noted that due to the low density p=6.7 glem®
and effective atomic number Z.=29, the scintillators based on
the YAG SCs may be used only for registration of low-energy
ionizing radiation [1, 12]. Therefore, there is a demand to
fabricate composite scintillator for registration of the mixed
fluxes of particles and high-energy quanta with using other
garnet compounds, which are characterized by high values of
pand Zg [12, 13].

Among possible candidates of such oxide compounds, the
LuzAls0O,, garnet (LUAG) first of all attracts our attention [9,

0018-9499 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


mailto:s-witkiewicz@wp.pl
mailto:gorbenko@ukw.edu.pl
mailto:tzorenko@ukw.edu.pl
mailto:zorenko@ukw.edu.pl
mailto:osidletskiy@yahoo.com
mailto:yarosgerasimov@gmail.com
mailto:amares@fzu.cz
mailto:nikl@fzu.cz

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNS.2018.2838333, IEEE

Transactions on Nuclear Science

10]. LUAG host has significantly higher density p= 6.7 glem®
and effective atomic number Z¢=61 in comparison with YAG.
LUAG:Ce, LUAG:Pr and LuAG:Sc are the well-known
scintillators for radiation monitoring and computer tomography
[3, 16]. Therefore, the LUAG is a very promising material for
creation of SCF scintillators and composite scintillator on their
base as well. As activators, which can effectively emit in
LUAG hosts with different wavelengths and fast enough decay
kinetics of scintillations, the Pr¥*, Sc® and Ce® ions can be
considered (Table 1) [9, 16-24]. Therefore, the different
combinations of novel composite scintillators based on the
epitaxial structures of LUAG garnet compounds, doped with
mentioned ions, can be created using the LPE method.

In this work, we present for the first time the results of the
research directed on creation of the novel types of composite
scintillator based on the Ce** and Pr** doped LUAG SCFs and
LUAG:Ce SC substrates grown by the LPE method.

TABLE |
LUMINESCENT PROPERTIES OF COMPOUNDS BASED ON LUAG GARNET

Type of Position of main| Decay time (1/e) of | Reference
garnet emission band, | main component of
nm luminescence, ns
LuzAls04,:Ce 515 49.5-58 16, 17
LU3A|5012:P|' 310 19-28 16-18
Lu3Als0;2:Sc 280 245-610 19-24

II. GROWTH OF COMPOSITE SCINTILLATORS BASED ON
LUAG:PR AND LUAG:Sc SCFs AND LUAG:CE SCs

Two types of composite scintillators based on LUAG:Pr
SCF and LuAG:Sc SCF were grown by LPE method onto
LuAG:Ce substrates from super-cooled melt solutions using
PbO-B,0; flux. For comparison, the sets of LUAG:Sc and
LUAG:Pr SCF samples were also grown from the same melt
onto YAG substrates. The growth conditions of the SCF and
composite scintillators, selected for the investigation of the
content and structural properties as well as for the study of
their absorption, cathodoluminescence and scintillation
properties, were summarized in Table 2.

TABLE Il
GROWTH CONDITIONS OF LUAG:PR SCF/LUAG:CE SC AND LUAG:SC
SCF/LUAG:CE SC COMPOSITE SCINTILLATORS IN COMPARISON WITH
LUAG:PR AND LUAG:SC SCFS, GROWN ONTO YAG SUBSTRATES

Type of SCF Substrate h, T, f, LY,

pm | °C | pm/min | %
Y3AI5012:Ce Y3A|5012 54 100
LU3A|5012:P|’ Y3A|5012 19 975 0.19 100
LU3A|5012:Pr LU3A|5012:CE 95 980 0.16 96
LU3A|5012:SC Y3A|5012 8 985 0.13 52
LuzAlsO1,:Sc | LusAlsOq2:Ce | 10 | 980 0.14 54

spectra were measured using a Jasco 760 UV-Vis spectrometer
in the 200-1100 nm range. The CL spectra were measured
using an electron microscope SEM JEOL JSM-820,
additionally equipped with a spectrometer Stellar Net and TE-
cooled CCD detector working in the 200-925 nm range. The
scintillation LY (pulse height spectra measured with a shaping
time of 12 ps) was firstly measured after each SCF growth
circle using the setup based on a Hamamatsu H6521
photomultipliers (PMP), multi-channel analyzer and digital
Tektronix TDS3052 oscilloscope under excitation by o-
particles of Pu*® (5.15 MeV) source (Table 2). The spectra
were compared with standard YAG:Ce SCF sample with a
photoelectron vyield of 360 phels/MeV and LY of 2650
photons/MeV [25, 26] and also with the reference LUAG:Ce
substrates, produced in the ISM, Kharkiv, Ukraine. All
measurements were performed at the room temperature (RT).

Scintillation response investigations of the selected
composite scintillators (see Table 3) were performed using the
set-up consisting of a hybrid PMT (HPMT DEP PP0475B),
measuring electronics and PC control. Pulse height spectra and
scintillation decay kinetics were measured under excitation by
o-particles with of **Am (energy 5.4857 MeV) radioisotope
and with y-rays of *’Cs (energy 661.66 keV) radioisotope. The
time resolution of our set-up was below 10 ns. It is important
to note here that the a-particles of **Pu and ***Am sources
allow exciting only the epitaxial layers of SCF samples (not
their substrates) because the penetration depths of a-particles in
the studied samples are approximately 12-15 pym.

I11. ABSORPTION, CATHODOLUMINESCENCE AND SCINTILLATION
PROPERTIES OF COMPOSITE SCINTILLATORS BASED ON THE
LUAG:PR AND LUAG:Sc SCFs AND LUAG:CE SUBSTRATES

A. Absorption spectra

The absorption spectra in the 200-600 nm range of the two
composite scintillators of LUAG:Pr SCF/LUAG:Ce SC and
LUAG:Sc SCF/ LUAG:Ce SC types in comparison with the
absorption spectra of LUAG:Pr and LUAG:Sc SCFs, grown
onto YAG substrates, are shown in Fig.la and 1b,
respectively. The absorption bands E; at 446-449 nm and E, at
344-345 nm in the spectra of LUAG:Pr SCF/LUAG:Ce SC and
LUAG:Sc SCF/LUAG:Ce SC composite scintillators (Fig.la
and 1b, respectively) are related to the 4f-5d (°E) transitions of
Ce®* ions in LUAG:Ce SC substrate. Other Ce®*" absorption
bands E; in these scintillators are located below 230 nm and
related to the 4f-5d (T,g) transitions. The bands *E; and *E,

L)
.

)
h"‘.l s

h - SCF thickness, f - velocity of SCF growth; T — SCF growth temperature.
LY~ light yield of scintillation under excitation by o—particles of **Pu sources \

1- LUAG:Pr/YAG

an_d registration of scintillation V\_/ith a shapi_ng time of 12 ps in comparison o N 2393 - LUAG:Pr/LUAG:Ce
with standard YAG:Ce SCF scintillator with a photoelectron LY of 360 3
phels/MeV (a LY of 2600 ph/MeV). =
Ke]
11l EXPERIMENTAL TECHNIQUE b
Ke]
For characterization of the luminescent and scintillation < ap

properties of the composite scintillators based on the Pr** and
Sc* doped LUAG SCFs and LuAG:Ce substrates, the
absorption spectra, cathodoluminescence (CL) spectra, LY
and scintillation decay kinetics measurements under excitation
by o—particles and y-quanta were applied. The absorption
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Fig.1 RT absorption spectra of composite scintillators based on the LUAG:Pr
(2a) and LUAG:Sc (2b) SCFs, grown onto LUAG:Ce substrates, in comparison
with absorption spectra of LUAG:Pr (1a) and LUAG:Sc (1b) SCFs, grown onto
YAG substrate.

peaked at 284 nm and 239 nm correspond to the 4f(°H,)—>5d™?
transitions of Pr®* ions (Fig.1a). In both figures, the bands
peaked at 260 and 262 nm related to the S,—>P; transitions of
Pb?* flux impurity in the SCF samples.

B. Cathodoluminescence spectra

The normalized CL spectra of two types of LUAG:Pr SCF/
LUAG:Ce SC and LUAG:Sc SCF/LUAG:Ce SC composite
scintillators in comparison with the CL spectra of LUAG:Pr and
LUAG:Sc SCFs and LUAG:Ce SC substrates are shown in
Figures 2a and 2b, respectively. The luminescence bands in the
visible range peaked at 512 nm in the CL spectra of LUAG:Ce
SC (Fig.2a and 2b, curves 1) are related to the 5d*-4f transitions
of Ce*" ions while the emission bands in the UV range are
caused by the Luy, antisite-defect related emission centers [27,
2]. The dominant luminescence bands in the UV range peaked
at 312 and 380 nm and the low-intensive sharp emission band in
the visible range in the CL spectra of LUAG:Pr SCFs (Fig.2a,
curve 2) are related to the 5d'-4f and 4f-4f radiative
luminescence transitions of Pr’* jons. Meanwhile, apart from
the Pr** related emission bands in the UV and visible ranges, the
Ce** emission band peaked at 512 nm prevails in the CL
spectra of LUAG:Pr SCF / LUAG:Ce SC composite scintillator
(Fig.2a, curve 3). This means that the LUAG:Pr SCF component
of composite scintillator excites the luminescence of Ce®* ions
in the LUAG:Ce substrate due to the reabsorption of the UV part
of emission of LUAG:Pr SCFs by the absorption band of Ce®
ions in LUAG:Ce SC peaked around 344 nm (Fig.1a) [17]. The
dominant luminescence bands in the UV range peaked at 312
and 380 nm and the low-intensive sharp emission band in the
visible range in the CL spectra of LUAG:Pr SCF (Fig.2a,curve
2) are related to the 5d-4f and 4f-4f radiative luminescence
transitions of Pr** ions. Meanwhile, apart from the Pr** related
emission bands in the UV and visible ranges, the Ce** emission
band peaked at 512 nm prevails in the CL spectra of LUAG:Pr
SCF / LUAG:Ce SC composite scintillator (Fig.2a, curve 3).
This means that the LUAG:Pr SCF component of composite
scintillator excites the luminescence of Ce* ions in the
LUAG:Ce substrate due to the reabsorption of the UV part of
emission of LUAG:Pr SCFs by the absorption band of Ce** ions
in LUAG:Ce SCs peaked around 344 nm (Fig.1a) [17].

The dominant luminescence bands in the UV range peaked
at 280 nm in the CL spectra of LUAG:Sc SCFs (Fig.2b, curve
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Fig.2 Normalized CL spectra of LUAG:Pr SCF/LUAG:Ce SC (3a) and
LuAG:Sc SCF/ LUAG:Ce SC (3b) composite scintillators in comparison with
LUAG:Ce SC substrate (1a, 1b) and LUAG:Pr (2a) or LUAG:Sc (2b) SCFs,
grown onto YAG substrates.

2) are caused by the luminescence of Sca isoelectronic
impurity [21-24]. At the same time, in the CL spectra of
LUAG:Sc SCF/LUAG:Ce SC composite scintillator, besides of
the Sc** related emission bands in the UV range, the Ce*
emission band in the visible range peaked at 512 nm is also
observed and these emission bands are comparable in the
intensity (Fig.2b, curve 3). Similarly to the previous type of
composite scintillators, the emission of LuAG:Sc SCF
component excites the luminescence of Ce®* ions in the
LUAG:Ce substrate due to the reabsorption of the UV
emission band of LUAG:Sc SCF by the absorption band of
Ce** ions in LUAG:Ce SC peaked around 344 nm (Fig.1b,
curve 2).

Generally, such observation of the excitation of Ce*
luminescence in LUAG:Ce substrate by the emission of
LUAG:Pr and LUAG:Sc SCFs can make the serious problem in
the principal functionality of LUAG:Pr SCF/LUAG:Ce and
LUAG:Sc SCF/LUAG:Ce SC composite scintillators.
Meanwhile, the analysis of the scintillation decay kinetics
shows that such unwanted behaviors of composite scintillators
are not so significant in the case of separation of different
signals coming from their SCF and SC parts under registration
of a—particles and y-rays, respectively.

C. Scintillation decay kinetics

Fig.3 presents the scintillation decay curves of LUAG:Pr
SCF/LUAG:Ce SC (a) and LUAG:Sc SCF/LUAG:Ce SC(b)
composite scintillators and LUAG:Ce substrate (c), measured
under both a-particles and y-ray excitation (see curves 1 and 2,
respectively).
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Fig. 3. Scintillation decay of LUAG:Pr SCF/LUAG:Ce SC (a) and LUAG:Sc
SCF/LUAG:Ce SC (b) composite scintillators in comparison with LUAG:Ce SC
(c) substrate under o-particles and y-ray excitation by *Am and *"Cs sources.
The optimal time ranges for the scintillation registration using such types of
composite scintillators are indicated, when the t,/t, or t,/t, ratio reach the values
above 1.5-2.0.

Generally for registration of the difference in the scintillation
decay kinetics of the bulk and film components of composite
scintillator, it is very important to analyze firstly the decay
curves under o—particles and y-ray excitation of substrates,
prepared from bulk crystals of garnet compounds, in a broad
range of decay intensity. Firstly we have performed such
analysis for LUAG:Ce substrate with a thickness of 1 mm for
the scintillation intensity decay to 1/e, 0.1 and 0.05 levels (Fig.
3c and Table 3). As one can see from Fig. 3c, the decay curves
of LuAG:Ce SC substrate under a-particles and y-ray excitation
are very close in the initial stage of decay up to 150 ns. In a
wider time interval (above 150 ns) the decay curves of
LUAG:Ce SC substrate under y-ray excitation are notably faster
than those in the case of o—particles excitation. Most probably,

TABLE 11
TIME T, AND T, VALUES OF SCINTILLATION INTENSITY DECAY TO 1/€, 0.1 AND
0.05 LEVELS OF LUAG:PR/LUAG:CE AND LUAG:SC/LUAG:CE COMPOSITE
SCINTILLATORS AND REFERENCE LUAG:CE SC SUBSTRATE UNDER o
PARTICLES AND y-QUANTA EXCITATION OF **AM (5.4857 MEV) AND 'Cs
(661.66 KEV) SOURCES, RESPECTIVELY.

Intensity Time, ns
of decay to LUAG:Ce LUAG:Pr/ LUAG:Sc/
level crystal LUAG:Ce LUAG:Ce
Excitation o Y o Y o Y
source
1/e 37 53 15 41 7 30
0.1 161 166 39 143 188 136
0.05 336 250 71 238 412 213
L/eA .i., [ 1
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Fig.4. Plots of t./t,, t,/t, ratios (a) of the scintillation decay times under a- and
y-excitation and parameters s (b) vs. the intensity of scintillation decay to 1/e,
0.1 and 0.05 levels for LUAG:Pr SCF/LUAG:Ce SC (2) and LUAG:Sc SCF/
LUAG:Ce SC (3) composite scintillators and reference LUAG:Ce SC substrate

M.

this is a fundamental behavior of scintillation materials and can
be connected with the peculiarities of interaction of a-particles
and y-quanta with the scintillator material [26].

We can expect that the rate of separation of the scintillation
signal at the registration of a-particles and y-rays can be
significantly improved in the composite epitaxial structures
based on the films and crystals of different oxide compounds in
comparison with crystal-scintillators. Indeed, for LuAG:Pr
SCF/LUAG:Ce SC structure the scintillating signal coming from
the SCF and SC components of composite scintillator can be
separated in the whole time interval from 0 to 700 ns (Fig.3a).
Another situation is observed in the case of LUAG:Sc SCF/
LUAG:Ce SC structure (Fig.3b). The separation of the signal
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coming from SCF and SC substrate parts of this composite
scintillator can be obtained in the two relatively narrow time
intervals: 0-100 ns and 150-800 ns where the scintillation
response under a-particles excitation is faster than that under y-
rays excitation and vice versa, respectively.

The above mentioned conclusions are confirmed also by
comparison of the differences in the decay times at 1/e, 0.1 and
0.05 levels for the decay curves under o—particles and y-quanta
excitation (so called t,t, or t,, ratios) in LUAG:Pr SCF/
LUAG:Ce SC and LUuAG:Sc SCF/LUAG:Ce SC composite
scintillators and the reference LUAG:Ce crystal (Fig.4). As one
can see from this figure, t,/t,ratio is notably higher (2.86-3.71)
in LUAG:Pr SCF/ LUAG:Ce SC composite scintillator, than
that in LUAG:Ce crystal (see Fig. 4a). The differences in the
t/t, ratio do not significantly change for LuAG:Pr SCF/
LUAG:Ce SC composite scintillator, at different registration
levels and can be presented in Fig.4a as the vertical line with
small slope (curves 2). This means that separation of
scintillation from the SCF and SC components of such
composite scintillator can be obtained with the maximal
possible rate at all suitable decay levels in the 0-700 ns time
interval due to faster by 3-4 times scintillation response under
a—particles excitation in comparison with the response under y-
rays excitation (Table 3).

In LUAG:Sc SCF/ LUAG:Ce SC composite scintillators,
the tyt, or t,t, ratios are also significantly higher at 1/e and
0.01 levels than those in LUAG:Ce crystal. Meanwhile, the
differences in the t,/t, ratio significantly change for such type
of composite scintillator at different registration levels and
can be presented in Fig.4a as the vertical line with large slope
(curves 3). This means that the separation of scintillation from
the SCF and SC components of such composite scintillator
can be obtained with maximal rate only in the two narrow time
intervals: 0-100 ns and 150-500 ns where the scintillation
response under a-particles excitation is by 4 times faster and 2
times slower, respectively, than that corresponding to the case
of y-rays excitation (Table 3).

For better comparison of the different types of composite
scintillators, the parameter s = t,/t, - 1 or s = t,/t, - 1 has been
introduced for the consideration. This parameter is
proportional to the rate of the decay curves separation under
a—particles and y-ray excitations at chosen decay time levels.
The dependence of s values at the different scintillation decay
levels is shown in Fig.4b. The best situation for composite
scintillators functionality takes place when the high and
uniform s value is observed in the whole decay time levels. In
comparison with the LUAG:Ce crystal (Fig.4b, curve 1), the
largest s values and the monotonic trend of s values change at
different decay time levels are observed for LUAG:Pr SCF/
LUAG:Ce SC composite scintillator (Fig.4b, curve 2). On the
contrary, LUAG:Sc SCF/ LUAG:Ce SC composite scintillator
possesses the significantly smaller s values and there is no
definite trend of the s value chances at different decay time
levels (Fig.4b, curve 3).

V. CONCLUSION

Two new types of advanced composite scintillators based
on the LUAG:Pr and LUAG:Sc single crystalline films (SCF)
with thickness in the 10-12 um range and LUAG:Ce substrates

with a thickness of 1 mm were produced by the LPE method
from melt solutions using PbO-B,0; flux.

For characterization of the luminescent and scintillation
properties of SCF and bulk crystal parts of composite
scintillators, the absorption spectra, CL spectra and
scintillation decay kinetics under o—particles excitation by
#Am (5.5 MeV) source and y-ray excitation by *Cs (0.662
MeV) source were applied.

Under vy-ray and o-—particles excitations, the notable
differences in the scintillation decay kinetics of LUAG:Pr SCF
/ LUAG:Ce SC and LUAG:Sc SCF/LUAG:Ce SC composite
scintillators are observed. Such differences can be
characterized by t,/t, or t,/t, decay time ratios, which for the
mentioned composite scintillators occur within the 2.86-3.71
and 1.93-3.44 ranges, respectively, at scintillation decay
intensity within two decades from the 1/e level down to 0.05
levels.

At the same time, the LUAG:Pr SCF/LUAG:Ce SC
composite scintillator possesses significant advantage with
respect to LUAG:Sc SCF/LUAG:Ce SC counterpart due to the
fact that scintillating signal coming from the SCF and SC
components of the first type composite scintillator can be
separated with large t,/t, decay time ratio in the whole time
interval from 0 to 700 ns. Thus, the mentioned types of
composite scintillator can be successfully applied for
separation of the signals coming from their film and bulk parts
at the registration of the mixed radiation fluxes containing o-
particles and y-photons.

Meanwhile, the epitaxial structures LUAG:Sc SCF/
LuAG:Ce SC also show good enough scintillation properties.
For this reason, we hope that after optimization of the
concentration of dopants and scintillation parameters of SCF
and substrate scintillators this combination of LUAG based
compounds can be also concurrent with other combinations
for creation of composite scintillators for simultaneous
registration of a-particles and y-quanta.
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This work is devoted to the development of new types of advanced composite scintillators based on the single
crystalline films (SCFs) of LuzAls0;5 (LUAG) garnet, doped with Pr®* and Sc®* ions, and substrate from single
crystals (SCs) of Ce®>* doped LuAG using the technology of liquid phase epitaxy (LPE). We show the possibility of
the simultaneous registration of a-particles and y-quanta by means of separation of the decay kinetics of SCF and
crystal parts of such composite scintillators. Namely, the significant differences in the pulse height spectra and
the scintillation decay kinetics of LuAG:Pr SCF/LuAG:Ce SC and LuAG:Sc SCF/LuAG:Ce SC composite scintil-
lators under excitation by a-particles of >*'Am (5.5 MeV) source and y-quanta of **’Cs (662 keV) source are

observed. For these reasons, such types of composite scintillators can be applied for separation of the signals
coming from their film and crystal parts at the registration of the mixed radiation fluxes of a-particles and y-

quanta.

1. Introduction

The technology of the liquid phase epitaxy (LPE) offers today the
possibility of developing the luminescent materials based on the single
crystalline films (SCFs) of different oxide compounds [1-3]. The fields
of application of such SCFs nowadays include laser media [4,5], cath-
odoluminescent screens [6,7], scintillators for registration of a— and f—
particles and low-energy ionizing radiation [1,8,9] and scintillating
screens for microtomography detectors using X-ray sources and syn-
chrotron radiation [10,11].

The LPE method opens also the possibility of creating the advanced
types of composite scintillators of “phoswich-type” (phosphor sand-
wich) for registration of the different components of ionizing radiation,
for instance, for analysis of the content of mixed fluxes of particles and
photons with various penetrating depths [1,12-14]. Such composite
scintillators (CS) present the epitaxial structure (Fig. 1), including one
or two SCFs, which enables registration of the low penetrating a- and [3-
particles, and a bulk single crystal (SC) substrate for registration of the
highly penetrating radiation (X or y rays).

There are many advantages of these types of composite scintillators

in comparison with the analogues based on the splice of different
scintillation crystals [15]. Such types of composite scintillators present
the all-solid state structure with a sharp interface between the com-
posing scintillators with quite close refractive indices (Fig. 1). This
permits to substantially eliminate the light losses at the interface of
scintillators, enhancing the selectivity of registration of the different
components of mixed ionizing radiations. The LPE method for compo-
site scintillator manufacturing permits also to obtain the thickness of
film scintillators close to the penetration depth of registered particles.
Specifically, the thickness of film scintillators, which is necessary for
the complete absorption of a-particles of 2*°Pu and ?*'Am sources,
typically is equal to 10-12 um (Fig. 1) [1].

The different types of composite scintillators have been recently
considered by some of us in Refs. [1,12-14]. The first type of composite
scintillators was created on the basis on the LPE grown epitaxial
structures of Y3Als0;, garnet (YAG) [1]. Firstly one-layered composite
scintillators based on the YAG:Ce SCF and YAG:Nd SC substrate
(YAG:Ce SCF/YAG:Nd SC) and YAG:Ce SCF and YAG:Sc SC substrate
(YAG:Ce SCF/YAG:Sc SC) as well as triply-layered composite scintil-
lator based on the YAG:Ce SCF, YAG:Nd SCF and YAG:Sc SC substrate
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LuAG:Ce substrate

Fig. 1. (A) - view of composite scintillators on the top of the electronic microscope holder, (b, c¢) — the SCF/substrate cleavages of LuAG:Pr SCF/LuAG:Ce (b) and
LuAG:Sc SCF/LuAG:Ce SC (c) epitaxial structures at the magnification of 2700 x (b) and 1000 x (c), respectively.

(YAG:Ce SCF/YAG:Nd SCF/YAG:Sc SC) were grown by the LPE method
and examined under simultaneous excitation by a-particles and y-
quanta [1]. The separation of the scintillation signals coming from SCF
and SC parts of composite scintillator was performed using the dis-
crimination of their scintillation decay kinetics.

It should be noted that due to the low density p = 4.56 g/cm® and
effective atomic number Z.¢ = 29, the scintillators based on the YAG SC
may be used only for registration of low-energy ionizing radiation
[1,12]. Therefore, there is a demand to fabricate composite scintillator
for registration of the mixed fluxes of particles and high-energy quanta
using other garnet compounds, which are characterized by high values
of p and Zeg [12,13].

From all the possible candidates of such oxide compounds, the
Lu3Al50;, garnet (LuAG) first of all attracts our attention [9,10]. LuAG
host has significantly higher density p = 6.71g/cm® and effective
atomic number Z.¢ = 61 in comparison with YAG. LuAG:Ce, LuAG:Pr
and LuAG:Sc are the well-known scintillators for radiation monitoring
and computer tomography [3,16]. Therefore, the LuAG is very pro-
mising material for creation of SCF scintillators and composite scintil-
lators on their base as well. As activators, which can effectively emit in
LuAG host with different wavelengths and fast enough decay kinetics of
scintillations, the Pr®™, Sc®* and Ce®* ions can be considered (Table 1)
[9,16-24]. Namely, the position of emission band of LuAG:Ce, LuAG:Pr
and LuAG:Sc compounds under high-energy excitation is located at
515, 310 and 280 nm, respectively, and the corresponding decay times
of main component of the luminescence of Ce**, Pr** and Sc** do-
pants in LuAG host are equal to 49.5-58 ns, 1-28 ns and 245-610 ns,
respectively [16-24]. Therefore, the different combinations of novel
composite scintillators based on the epitaxial structures of LuAG garnet
compounds, doped with the mentioned ions, can be created using the
LPE method.

In this work, we present the new results of the research directed on
creation of the novel types of composite scintillator based on the Ce®*
and Pr** doped LuAG SCFs and LuAG:Ce SC substrates grown by the

Table 1

Growth conditions of LuAG:Pr SCF/LuAG:Ce SC and LuAG:Sc SCF/LuAG:Ce SC
composite scintillators in comparison with LuAG:Pr and LuAG:Sc SCFs, grown
onto YAG substrates. h - SCF thickness, f - velocity of SCF growth; T — SCF
growth temperature. LY- light yield of scintillation under excitation by
a-particles of***Pu sources and registration of scintillation with a shaping time
of 12 ps in comparison with standard YAG:Ce SCF scintillator with a photo-
electron LY of 360 phels/MeV (a LY of 2600 ph/MeV).

LPE method.

2. Growth of composite scintillators based on LuAG:Pr and
LuAG:Sc SCFs and LuAG:Ce SCs

Two types of composite scintillators based on LuAG:Pr and LuAG:Sc
SCFs were grown by the LPE method onto LuAG:Ce substrates from
super-cooled melt solutions using PbO-B,03 flux (Fig. 1). For compar-
ison, the sets of LuAG:Sc and LuAG:Pr SCF samples were also grown
from the same melt onto YAG substrates. The growth conditions of the
SCFs and composite scintillators, selected for investigation of the con-
tent and structural properties as well as for the study of their absorp-
tion, cathodoluminescence and scintillation properties, were summar-
ized in Table 1.

3. Experimental technique

For characterization of the luminescent and scintillation properties
of the composite scintillators based on the Pr®* and Sc®* doped LuAG
SCFs and LuAG:Ce substrates, the absorption spectra, cathodolumines-
cence (CL) spectra, LY, energy resolution and scintillation decay ki-
netics measurements under excitation by a—particles and y-quanta were
applied. The absorption spectra were measured using a Jasco 760
UV-Vis spectrometer in the 200-1100 nm range. The CL spectra were
measured using an electron microscope SEM JEOL JSM-820
(U =30kV, I =0.1pA), additionally equipped with a spectrometer
Stellar Net and TE-cooled CCD detector working in the 200-925 nm
range. The scintillation LY (pulse height spectra measured with a
shaping time of 12 pus) was firstly measured after each SCF growth circle
using the setup based on a Hamamatsu H6521 photomultipliers (PMP),
multi-channel analyzer and digital Tektronix TDS3052 oscilloscope
under excitation by a-particles of Pu**° (5.15 MeV) source (Table 2).
The spectra were compared with the standard YAG:Ce SCF sample with
a photoelectron yield of 360 phels/MeV and a LY of 2650 photons/MeV
[25,26] and also with the reference LuAG:Ce substrates, produced in
the ISM, Kharkiv, Ukraine. All measurements were performed at the

Table 2

Time t, and t, values of scintillation intensity decay to 1/e, 0.1 and 0.05 levels
of LuAG:Pr SCF/LuAG:Ce SC and LuAG:Sc SCF/LuAG:Ce SC composite scintil-
lators and reference LuAG:Ce SC substrate under a-particles and y-quanta ex-
citation of>*! Am (5.4857 MeV) and'®’Cs (661.66 keV) sources, respectively.

Type of SCF and SC Substrate h, um T, °C f, um/min LY, % Intensity of Time, ns

decay to level
Y3Al50,,:Ce Y3Al50,, 54 100 LuAG:Ce crystal LuAG:Pr/LuAG:Ce LuAG:Sc/LuAG:Ce
LusAlsOq5:Pr Y3Al501, 19 975 0.19 100
LusAls0q5:Pr LusAls0;4:Ce 12.3 980 0.21 96 Excitation source o % a % a Y
LusAls045:Sc Y3Al50,, 10.2 985 0.165 52 1/e 37 53 15 41 102 93
LusAls045:Sc LusAls0;2:Ce 15 980 0.21 54 0.1 161 166 39 143 454 224
LuAG:Ce SC 500 130 0.05 336 250 71 238 920 416

594
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Fig. 2. RT absorption spectra of composite scintillators based on the LuAG:Pr SCFs (a, curve 2) and LuAG:Sc SCFs (b, curve 2), grown onto LuAG:Ce substrates, in
comparison with absorption spectra of LuAG:Pr SCFs (a, curve 1) and LuAG:Sc SCFs (b, curve 1), grown onto YAG substrates.

room temperature (RT).

Scintillation response investigations of the selected composite
scintillators (see Table 2) were performed using the set-up consisting of
a hybrid PMT (HPMT DEP PP0475B), measuring electronics and PC
control. Pulse height spectra were measured under excitation by a-
particles with of ! Am (an energy of 5.4857 MeV) radioisotope and
with y-rays of *Cs (an energy of 661.66 keV) radioisotope. It is im-
portant to note here that the a-particles of *Pu and 2*'Am sources
allow exciting only the epitaxial layers of SCF samples (not their sub-
strates) because the penetration depths of a-particles in the studied
samples are approximately 12-15 um.

4. Absorption and cathodoluminescence properties of LuAG:Pr
and LuAG:Sc SCFs and LuAG:Ce substrates

The absorption spectra of the two composite scintillators of LuAG:Pr
SCF/LuAG:Ce SCs and LuAG:Sc SCF/LuAG:Ce SCs in comparison with
the absorption spectra of LuAG:Pr and LuAG:Sc SCFs, grown onto YAG
substrates, are shown in Fig. 2, a and b, respectively. The absorption
bands E; at 446-449nm and E, at 344-345nm in the spectra of
LuAG:Pr SCF/LuAG:Ce SC and LuAG:Sc SCF/LuAG:Ce SC composite
scintillators (Fig. 2, a and b, respectively) are related to the 4f-5d @)
transitions of Ce®>* ions in LuAG:Ce SC substrate. Other Ce®** absorp-
tion bands E; in these scintillators are located below 230 nm and re-
lated to the 4f-5d (Tyg) transitions. The bands *E; and *E, peaked at
239nm and 284 nm correspond to the 4f (*H,)—5d"? transitions of
Pr®* ions (Fig. 1a). The bands peaked at 260 and 262 nm in Fig. 1a and
b are related to the 'Sq—>P; transitions of Pb** flux impurity in the SCF
samples. Meanwhile, the observed band at 372nm in the absorption
spectra of LuAG:Sc/YAG epitaxial structure can be related to the ab-
sorption of Pb2* based dimer centers or/and absorption of F* centers
in the YAG substrate.

The normalized CL spectra of LuAG:Pr SCF/LuAG:Ce SC and
LuAG:Sc SCF/LuAG:Ce SC composite scintillators in comparison with
the CL spectra of LuAG:Pr and LuAG:Sc SCFs and LuAG:Ce SC substrates
are shown in Fig. 3, a and b, respectively. The luminescence bands in
the visible range peaked at 512nm in the CL spectra of LuAG:Ce SCs
(Fig. 3, a and b, curves 1) are related to the 5 d-4f transitions of Ce®*
ions while the emission bands in the UV range are caused by the Luy,
antisite-defect related emission centers [27,28]. The dominant lumi-
nescence bands in the UV range peaked at 312 and 380 nm and the low-
intensive sharp emission band in the visible range in the CL spectra of
LuAG:Pr SCFs (Fig. 3 a, curve 2) are related to the 5d'-4f and 4f-4f
radiative luminescence transitions of Pr®* ions. Meanwhile, apart from
the Pr** related emission bands in the UV and visible ranges, the Ce>*
emission band peaked at 512nm is prevailing in the CL spectra of
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LuAG:Pr SCF/LuAG:Ce SC composite scintillator (Fig. 3 a, curve 3). This
means that the LuAG:Pr SCF component of composite scintillator ex-
cites the luminescence of Ce>* ions in the LuAG:Ce substrate due to the
reabsorption of the UV part of emission of LuAG:Pr SCFs by the ab-
sorption band of Ce** ions in LuAG:Ce SC peaked around 344 nm
(Fig. 2 a) [17]. The dominant luminescence bands in the UV range
peaked at 312 and 380 nm and the low-intensive sharp emission band
in the visible range in the CL spectra of LuAG:Pr SCFs (Fig. 3 a, curve 2)
are related to the 5d!-4f and 4f-4f radiative transitions of Pr°* ions.
Meanwhile, apart from the Pr®* related emission bands in the UV and
visible ranges, the Ce®>* emission band peaked at 512 nm prevails in the
CL spectra of LuAG:Pr SCF/LuAG:Ce SC composite scintillator (Fig. 3 a,
curve 3). This means that the LuAG:Pr SCF component of composite
scintillator excites the luminescence of Ce>* ions in the LuAG:Ce sub-
strate due to the reabsorption of the UV part of emission of LuAG:Pr SCF
by the absorption band of Ce** ions in LuAG:Ce SC peaked around
344 nm (Fig. 2 a) [17].

The dominant luminescence bands in the UV range peaked at
280 nm in the CL spectra of LuAG:Sc SCFs (Fig. 3 b, curve 2) are caused
by the luminescence of Scy) isoelectronic impurity [21-24]. At the same
time, in the CL spectra of LuAG:Sc SCF/LuAG:Ce SC composite scintil-
lator, besides of the Sc®* related emission bands in the UV range, the
Ce®* emission band in the visible range peaked at 512 nm is also ob-
served and these emission bands are comparable in the intensity (Fig. 3
b, curve 3). Similarly to the previous type of composite scintillators, the
emission of LuAG:Sc SCF component excites the luminescence of Ce®*
ions in the LuAG:Ce substrate due to the reabsorption of the UV emis-
sion band of LuAG:Sc SCFs by the absorption band of Ce** ions in
LuAG:Ce SCs peaked around 344 nm (Fig. 2 b, curve 2).

Such observation of the excitation of the Ce®** luminescence in
LuAG:Ce substrate by the emission of LuAG:Pr and LuAG:Sc SCFs can
make the large problem for the principal functionality of LuAG:Pr SCF/
LuAG:Ce and LuAG:Sc SCF/LuAG:Ce SC composite scintillators.
Meanwhile, the analysis of the scintillation decay kinetics shows that
such unwanted behavior of composite scintillators is not so significant
in the case of separation of different signals coming from their SCF and
SC parts under registration of a—particles and y-rays, respectively.

5. Scintillation properties of composite scintillators based on Pr®*
and Sc®* doped SCFs and LuAG:Ce substrates

5.1. Pulse height spectra
The pulse height spectra of the main y- or a-ray lines of '*’Cs and

241Am sources registered by LuAG:Pr SCF/LuAG:Ce SC and LuAG:Sc
SCF/LuAG:Ce SC composite scintillators are presented in Fig. 4a and b,
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Fig. 3. Normalized CL spectra of LuAG:Pr SCF/LuAG:Ce SCs (a, curve 3) and LuAG:Sc SCF/LuAG:Ce SC (b, curve 3) composite scintillators in comparison with
LuAG:Ce SC substrate (a and b, curves 1) and LuAG:Pr (a, curve 2) or LuAG:Sc (b, curve 2) SCFs, grown onto YAG substrates.

respectively. The main peaks in Fig. 4a correspond to the total energy
absorption of a-rays with an energy of 5.4857 MeV. The peaks in the
left part of the spectrum correspond to the absorption of the low-energy
emission line of >*'Am with an energy of 59.6467 keV. It is worth to
note that the positions of the main photopeaks, observed in Fig. 4a, are
substantially different for LuAG:Pr and LuAG:Sc SCF components for
both composite scintillators and for LuAG:Ce substrate. This means that
a-particles excite only SCF parts of composite scintillators. Fig. 4a
shows also that the LY value of LuAG:Pr and LuAG:Sc SCF samples
under excitation by a-particles is smaller by 1.3 and 2.3 times, re-
spectively, in comparison with the LY value for LuAG:Ce substrate.
These results on the LY of composite scintillators under a-particles
excitation by *!Am source are consistent with the results obtained at
these samples presented in Table 1 under excitation by >*°Pu source.
Such lower LY of SCF samples is caused mainly by the negative influ-
ence of Pb flux related impurity on the scintillation properties of SCFs of
different oxide compounds, grown from PbO based flux [3,24].

Under y-quanta excitation of LuAG:Pr/LuAG:Ce and LuAG:Sc/
LuAG:Ce composite scintillators by *’Cs source, the main peaks were
observed in the pulse high spectra, corresponding to the total absorp-
tion of y radiation with an energy of 661.66 keV (Fig. 4b). The addi-
tional peak is observed at lower energy at 32.006 keV, corresponding to
the low-energy energy line of '3’Cs source. It is characteristic that the
main photopeaks, observed in Fig. 4b, have similar positions for both
LuAG:Pr/LuAG:Ce and LuAG:Sc/LuAG:Ce composite scintillators and
LuAG:Ce substrate and this means that y-rays excite mainly the sub-
strate.

Fig. 5a presents the LY of LuAG:Pr/LuAG:Ce and LuAG:Sc/LuAG:Ce
composite scintillators and LuAG:Ce substrate evaluated in the photons
per MeV (ph/MeV) and measured with the different shaping times in
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>
s000l || £ A 1-LuAG:Ce SC
.
B ] 2 - LUAG:Pr/LUAG:Ce CS
3 i 3 - LUAG:Sc/LUAG:Ce CS
2 ¥
1 >
7] [
2 " . = (a)
] ~
1 o >
S 2000} > 8 2
12 s (2
¢ 10
A B3 #™ $ \1
- 2/ AX ]
06
0 ,
0 200 400 600 800

Channel number

1000

the 0.5-10 ps range under a-particles and y-rays excitation. Namely, for
LuAG:Ce substrates and LuAG:Pr/LuAG:Ce and LuAG:Sc/LuAG:Ce
composite scintillators, excited by a-particles of **' Am source with an
energy of 5.4857 MeV, the LY increases from values of 1584, 963 and
461 ph/MeV to 3255, 1253 and 620 ph/MeV for the shaping times from
0.5 to 10 ps, respectively. On the contrary, we have observed very si-
milar LY values under the 661.66 keV y-ray excitation for LuAG:Pr SCF/
LuAG:Ce SC and LuAG:Sc SCF/LuAG:Ce SC composite scintillators and
LuAG:Ce substrate. Specifically, the LY values in these scintillators
change from 12570 to 15420 ph/MeV to 22215-26810 ph/MeV when
the shaping times increase in the 0.5-10 ps interval.

The energy resolution of LuAG:Pr SCF/LuAG:Ce SC and LuAG:Sc
SCF/LuAG:Ce SC composite scintillators and LuAG:Ce substrate mea-
sured at the 0.5-10 ps shaping time under excitation by a-particles and
y-quanta is shown in Fig. 5b. As can be seen from Fig. 5b, the energy
resolution of LuAG:Pr SCF/LuAG:Ce SC and LuAG:Sc SCF/LuAG:Ce SC
composite scintillators under o-particles excitation by 2*'Am
(5.4857 MeV) source (e.g., LuAG:Pr and LuAG:Sc SCFs) lies in the
28.7-20.3% and 16.6-12.3% ranges, respectively, and is notably worse
as compared to the energy resolution of LuAG:Ce substrate lying in the
13.2-11.4% range. This is caused mainly by the significantly lower LY
of SCF samples as compared to the LY of SC substrate (Fig. 4a). Under y-
ray excitation at 662 keV of *”Cs source we have observed rather close
values of the energy resolution of LuAG:Pr SCF/LuAG:Ce SC and
LuAG:Sc SCF/LuAG:Ce SC composite scintillators in the 15.2-9.2% and
14.2-10.3% ranges, respectively, and LuAG:Ce substrate lying in the
13.4-10.3% range (Fig. 5b).

137,
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Fig. 4. Pulse height spectra of LuAG:Ce substrate (1), LuAG:Pr/LuAG:Ce (2) and LuAG:Sc/LuAG:Ce (3) composite scintillators measured under a-particles excitation
with an energy of 5.4857 MeV of 2*'Am source (a) and under y-ray excitation of *’Cs source with an energy of 661.66 keV (b).
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Fig. 5. Dependence of LY values (a) and energy resolution (b) versus shaping time T of LuAG:Pr/LuAG:Ce (3, 4) and LuAG:Sc/LuAG:Ce (5, 6) composite scintillators
and LuAG:Ce substrates (1, 4) measured under a-particles excitation by >*' Am source with an energy of 5.4857 MeV (1, 3, 5) and y-ray excitations excitation by '*’Cs

source with an energy of 661.66keV (2, 4, 6). T = 0.5, 1, 2, 3, 6 and 10 ys.

5.2. Scintillation decay kinetics

Fig. 6 presents the scintillation decay curves of LuAG:Pr SCF/
LuAG:Ce SC (a) and LuAG:Sc SCF/LuAG:Ce SC(b) composite scintilla-
tors and LuAG:Ce substrates (c), measured under both a-particles and y-
ray excitation (see curves 1 and 2, respectively) (see Fig. 7).

Generally for registration of the difference in the scintillation decay
kinetics of the bulk and film components of composite scintillator, it is
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very important to analyze firstly the decay curves under a—particles and
y-ray excitation of substrates, prepared from bulk crystals of garnet
compounds, in a broad range of decay intensity. Firstly we perform
such analysis for LuAG:Ce substrate with a thickness of 1 mm for the
scintillation intensity decay to 1/e, 0.1 and 0.05 levels (Fig. 6¢ and
Table 2). As one can see from Fig. 6¢, the decay curves of LuAG:Ce SC
substrate under a-particles and y-ray excitation are very close in the
initial stage of decay up to 150ns. In a wider time interval (above
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Fig. 6. Scintillation decay of LuAG:Pr SCF/LuAG:Ce SC (a) and LuAG:Sc SCF/LuAG:Ce SC (b) CSs in comparison with LuAG:Ce SCs (c) substrate under a-particles and
y-ray excitation by >*'Am and *”Cs sources. The optimal time ranges for the scintillation registration using such type CSs are indicated, when the t,/t, ratio reaches

the values above 2.0 (a) and above 2.0 and 1.5 (b).
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intensity of scintillation decay to 1/e, 0.1 and 0.05 levels for LuAG:Pr SCF/
LuAG:Ce SC (2) and LuAG:Sc SCF/LuAG:Ce SC (3) composite scintillators and
reference LuAG:Ce SC substrate (1).

150 ns) the decay curves of LuAG:Ce SC substrate under y-ray excitation
are notably faster than those in the case of a—particles excitation. Most
probably, this is a fundamental behavior of scintillation materials and
can be connected with the peculiarities of interaction of a-particles and
y-quanta with the scintillator material [26].

We can expect that the rate of separation of the scintillation signal
at the registration of a-particles and y-rays can be significantly im-
proved in the composite epitaxial structures based on the films and
crystals of different oxide compounds in comparison with crystal-scin-
tillators. Indeed, for LuAG:Pr SCF/LuAG:Ce SC structure the scintil-
lating signal coming from the SCF and SC components of composite
scintillator can be separated in the whole time interval from 0 to
700 ns (Fig. 6a). Close situation is observed in the case of LuAG:Sc SCF/
LuAG:Ce SC structure (Fig. 6b). The separation of the signal coming
from SCF and SC substrate parts of this composite scintillator can be
obtained also in the whole time interval, especially in the 200-900 ns
range where the scintillation response under a-particles excitation is
significantly slower than that under y-ray excitation.

The above mentioned conclusions are confirmed also by comparison
of the differences in the decay times at 1/e, 0.1 and 0.05 levels for the
decay curves under a—particles and y-quanta excitation (so called t,,t,
ratio) in LuAG:Pr SCF/LuAG:Ce SC and LuAG:Sc SCF/LuAG:Ce SC
composite scintillators and the reference LuAG:Ce crystal (Fig. 7). As
one can see from this figure, the t,,t, ratio is notably higher (0.27-0.35)
in LuAG:Pr SCF/LuAG:Ce SC composite scintillator than that in
LuAG:Ce crystal. The differences in the t,/t, ratio do not significantly
change for LuAG:Pr SCF/LuAG:Ce SC composite scintillator, at different
registration levels and can be presented in Fig. 7 as the vertical line
with small slope (curves 2). This means that separation of scintillation
from the SCF and SC components of such composite scintillator can be
obtained with the maximal possible rate at all suitable decay levels in
the 0-700 ns time interval due to the faster by 3-4 times scintillation
response under o—particles excitation in comparison with the response
under y-ray excitation (Table 2).

In LuAG:Sc SCF/LuAG:Ce SC composite scintillators, the tq,t, ratio
is also significantly higher at 1/e and 0.01 levels than that in LuAG:Ce
crystal. Meanwhile, the differences in the t,/t, ratio significantly
change for such type of composite scintillator at different registration
levels and can be presented in Fig. 6 as the vertical line with large slope
(curves 3). This means that the optimal separation of scintillation from
the SCF and SC components of such composite scintillator can be ob-
tained with maximal rate in the time intervals 200-900 ns where the
scintillation response under a-particles excitation is by 1.5-2.2 time
slower than that corresponding to the case of y-rays excitation
(Table 2).

598

Optical Materials 84 (2018) 593-599

6. Conclusion

Two new types of advanced composite scintillators based on the
LuAG:Pr and LuAG:Sc single crystalline films (SCF) with the thickness
from 10 to 15um and LuAG:Ce substrates with a thickness of 1 mm
were produced by the LPE method from melt solutions using PbO-B,05
flux.

For the characterization of the luminescent and scintillation prop-
erties of LuAG:Pr and LuAG:Sc SCF and bulk crystal parts of composite
scintillators, the absorption spectra, CL spectra and scintillation decay
kinetics under a—particles excitation by 241Am (5.5 MeV) source and Y-
ray excitation by *”Cs (0.662 MeV) source were applied.

Under y-ray and o-particle excitations, the notable differences in
the scintillation decay kinetics of LuAG:Pr SCF/LuAG:Ce SC and
LuAG:Sc SCF/LuAG:Ce SC composite scintillators are observed. Such
differences can be characterized by the t,/t, decay time ratio, which for
the mentioned composite scintillators occurs within the 0.27-0.35 and
1.1-2.2 ranges, respectively, at scintillation decay intensity within two
decades from the 1/e level down to 0.05 level.

The LuAG:Pr SCF/LuAG:Ce SC composite scintillator possesses some
advantage with respect to LuAG:Sc SCF/LuAG:Ce SC counterpart due to
the fact that scintillating signal coming from the SCF and SC compo-
nents of the first type composite scintillator can be separated with the
largest t,/t, decay time ratio in the whole time interval from 0 to 700 ns.
Meanwhile, in LuAG:Sc SCF/LuAG:Ce SC composite scintillator the
signal coming from the SCF and SC components also can be simply
separated with the large t,/t, decay time ratio in the time interval from 200
to 900 ns. Thus, both types of the above mentioned composite scintil-
lators can be successfully applied for separation of the signals coming
from their film and bulk parts at the registration of the mixed radiation
fluxes containing a-particles and y-photons.

Concluding, we also hope that after optimization of the concentra-
tion of dopants and scintillation parameters of SCF and substrate scin-
tillators the LuAG:Pr SCF/LuAG:Ce and LuAG:Sc SCF/LuAG:Ce combi-
nation can be concurrent with other combinations of garnet compounds
for creation of composite scintillators for efficient simultaneous regis-
tration of a-particles and y-quanta.
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Alpha and gamma spectroscopy (pulse height spectra and scintillation decay time profiles) were used to study
scintillating properties of composite scintillators systems consisting of single crystalline films (SCF) and single
crystal (SC) substrate plates. a-particles of **’Am of energy 5.4857 MeV and y-quanta of '*’Cs of energy
661.66 keV are used as excitation sources of SCFs or SC substrates, respectively. As SC substrates mainly LuAG:Pr
single crystal plates are used and these plates are characterized by light yield (LY) between 10-21 x 10° ph/
MeV, Energy Resolution (ER) ~5% at 661.66 keV and good proportionality. LuAG:Ce, Lu, GdTb,AG:Ce and Lus.
xTbyxAG:Ce SCFs at x = 0.15-2.285 were prepared by LPE method onto LuAG:Pr substrates and investigated. LY
of LuAG:Ce SCF under a-particles excitation is about of 60% than that of LuAG:Pr SC substrate. The LY of Lus
Tb,AG:Ce SCFs depend nonlinearly on Tb®* concentration in the 0.15-2.285 range and changed from 60-62% to
106-109%, respectively, in comparison with LY of LuAG:Pr SC substrate. Detailed scintillation decay time
profiles have shown that there are differences between the decay curves of composite scintillators under a-
particles and y-quanta excitations. Such differences are characterized using the t,/t, ratio between the time of
scintillation decay to 1/e, 0.1, 0,05 and 0.02 levels under a-particles excitation (t,) and y-quanta excitation (t,).
From all studied types of composite scintillators, based on the LuAG:Pr substrates, the highest value of t,/t, ratio
can be reached for Lus,TbyAG:Ce SCF/LuAG:Pr SC substrate composite scintillators at Tb content
x = 2.15-2.275, where this ratio is equal to 4.2-6.2 at scintillation decay level of 0.1.

1. Introduction SCF screens were also tested in microradiography and in other appli-
cations such as scintillators for registration of a-, B- or other heavy

The latest development in X- or y-ray high resolution imaging particles, cathodoluminescence screens, and laser accessories

radiography enables to reach imagining of objects of a few pum sizes
[1-3]. Nowadays, the significant progress in high resolution imaging is
obtained using the scintillating screens, based on single crystalline films
(SCF) from various oxide compounds of garnet structure (e.g. LuAG:Ce,
LuAG:Pr) prepared by liquid phase epitaxy (LPE) method [4-12]. This
new progress resulted in screens having spatial resolution even in the
submicron range [2,3]. For such a high resolution micro-radiography
the scintillation light generated by X- or y-rays transmitted through
very thin crystalline scintillating plates is detected [2,6]. Thickness of
crystalline plates is between 5 and 100 um and these plates are glued on
a single crystal (SC) substrate material. But besides crystal plates also

* Corresponding author.
E-mail address: amares@fzu.cz (J.A. Mares).

https://doi.org/10.1016/j.optmat.2019.109268

[8-11,13,14].

Recently, a new technological approach based on the LPE method
was developed for production of SCF based scintillators [3,4,15-18].
The LPE method allows growing thin SCFs with thickness from a few
um up to thick ~100um onto bulk single crystal SC substrates of
0.5-2mm thickness. Besides simple epitaxial structures (SCF and un-
doped substrate crystal) the LPE method enables to prepare also mul-
tilayer scintillating devices consisting from a few SCF layers deposited
onto the same SC substrate [14,16,18]. These advanced kinds are called
“composite” scintillators of phoswich type (phosphor sandwich). The
multilayer SCFs or composite scintillators can be also used to resolve
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different components of ionizing radiation beams, e.g. heavy particles
and y-quanta [14,16].

Main goal of this paper is to show how to characterize and how to
measure scintillating properties of the SCFs and the single crystal sub-
strates. For this purpose, we selected heavy, high Z.¢ and fast LuAG
crystals, doped with Ce®™, Pr®* and Sc®™ ions, as substrates for com-
posite scintillators production. LuAG has density 6.71 g/cm® and ef-
fective atomic number Z.¢ = 58.7 [19,20]. Basic scintillating properties
of SCFs or SC substrates were measured using pulse height spectra (or
theirs scintillating response) [19,21-23]. Scintillating response covers
the following properties as (i) Npheis photoelectron (in phels/MeV) and
light yields (LY in ph/MeV) using chosen type of photomultiplier (PMT)
but later absolute LYs of scintillators were evaluated from Nppeis pho-
toelectron yield, (ii) photopeak energy resolutions (ER) of used energy
of ionizing radiation, (iii) non-proportionality of LY (measured only on
SC substrate crystals) and (iv) scintillation intensity time profiles (de-
cays characterized by t lifetime values) [13,14,24-26].

From various type of composite scintillators we selected a sets of
those based on the LuAG:Pr SC substrates. Namely, we have in-
vestigated several types of composite scintillators, based on the SCF of
LuAG:Ce garnet, and SCFs of mixed Lu,,GdTb,Als05:Ce and Lus.
xIbyAG:Ce garnets with x value rending in the 0.15-2.285 range, grown
by LPE method onto LuAG:Pr substrates. The change of cation content
in the LuyGd; 4 TbyAG:Ce and Lus,Tb,AG:Ce garnets scintillators enable
the effective change of their scintillation properties suitable for creation
of the composite scintillators [18,25]. For comparison, we have also
studied and simulated the scintillating decay time profiles of Lus.
xIDbxAG:Ce (x = 0.64; 1.05 and 2.15) SCFs scintillators, grown onto
undoped YAG substrates with those grown onto LuAG:Pr SC ones under
a-particles and y-ray excitations.

2. Experimental
2.1. Growth of composite scintillators

The sets of three types of composite scintillators based on LuAG:Ce,
Lu, ,GdTbyAG:Ce and LuszTb,AG:Ce (x = 0.15-0.3 and 1.65-2.285)
SCFs and LuAG:Pr substrate (produced by Crytur Ltd., Turnov, Czech
Republic) were grown by LPE method from super-cooled melt solutions
using PbO-B,O3 flux in Institute of Physics UKW in Bydgoszcz
(Table 1). The Tb concentration in the melt solution for SCF growth of
the Tb containing garnets was in the x = 0.15-2.0 range. Taking into
account of the value of segregation coefficient of Tb>* ions at LPE
growth of Lus,Tb,AG:Ce SCFs onto LuAG substrates, been equal to
1.0 at the nominal Tb content in the x = 0.15-0.3 range, and equal to
1.075atTb content in the x =1-2.0 range, the real terbium

Table 1
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concentrations in SCF samples were in the 0.15-0.3 and 1.65-2.285
ranges, respectively. The CeO, activator concentration in the melt so-
lution for growth of all SCF samples was 10%, but due to very low
segregation coefficient of Ce®>* ions at LPE growth onto LuAG sub-
strates, the real Ce>" content in SCF scintillators was in the
0.045-0.0825% range. For comparison, the sets of Lusz,Tb,AG:Ce
(x = 0.65, 1.05 and 2.15) SCF samples were also grown from the same
melt onto YAG substrates (see [25,27] for details). It is important to
note here that we do not used any additional doping for the elimination
of the SCF/substrate misfit between Lu,,GdTb,Als0,5:Ce and Lus;.
«IbyAG:Ce (x = 1.65-2.285) and LuAG:Pr substrate as well between
Lus.4Tb,AG:Ce (x = 0.65-2.15) SCFs and YAG substrate.

2.2. Investigation of scintillation characteristics

Three kinds of ionizing radiation could be used to excite and mea-
sure scintillating properties of the SCFs or composite scintillators and
the SC substrates. These ionizing radiations are a- and B-particles and y-
quanta [22]. It is necessary to note that each of these ionizing sources
interact differently with SCFs and SC substrates. Main difference be-
tween SCFs and the SC substrates is caused due to large difference
between thickness of SCFs (1-80 um) and SC substrates (0.5-2 mm). If
we use y-quanta for excitation of scintillation as 661.66 keV energy of
137Cs radioisotope, a total attenuation coefficient of LuAG SC substrate
is of about 0.095 cmz/g (see Fig. 1 and [24]) and this value allows
excitation of scintillation in SC substrates but practically not of very
thin SCFs. In opposite to y-ray interaction, where mainly Compton
scattering is present [20], a-particles (He?™" ions) interact immediately
with electrons of the ions in SCF lattice and their penetration depth in
LuAG garnet is about 10-12 um [26]. Therefore, a-particles can excite
only SCF layers while y-ray quanta excite primarily the SC substrates
and almost no SCF. For B-particles (high energy electrons) with average
energy of 1.1 MeV their penetration depth in LuAG should be around of
0.8 mm [22]. Fig. 2 presents schema of transmission of a-particles and
y-quanta through SCF LuAG crystal and similar garnet structure crys-
tals. From above mentioned properties of ionizing radiation we can
conclude that for measurements of scintillating properties of SCFs or
composite scintillators we should use (i) alpha spectroscopy - a-parti-
cles for scintillating response of SCFs and (ii) gamma spectroscopy - y-
quanta for scintillating response of the SC substrates [19,21,28,29].
Scintillation measurements of pulse height spectra using both a-parti-
cles and y-quanta excitation sources were carried in two basic config-
uration:

(a) a-particle un-collimated source is placed directly on the upper
sample area of measured samples (SCF/substrate, composite

Scintillation properties of LuAG:Ce SCF/LuAG:Pr SC substrate, Lu; ,Gd Tbg 3AG:Ce SCF/LuAG:Pr SC and Lus ,Tb,AG:Ce SCF/LuAG:Pr SC (x = 0.15. 1.65 and 2.285)
composite scintillators and LuAG:Pr SC substrate measured under a-particles excitation of >*!Am (5.4857 MeV) and vy-rays quanta of *’Cs (661.66 keV) at shaping

times from 0.5 to 10 ps (*from 3 to 6 ps).

LY [ph/MeV] excitation 2'Am a-
rays from 0.5 to 10 ps < Para

Sample SCF/Substrate Sample

thickness [um]

LY [ph/MeV] excitation **’Cs y-
rays from 0.5 to 10 ps < Para

ER (%) at 5.4857 MeV of
241Am a-rays from 0.5 to 10

ER (%) at
661.66 keV

Run-on- > Run-on- > us of ¥7Cs y-rays
from 0.5 to 10 ps
LuAG:Pr SC substrate 1 mm 3057-4372 9718-12764 16.9-28.4 Photopeak
4.1-2.1
LuAG:Ce SCF/LuAG:Pr SC 27 1895-2622 9680-15414 13.7-22.7 14.1-13.4
Luz.gsTbg 15AG:Ce SCF/LUAG:Pr 15 1721-2339 6597-11147 17.8-43.5 16.5-15.2
SC
Lu; ,GdTbg 3AG:Ce 20 547-835 6129-9853 23.3-65.9 14.9-13.9
SCF/LuAG:Pr
Luy 35Tb; 6sAG:Ce SCF/LUAG:Pr 38 1703-2252* 7438-7149* 21-22.5*% 14.2-15.6*
SC
Luo.715Tb2 285AG:Ce SCF/ 32 3234-4707* 7821-9107* 31.7-9.6* 18.8-12.7*

LuAG:Pr SC
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Fig. 1. Linear attenuation coefficient of LuAG crystal calculated from X-Ray and

Gamma-Ray Data [24].
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Fig. 2. Schema of transmission of a-particles and y-quanta through SCF and the
substrate (h — thicknesses of SCF are in the range 1 pum up to 100 um, thick-
nesses of substrates are in the range 0.5-2 mm and d,., — penetration depths of
the a-particles are of about 10-12um for heavy (Lu,Gd) based or multi-
component garnets [26].

scintillator or even the SC substrates) and the lower sample area is
in contact with the photocathode window via thin silicon oil layer
used for improves light connection with the photocathode
[19,21,26].

(b) At y-quanta excitation samples are usually covered with Teflon tape
with an exception of the lower sample side which is in direct con-
tact with the photocathode window via silicone oil again. The used
y-quanta sources are un-collimated ones are placed a few mm (be-
tween 2 and 8 mm) above upper sides of the samples.

From different a-particles and y-quanta radioactive sources we used
those “stable” with relatively long half-life as (i) a-particle source
21Am of energy 5.4857 MeV or (ii) y-quanta source '3’Cs of energy
661.66 keV. Both these sources have half-lives ~450 years and ~30
years, respectively, and they allow reliable scintillation response mea-
surements (Nppes photoelectron and absolute LY yields, energy re-
solution, non-proportionality and decay time profiles) [12,15-17].

Real measurements of scintillating properties of SCF/substrate,
composite scintillators and the SC substrates were carried out with
“special” hybrid photomultiplier (HPMT) which consists of only a front
photocathode and an anode which is Si/PIN diode [19,21,22,28,29].
The whole set-up consists of that special HPMT with preamplifier
(Model DEP PP0475B, the Netherlands), an ORTEC model 672 spec-
troscopy amplifier, an ORTEC model 972TM multichannel buffer and a

Optical Materials 96 (2019) 109268

control PC. This set-up was calibrated in photoelectrons (Nppe1s photo-
electron yield) using single, double and multi-photoelectron peaks [21].
Light Yield (LY) in photons/MeV was determined using (i) average
quantum efficiency < Qav. > and by (ii) set-up has high light collection
efficiency from sample into HPMT (maximizing of reflection of gen-
erating scintillating photons into HPMT). < Q.. > was calculated by
integration of wavelength dependent Q.g(\) of the used HPMT (values
of Qc(A) were given by the manufacturer) with wavelength dependent
scintillation intensity I(A) in the wavelength range of scintillation
emission spectrum [28,29]. The set-up we used allows Nppes photo-
electron yield measurements using shaping times from 0.5 to
10ps [13,19]. Measurements of pulse height spectra was carried out
using MAESTRO program which includes single Gaussian fits of mea-
sured photopeak bands. The energy dependent Ny,c15(E) peaks and half-
widths FWHM(E) were determined from the Gaussian fits and so LY(E)
and Energy resolutions (ER) were from the fits calculated.

Scintillation time decay profiles were measured again using either
with a-particles of 2*!Am of energy 5.4857 MeV or with y-quanta of
energy 661.66 MeV of *”Cs. Samples were put onto front photocathode
window (with silicone oil between) of Hamamatsu PMT R375 and the
radioactive sources are placed (i) on upper side of samples if a-particles
were used or (ii) a few mm above upper side of samples if y-quanta
were used but upper sides of samples were covered by Teflon tape again
[19,26]. Output signal from the used PMT is detected by an oscilloscope
500 MHz Tektronix TDS 3052S. a- particles and y-quanta generate ac-
cidentally scintillating photons in measured samples and individual
scintillating decays are recorded by the oscilloscope and finally the
decays are summarized and averaged using PC.

3. Results and discussions
3.1. Characterization of scintillating properties of the SC substrates

LUAG crystals doped with Ce®*, Pr®* and Sc®* are used as SC
substrates for SCFs [13,16,17]. The cathodoluminescence of LuAG
crystals with these dopants are presented in Fig. 3(a) and (b). The most
intense broad emission bands are peaking at =515nm (Ce®**), at
~310nm (Pr>") and at =260 nm (Sc3T). Pulse height spectra of LuAG
substrate crystals, doped with Ce*>*, Pr®* and Sc®* ions, measured at
661.66 keV energy of **”Cs radioisotope are presented in Fig. 4. Photo-
peak positions of Ce**, Pr** and Sc®* dopants depends on (i) the main
emission peak and on (ii) on the quantum efficiency curve of used
HPMT (details in [19,21]). These pulse height spectra of 661.66 keV
energy of '*Cs show the main photo-peaks and additionally the escape-
peaks, which are lying on low energy side of the main photo-peak.
These escape peaks are observed on Pr®* and Sc* dopants clearly but
that on Ce®*-doped such observation is less considerable [15]. Besides
the photo- and escape peaks, low-energy **’Cs peaks are observed also
at 32.006 keV. All these pulse height spectra were measured on 1 mm
thick LuAG crystal samples from which the SC substrates were pre-
pared.

Scintillating response Nppeis photoelectron yields (and evaluated
absolute LY values) were measured using different shaping times 0.5, 1,
2, 3, 6 and 10 ps. LY values for each shaping time are given in Fig. 5.
Ce®**, Pr** and Sc®* doped LuAG crystals can be characterized by the
following scintillating properties:

(a) LuAG:Ce can reach LY = 15-28 x 10® ph/MeV in the shaping time
range 0.5-10 ps, ER at 661.66 keV is = 9% and nonproportionality
(at 1 ps shaping time) is in the range 70-100% from 10 to 1300 keV;
change beginning of this row

(b) LuAG:Pr can reach LY in the range = 10-21 X 10° ph/MeV in the
shaping time range 0.5-10 ps, ER at 661.66 keV is ~5% and non-
proportionality (at 1 ps shaping time) is in the range 80-100% from
10 to 1300 keV;

(c) LuAG:Sc can reach LY in the range ~ 16-22 x 10° ph/MeV in the
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Fig. 3. Cathodoluminescence spectra of the components of composite scintillators: LuAG:Pr crystal substrate (1a and 1b), LuAG:Ce SCF (2a), Luy gsTbg 15AG:Ce SCF
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Fig. 4. Pulse height spectra of Ce**, Pr®* and Sc®* doped LuAG crystals under

excitation by the energy 661.66 keV of y-ray radiation of *’Cs radioisotope
(measured using HPMT set-up with shaping time 10 ps).

shaping time range 0.5-10 ps, ER at 661.66 keV is ~5% and non-
proportionality (at 1 ps shaping time) is in the range 60-100% from
10 to 1300 keV.

ER values will be discussed in the next part 3.2. and non-pro-
portionality (related to LY value at 661.66 keV) was evaluated from LY
energy dependence measured at various energies in the energy range
10-1300 keV (details of these measurements will be published later).
Results of investigation basic scintillating parameters have shown that
Ce®**, Pr®”" and Sc®* doped LUAG crystals have appropriate parameters
to be used as SC substrates for composite scintillators.

3.2. Characterization of scintillating properties of SCFs

For characterization of scintillating properties of composite scintil-
lators of SCF/substrate type, we selected two groups of samples based
on the LuAG:Pr SC substrates. Firstly, the samples of LuAG:Ce SCF/
LuAG:Pr SC, Luy g5Tbg.15AG:Ce SCF/LuAG:Pr SC and
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Fig. 5. LY as a function of shaping times of the substrates Ce>*, Pr®* and Sc*
doped LuAG single crystals measured using HPMT set-up (shaping times in the
range 0.5-10 ps)

Lu; ,GdTbg 3Al50,5:Ce SCF/LuAG:Pr SC composite scintillators and
reference LuAG:Pr SC substrate were investigated in detail. Later the set
of Lus ,Tb,Als0;,:Ce SCFs/LuAG:Pr SC substrate composite scintillators
were grown at x = 1.65 and 2.285 and ones properties were in-
vestigated in comparison with properties of the first group.

Pulse height spectra of the first group of composite scintillators and
LuAG:Pr substrate under a-particles excitation by energy 5.4857 MeV
energy of 2*'Am radioisotope are presented in Fig. 6. Besides the main
broad peak of total absorption of a-particles of 5.4857 MeV of 2*'Am
the narrow y-quanta photopeak at energy 59.54keV of >*’Am radio-
isotope is also observed.

Under a-particles excitation by ?*' Am radioisotope (see Fig. 6)
observed pulse height spectra of composite scintillators and LuAG:Pr
substrate consist of wide bands peaking at different channel number
values. Evaluated LY yields for the shaping times 0.5-1 — 2-3 — 6-10 s
are displayed in Fig. 7 and in Table 1. The highest LY ~60% of that of
LuAG:Pr SC substrate under a-particles excitation exhibits composite
scintillator on the base of LuAG:Ce SCF/LuAG:Pr SC substrate.
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Fig. 6. Pulse height spectra of composite scintillators based on the LuAG:Ce
SCF, LupgsTbp15AG:Ce SCF and Lu; ;GdTbg 3Als0;15:Ce SCF grown onto the
same LuAG:Pr SC substrate, under excitation of a-particles of *'Am of energy
5.4857 MeV (measured using HPMT set-up with shaping time 3 ps).

—®— LuAG:Pr substrate *'Am a
=== LuAG:Pr substrate *'Cs g
~®— LuAG:Ce SCF/LUAG:Pr sub *'Am a
- ~®-- LuAG:Ce SCF/LUAG:Pr sub ""Cs g
e - Luz_ssTb0_15AG:CeSCF/LuAG:Pr sub **'Am a

10° |
- | "™~ Lu,_GdTb__Al O :Ce SCF/LUAG:Pr sub **'Am a
1.7 03 5 12
> T
o T e R
.-
= 10° -
c L
& r
> (./"’"’—' v 3
‘—‘:'-‘--"--- 3
1000 - R e
S
A
100 T S S S S S | . |
0 2 4 6 8 10 12

Shaping time [us]

Fig. 7. LY as a function of shaping times of the composite scintillators based on
the same LuAG:Pr SC substrate with the following SCF's - LuAG:Ce,
Lu, g5Tbo.15AG:Ce and Lu; ,GdTbg 3 AlsO;2:Ce under excitation either by a-
particles of 2*!Am radioisotope (5.4857 MeV) or y-quanta of '*’Cs of energy
661.66 keV (measured using HPMT set-up).
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same LUAG:Pr SC substrate under excitation of y-quanta of '*’Cs of energy
661.66 keV (measured using HPMT set-up with shaping time 3 ps).
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Lu, g5Tbg.15AG:Ce SCF and Lu; ,GdTbg 3Al50;,:Ce SCF under excitation either
by a-particles of 2*' Am radioisotope of energy 5.4857 MeV or y-ray radiation of
137Cs of energy 661.66 keV (measured using HPMT set-up).
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Table 2

Scintillation decay parameters of the LuAG:Pr SC substrate and LuAG:Ce SCF/LuAG:Pr SC, Lu; ,Gd Tbg 3AG:Ce SCF/LuAG:Pr SC and Lus ,Tb,AG:Ce SCF/LuAG:Pr SC

(x = 0.15. 1.65 and 2.285) composite scintillator under by a-particles of **'Am
column at the left).

(5.4857 MeV) source and y-quanta by '*’Cs (661.66 keV) source (compositions see

Tfase [n5]/(relat. amp) %

Tgow(1) [ns]/(relat. amp) % Tgow(2) [ns]/(relat. amp) %

Sample Excitation

LuAG:Pr substrate a-particles 20.5 (92.7)
LuAG:Pr substrate y-rays 23.1 (92.7)
LuAG:Ce SCF/LuAG:Pr SC a-particles 26.5 (85.4)
LuAG:Ce SCF/LuAG:Pr SC y-rays 21.2 (82.4)
Luy g5Tbg 15AG:Ce SCF/LuAG:Pr SC a-particles 24.3 (88.4)
Luy g5Tbg 15AG:Ce SCF/LUAG:Pr SC y-rays 21.1 (85.1)
Lu, ,GdTb, 3AG:Ce SCF/LuAG:Pr SC a-particles 23.6 (89.5)
Lu, ,GdTbg 3AG:Ce SCF/LuAG:Pr SC y-rays 22.0 (90.7)
Lu, 35Tb; 5AG:Ce SCF/LuAG:Pr SC a-particles 31.0 (86.4)
Lu; 35Tb; 5AG:Ce SCF/LuAG:Pr SC y-rays 40.7 (85.4)
Lug 715Tbs 285AG:Ce SCF/LuAG:Pr SC a-particles 53.3 (84)
Lug.715Tbs 285AG:Ce SCF/LuAG:Pr SC y-rays 58.8 (89)

108 (4.9) 996 (2.4)
121 (4.6) 937 (2.7)
99.3 (11.1) 965 (3.5)
81.1 (14.6) 991 (3)
103 (8.5) 1010 (3.1)
79.2 (11.9) 969 (3.0)
91.7 (7.4) 1007 (3.1)
106.1 (6.6) 1022.1 (2.7)
454 (11.7) 6067 (1.8)
273 (11.7) 3226 (2.8)
395 (12.8) 3667 (2.7)
608 (8.4) 4252 (2.6)

Menwhile, Tb®>* codoping of LuAG:Ce SCF in concentration range
x = 0.15-0.3 leads to the decrease of LY of SCFs scintillators (see Figs. 6
and 7); and the LuygsTbg15AG:Ce SCF/LuAG:Pr SC and
Lu; ,GdTbg 3A15015:Ce/LuAG:Pr SC composite scintillators exhibit less
intense LY than that mentioned above (Table 1). Most interesting here
is that the LY of highly Tb®* doped Lus,Tb,AG:Ce (x > 2) is com-
parable and even little bit large that that in LuAG:Pr substrate (Table 1).

Pulse height spectra under y-quanta excitation by the energy of

661.66 keV of '*”Cs radioisotope of first group of composite scintillators
under study are presented in Fig. 8. Besides the '*”Cs photopeaks, the
escape peaks were observed also on low energy sides of the photopeaks
(see. Fig. 8). Apart the photo- and escape peaks, the low-energy **’Cs
peak are observed also at 32.006 keV.

It is important to note, that we have observed different positions of
137Cs  photopeaks from the LuAG:Ce SCF/LUAG:Pr SC,
Lu, g5Tbg.15AG:Ce SCF/LuAG:Pr and Lu; ,GdTbg 3 Als0;,:Ce/LuAG:Pr
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Table 3
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Time dependence of scintillation intensity decays from the initial value at t = O to values 1/e, 0.1, 0.05 and0.02 level for LuAG:Pr SC substrate and LuAG:Ce/
LuAG:Pr, Luy gsTbg 15AG:Ce/LUAG:Pr and Lu; 75GdTbg 3AG:Ce/LuAG:Pr composite scintillators.

Intensity decay level LuAG:Pr substrate LuAG:Ce/LuAG:Pr Lu, g5Tbg.15AG:Ce/LuAG:Pr Lu; 75GdTbg 3AG:Ce/LuAG:Pr
t, [ns] ty [ns] t, [ns] ty [ns] t, [ns] ty [ns] t, [ns] ty [ns]
1/e 47.5 44.4 50.6 55.3 47.9 51.4 50 50
0.1 110.25 102.4 138.6 155.4 122.4 134.0 126.1 126.1
0.05 250.4 231.3 295.6 326.7 254.7 315.4 306.2 306.2
0.02 1090.5 1145
0.4 3.3. Scintillation decay time profiles of composite scintillators
] * 4o s - .
. 1-LuAG:Pr crystal Scintillation decay time profiles of LuAG:Ce SCF/LuAG:Pr SC,
[2) ! *  2-LuAG:Ce/LuAG:Pr Ly, g5Tbo 15AG:Ce/LuAG:Pr SC, Lu; ,GdTbo 3AG:Ce SCF/LuAG:Pr SC,
=0.3 1 3-Lu,  Tb . _AG:Ce/LUAG:Pr
S . .85 Do.15 Lu; 35Tb; 65AG:Ce/LuAG:Pr and Lug 715Tbs 255AG:Ce/LuAG:Pr compo-
. ' . 4-Lu, ,GdTb AG:Ce/LUAG:Pr site scintillators and as well as LuAG:Pr SC substrate have been mea-
2 e sured under a-particles (**'Am) and y-quanta (**’Cs) excitation.
30 2 . Additionally we have simulated scintillation decay time profiles for Lus.
2> LI 2 xIby AG:Ce SCFs at x = 0.65; 1.05 and 2.15, grown mainly onto YAG
z) 4 L substrates [25,27], under a-particles excitation with decay profile of
o e LuAG:Pr substrate under y-quanta excitation. We have calculated either
= 01k A ‘1 i 3 (i) scintillation decay intensities at values 1/e, 0.1, 0.05 or 0.07 and

H—

to/ty

Fig. 11. A plot of t,/t, ratio of the decay time under a- and y-excitations on
intensity of scintillation decay to 1/e, 0.1 and 0.05 levels for LuAG:Pr SC
substrate (1), LuAG:Ce SCF/LuAG:Pr SC (2), Lu, g5Tbg.15AG:Ce SCF/LuAG:Pr SC
(3) and Lu; ;GdTbg 3AG:Ce SCF/LuAG:Pr SC (4) composite scintillators.

epitaxial structures. The lagest LY is observed in LuAG:Ce SCF/LuAG:Pr
SC sample, when for last epitaxial structures the LY is decreased with
incresing of Tb content in 0.15-0.3 range in SCF samples. That means
that LY of SCF scintillatiors is notable influenced on the total scintil-
lation LY of (Lu,Gd,Tb)AG:Ce based SCFs/LuAG:Pr SC composite scin-
tillators under y-quanta excitation.

In our opinion, such unwanted properties of composite scintillators
under study can be related mainly to use of LuAG:Pr substrate. Recently
we have investigated the scintillation properties of LuAG:Pr SCE/
LuAG:Ce SC and LuAG:Sc SCF/LuAG:Ce SC composite scintillators [16].
Meanwhile, for such types of composite scintillators, the positions of
main photo-peaks under y-quanta excitation by '*’Cs source is quite
close to the peak position in LuAG:Ce substrate [16]. Similar behaviour
were observed also for Lu;sGd; sAl,Gaz0;5:Ce SCF/GAGG:Ce and
TbAG:Ce SCF/GAGG:Ce SC composite scintillators, where no influence
of SCF components on the position of main photo-peak of composite
scintillors is observed under y-quanta excitation [14]. For this reason,
we can conclude, that the difference in the possition of photo-peaks of
composite scintillators and substrate under under y-quanta excitation is
observed only in the case when the emission spectra of substrates are
strongly different with respect to the luminescence spectrum of SCFs
(Fig. 3).

Detailed values of LYs of the first group of composite scintillators
both under a-particles and y-quanta excitation are summarized in
Table 1 (or are sketched in Fig. 7). Table 1 presents also ER values
under a-particles and y-quanta excitation and these values as function
of shaping times are presented in Fig. 9. Under y-quanta excitation by
661.66 keV of *’Cs the best ER has one of LuAG:Pr substrates ~5%
while other LuAG:Ce and LuAG:Sc substrates have ER higher ~14-16%.
Under a-particle excitation the ER of 5.4857 MeV of 2*!Am of the
substrates and SCF‘s are in the range 15-25% (see Fig. 9 and Table 1).

0.02 (this last value was calculated only for LuAG:Pr SC substrate) or
(ii) fits of individual decay time curves were carried using 3-ex-
ponential approximation [12,14,25,27]. We have also calculated a ratio
to/t, of scintillation time decay intensities at above given decay in-
tensity values for a-particles or y-quanta excitation.

Detailed results of scintillation decay time curves of composite
scintillators based on LuAG:Pr SC substrate are sketched in Fig. 10 (a) —
(d), parameters of 3-exponential fits are presented in Table 2 and se-
lected decay time intensities levels t, or t, are summarized in Table 3.
Fig. 10(a) shows scintillation decay kinetic of LuAG:Pr SC substrate
under a-particles and y-quanta excitation. This crystal has almost the
same values of the fast decay lifetimes tgy (o) = 20.5 ns and
Trast(Y) = 23.1 ns and their relative amplitude is the same ~ 92.7%. On
LuAG:Pr SC substrate we have observed slower decay components with
lifetimes ~110 ns and 1000 ns but both have very low relative ampli-
tude (see Table 2). Other decay time curves 10(b), 10(c) and 10(d) are
decay time curves of investigated composite scintillators under a-par-
ticles and y-quanta excitation. Here, for all three composite scintillators
we have observed small differences between under a-particles and y-
quanta excited decay time curves. Detailed explanation of behaviour of
decay time curves from Fig. 10 can explain a plot of selected decay time
intensity values versus tq,t, ratio presented in Fig. 11. These plots of t,,
t, and intensities of scintillation decays to 1/e, 0.1 and 0.05 levels for
LuAG:Pr SC substrate (1) as well as for LuAG:Ce SCF/LuAG:Pr SC (2),
Lu, g5Tbg 15AG:Ce SCF/LuAG:Pr SC (3) and Lu; ,GdTbg 3AG:Ce SCF/
LuAG:Pr SC (4) composite scintillators show differences between decay
curves under a-particles or y-quanta excitations of composite scintil-
lators. Parameter A (definition see Fig. 11 (a)) shows a plot of difference
between t/t, ratios for individual composite scintillators. Figs. 10 and
11 show the most important result that there is possibility of simulta-
neous registration of a-particles and y-quanta by the way of separation
of the scintillation decay time profiles of LuAG:Pr substrate crystals
(Fig. 10(a)) and those of various composite scintillators based on the
LuAG:Ce SCF/LuAG:Pr SC (Fig. 10(b)); Lus gsTbg.15AG:Ce SCF/LuAG:Pr
SC (Fig. 10(c)) and Lu, ,GdTb, 3AG:Ce SCF/LuAG:Pr SC (Fig. 10(d))
epitaxial structures.

Finally, we also add one of the newest important results which is
connected with the consideration of possibility of the creation of Lus.
xIbxAG:Ce SCF/LuAG:Pr SC substrate composite scintillator at
x = 0.65-2.285 [25,27]. Fig. 12 (a) presents of simulation of the dif-
frences in scintillation decay kinetic of Luz ,Tb,AG:Ce SCFs at x = 0.65;
1.05 and 2, grown onto YAG substrates, under a-particles excitation,
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Fig. 12. (a) - simulation of the scintillation decay of Lus_,Tb,AG:Ce SCF/LuAG:Pr SC composite scintillators at Tb content x = 0.65 (2); 1.05 (3) and 2.15 (4) under y-
ray (1) and a-particles (2-4) excitation by '*’Cs and 2*'Am sources, respectively. (b, ¢) - scintillation decay curves of Lus Tb,AG:Ce SCF/LuAG:Pr SC composite
scintillators at Tb content x = 1.65 (b) and 2.285 (c) under a-particles (1) and y-ray (2) excitation by mentioned above sources.

Table 4
Time dependence of scintillation intensity decays from the initial values at t =0 t
scintillators at x=0.65; 1.65, 2.15 and 2.275.

o 1/e, 0.1 and 0.05 levels for Lus ,Tb,Al50;,:Ce SCF/ LuAG:Pr SC composite

Intensity Decay level Luy.35Tbg.65A15012:Ce / Luy 35Tb1.65A15012:Ce / Lug g5Tbo.15Al5012:Ce/ Lug 71Tbz.275A15012:Ce /
LuAG:Pr LuAG:Pr LuAG:Pr LuAG:Pr
tq [ns] t, [ns] tq [ns] t, [ns] tq [ns] t, [ns] tq [ns] t, [ns]
1/e 51.3 54 101.3 107.2 45.4 56.8 109.5 70.3
0.1 184 141.5 540 373 863 139.2 744 178
0.07 1484.5 622.5
0.05 445 296.7 1138 863 1284

and LuAG:Pr substrate under y-quanta excitation (parameters of scin-
tillation decay of measured scintillators are given in Table 4). As can be
seen from Fig. 12 (a) and Table 4, in the Tb3* containing garnets (as
lattice ions) due to an effective Th>* —Ce®* energy transfer and elon-
gation of the decay time of Ce®>* luminescence [18,27], the significatly
large differences between t, and t, scintillation decay intensities values
are observed in Lus,Tb,AG:Ce SCFs/LuAG:Pe composite scintillators
when the Tb®* cation concentration is above x = 1.5. Therefore, we
were supposed here, that in the case of successful crystallization of Lus.
«IbyAG:Ce SCFs onto LuAG:Pr substrate at x > 1.5, the separation of
the scintillation signal under a-particles and y-quanta excitation can be

significantly higher.

The following results on LPE growth to confirm such our assump-
tion. The crystallization of Luz yTbyAG:Ce SCFs onto LuAG:Sc substrates
at nominal Tb content x = 1.5 and 2.0 at significant (above 1%) SCF/
substrate lattice misfit were sucsesfully performed in the fist time. In
such way the two sets of Lus ,TbyAG:Ce SCFs/LuAG:Pr SC composite
scintillators were created with real Tb content x = 1.6-1.65 and
2.275-2.285 in the SCF samples, respectively. The results of the in-
vestigation of the scintillation decay kinetic of this group of composite
scintillators under a-particles and y-quanta excitation are presented in
Fig. 12 (a) and (b) and Table 4. We can see from these Figures and
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Fig. 13. A plot of ty/t, ratio of the decay time under a- and y-excitations on
intensity of scintillation decay to 1/e and 0.1 levels for LuAG:Ce SCF/LuAG:Pr
SC (1) and Lu3 4 Tb,AG:Ce SCF/LuAG:Pr SC composite scintillators at Tb content
x = 0.65 (2), 1.65 (3), 2.15 (4) and 2.285 (5).

Tables that the differences between t, and t, scintillation decay in-
tensities values are notable incresed with incresing Tb content in Lus.
xIbyAG:Ce SCF samples in x = 1.6-2.285 range. Moreover, the highest
separation of decay curves is observed in case when the Tb®* cation
concentration is large that 2.0. In this case the respective t,/t, ratio can
reach the values above 4.2 in the 0.1-3 ps time range (Fig. 13 curve 5).

Taking into account the results, presented in Fig. 12 (a) for
LuggsTbs15AG:Ce  SCF/LuAG:Pr SC and in Fig. 12 (c) for
Lug.725Tb, 275AG:Ce SCF/LuAG:Pr SC epitaxial structures, we can claim
in this paper the creation of the new effective composite scintillator for
detection and resolving of a-particles or y-quanta in ionizing radiation.
These scintillators are based on the epitaxial structures of Lus.
«I'byAG:Ce SCF with Tb content x above 2.0 and LuAG:Pr SC substrate.
For this type of scintillator at Tb concentraton in the 2.15-2.285 range
the respective t,/t, ratio can reach the values of 4.2-6.2 at scintillation
decay level of 0.1.

4. Conclusions

This work presents the results of investigation of advanced com-
posite scintillators consisting of SCF scintillators, based on the mixed
garnet compounds, grown by the LPE method onto the substrate-scin-
tillators prepared from the doped bulk LuAG crystals. Pulse height
spectra under (i) a-particles excitation by **'Am radioisotope allow
obtaining scintillation response only from SCF scintillators if their
thickness is higher (> 10 um) than a-particles penetration depth. Under
y-quanta excitation by 1%”Cs radioisotopes the scintillation response of
composite scintillators is caused mainly by the LuAG:Pr SC substrate
due to very small absorption of these quanta in the SCF scintillators.

We have investigated different SC substrates for creation of the
composite scintillators using LPE growth method, producing from
LUAG:Pr, LuAG:Ce and LuAG:Sc SCs. Pr®*, Ce®** and Sc®* doped LUAG
SCs show suitable scintillating properties as (i) LYs ~ 15-28 x 103, 10-
21 x 10% and 1 x 10® ph/MeV, respectively, (ii) LuAG:Pr has the best
energy resolution ~5% at 661.66 keV and (iii) LY proportionality of
these crystals is between ~70 and 100% in the energy range
10-1300 keV. Therefore, all these doped LuAG SC crystals can be con-
sidered as good substrates for creation of composite scintillators using
LPE growth method. Namely, these type of substrates with thickness
about of 1 mm enable detecting of y-quanta of **’Cs radiation or similar
ones (e.g. *Na, >*Mn or %°Co).

LuAG:Ce, Lu; ,GdTbg 3AG:Ce and LusTb,AG:Ce (x = 0.15-2.285)
SCFs were prepared onto LuAG:Pr SC substrates. These SCFs have
thicknesses above 10 um which exceeds the penetration depths of a-

Optical Materials 96 (2019) 109268

particles of *'Am in LuAG garnet [26,30]. Using this radioisotope, we
characterized the scintillating properties of above mentioned SCFs and
observed that in the shaping time range 0.5-10 s (i) the LY of LuAG:Ce
SCF is about of 60% in comparison with LuAG:Pr SC substrate; (ii) the
LY of Lu34Tb,AG:Ce nonlinearly changing at change of Tb concentra-
tion in the 0.15-2.285 range from 59 to 62% for Lus,TbyAG:Ce to
106-109% for Lug725Tbs 255AG:Ce; (iii) the SCF scintillators show
comparable ER with one for LuAG:Pr substrate under excitation by
5.4857 MeV line of **'Am isotope (of 13-40% and 17-28%, respec-
tively).

Scintillating decay time profiles of both LuAG:Pr SC substrate and
those of SCFs under a-particles and y-quanta excitation show one fast
component with decay time between 20.5 and 26.5 ns and two slow
components with decay time between 80 and 108 ns and around
1000 ns, respectively. The differences in the scintillation decay time t,/
t, under a-particles or y-quanta excitation both for SCFs and LuAG:Pr
SC substrate are different for the different decay levels of composite
scintillators. Namely, the t,/t, ratio at 1/e and 0.05 levels is changed
between 0.94-0.93 for LuAG:Ce SCF/LuAG:Pr SC and between 1.07 and
1.24 for Luygs Tbg15AG:Ce SCF/LuAG:Pr SC and Lu, ,GdTbg 3AG:Ce
SCF/LuAG:Pr SC.

We also grown of the Lu; ,TbyAG:Ce SCFs at x = 0.65-2.15 onto
undoped YAG substrates [27] and recently grown of the Lu; ,Tb,AG:Ce
SCFs at x = 1.65-2.285 onto LuAG:Pr SC substrates and investigated
their scintillation properties under a-particles excitation. For the SCFs
of highly doped Tb®* based mixed garnets much slower scintillation
decay time profiles are observed in comparison with Lu, gsTbg 15AG:Ce
and Lu; ,Gd Tby 3AG:Ce SCFs with low Tb content. Taking into account
this result and possibility of LPE growth of Lu;, Tb,AG:Ce SCFs at
x > 1.5 not only onto YAG [27], but also onto LuAG substrates, we can
claim in this work the creation of advanced Lu;,Tb,AG:Ce SCF/
LuAG:Pr SC composite scintillators. For this type of composite scintil-
lators much higher ratio t,/t, ~4.2-6.2 is observed for Lugyzs.
0.85TD2.285.2.15AG:Ce SCF/LuAG:Pr SC substrate epitaxial structures. We
also expected that such type of advanced composite scintillator can be
effectively used to simultaneous detection of various components in the
mixed fluxes of ionizing radiation, including a- or B-particles, ions and
y-quanta.
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1 Introduction

The scintillators are the materials that convert X-ray energy into

ultraviolet (UV) or visible light, which is detected by suitable

photosensitive

detectors,
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Liquid Phase Epitaxy growth of high-performance composite scintillators

based on the single crystalline films and crystals of LUAG garnet

S. Witkiewicz-Lukaszek®", V. Gorbenko?, T. Zorenko?, O. Sidletskiy®, P. Arhipov®,

A. Fedorovs, J.A. Mares?, R. Kucerkova®, M. Nikl¢, Yu. Zorenko®*

Abstract. This work is devoted to the development of two novel types of advanced composite scintillators based on the
single crystalline films (SCFs) of LusAlsO1, garnet (LUAG), doped with Ce3* and Pr3* ions, and substrate from single crystals
(SCs) of Sc** doped LUAG using the liquid phase epitaxy (LPE) method. We show the possibility for simultaneous registration
of a-particles and y-quanta using separation of the decay kinetics of SCF and crystal parts of such composite scintillators.
Namely, the large differences in the respective scintillation decay kinetics and decay time values tq and t, are observed for
LUAG:Ce SCF / LUAG:Sc SC and LUAG:Pr SCF / LUAG:Sc SC composite scintillators under excitation by a—particles of !Am (5.5
MeV) source and y-quanta of 37Cs (662 keV) source. Thus, the both developed types of composite scintillators can be applied
for simultaneous registration of a-particles and y-quanta in the mixed radiation fluxes. The rate of discrimination of the
scintillation signals, coming from SCF and SC parts of LuAG:Ce SCF / LUAG:Sc SC composite scintillator, expressed by t,/t«
ratio, is equal to 1.34-1.96 in the 0-1100 ns time interval. For LUAG:Pr SCF / LUAG:Sc SC composite scintillators, more
significant differences in the scintillation decay kinetics are achieved. In this case, the t,/t, ratio for these composite
scintillators reaches the values 9.6-15.6 in the wide 0-2500 ns time interval. This is the best result from all the developed by

us types of composite scintillators based on the epitaxial structures of garnet compounds.

Nowadays there are many technologies for producing
scintillators in the different crystalline forms. For growth of the bulk
single crystal (SC) scintillators, the Czochralski, Horizontal Directional

Crystallization (HDC) (modification of the Bridgman-Stockbarger

such as photodiodes (PD) or

technique) and Edge Defined Film Fed (EDFF) methods are usually

photomultipliers (PMT). The history of scintillators started from the
19th century, when X-rays and natural radioactivity were discovered.
Nowadays scintillators are applied not only for the detection of X-
and y-rays, but also for other types of ionizing radiation. Scintillators
are widely used in particle detection in nuclear research, cosmic ray
measurements, radiation monitoring of the environment, radiation
beam control, security technique, imaging in industry, medicine and

biology and other important optoelectronic applications.

@ |Institute of Physics, Kazimierz Wielki University in Bydgoszcz, Powstaricow
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used [1, 2]. The micro-pulling-down (MPD) growth method is very
popular for producing the long (up to one meter) scintillation fibers
with the diameter of a few millimeters [3, 4]. The liquid phase epitaxy
(LPE) method is a versatile tool for producing the single crystalline
films (SCF) scintillators based on the different oxide compounds [5-
7]. The fields of application of such SCF scintillators today include the
registration of a—and B— particles and low-energy quanta of ionizing
radiation [5, 8, 9] as well as the scintillating screens for
microradiography detectors with high spatial resolution using X-ray
sources and synchrotron radiation [10, 11].

The LPE method enables also the development of composite
scintillators of  “phoswich-type” (phosphor sandwich) for
simultaneous registration of the different components of ionizing

radiation. Such composite scintillators can be applied for analysis of
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the content of mixed fluxes of photons and particles with various
penetrating depths [5, 12-14]. Namely, a LPE grown composite
scintillator presents the epitaxial structure, consisting of the SCF
scintillator for detection of the low penetrating a-particles, and a
bulk SC substrate for registration of the highly penetrating X or y rays
(Fig.1 left).

There are many advantages of these types of composite
scintillators in comparison with the analogues based on the splice of
different scintillation crystals [15]. Such composite scintillators
present the epitaxial structure with a sharp interface between the
composing scintillators with close refractive indices (Fig.1). This
enables to decrease the losses of light at the interface of scintillators,
enhancing the selectivity of registration of the different components of
mixed ionizing radiations.

The LPE method for composite scintillator manufacturing
permits also to obtain the thickness of film scintillators close to the
penetration depth of registered particles. Specifically, the thickness
of film scintillators, which is necessary for the complete absorption
of a-particles of 23°Pu and 2*!Am sources, typically is equal to 12-15
pum (Fig.1) [5].

The different types of composite scintillators have been recently
considered by some of us in [5, 12-14]. The first type of composite
scintillators were LPE grown epitaxial structures based on the Ce3*
and Nd3* doped SCFs and Nd3* and Sc3* crystals of Y3AlsO1, garnet
(YAG) [5, 30]. One-layered YAG:Ce SCF/ YAG:Nd SC and YAG:Ce
SCF/YAG:Sc SC composite scintillators as well as doubly-layered
YAG:Ce SCF/YAG:Nd SCF/ YAG:Sc SC composite scintillators were
grown by the LPE method and examined under excitation by a-
particles and y-quanta [5]. The separation of the scintillation signals
coming from the SCF and SC parts of composite scintillator was

performed using the difference in their scintillation decay kinetics [5].

V quanta
a- particles
¢ L/LuAG:Ce orPr SCFs

“~LUAG:Sc substrate

PMT

Fig.1. Top - scheme of composite scintillator for registration of a-
particles and y-quanta. Bottom - samples of LuAG:Ce SCF /
LUAG:Sc SC (a) and LuAG:Pr SCF/LUAG:Sc SC (b) composite
scintillator prepared using LPE growth method at the Institute of
Phvsics UKW.
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For evaluation of the suitable materials for a, composition
scintillator in terms of ability for detectiorluj%lf ]t?itleozrr?{)%o Egrqlzz?r%
radiations it is important to use appropriate parameters of materials.
Of most importance for that is the density (p), the effective atomic
number (Ze) and the amount of light absorbed per thickness of the
material (absorption coefficient pu= pZ*) in comparison with YAG.
Meanwhile, due to the quite low values of density p=4.56 g/cm3,
effective atomic number Z.=29 and absorption coefficient p=
3.8*10° g/cm3, the scintillators based on the YAG SC substrates may
be used only for registration of low-energy ionizing radiation [5, 12].
Therefore, there is a demand to fabricate composite scintillator for
registration of the mixed fluxes of particles and high-energy quanta
using other garnet compounds, which are characterized by high
values of p and Ze [12, 13].

From all the possible candidates of heavy materials for creation of
composite scintillators, the LuzAlsO1, garnet (LUAG) first of all attracts
our attention [9, 10]. LUAG host has significantly higher density p=6.73
g/cm3, effective atomic number Z.#=58.9 and absorption coefficient
u=81*10% g/cm3 in comparison with YAG. LuAG:Ce, LUAG:Pr and
LUAG:Sc bulk SCs are the well-known scintillators for radiation
monitoring and computer tomography [7, 16]. Therefore, the LUAG is a
very promising material for creation of SCF scintillators and composite
scintillators on its base as well. As activators, which can effectively emit
in LUAG host with different wavelengths and decay kinetics of
scintillations, the Pr3*, Sc3* and Ce3* ions can be considered [9, 16-25,
34]. Namely, the position of emission bands of LUAG:Ce, LUAG:Pr and
LUAG:Sc compounds under high-energy excitation is located at 515 nm,
310 nm and 275-330 nm, respectively, and the corresponding decay
times of the main component of the luminescence of Ce3*, Pr3* and Sc3*
dopants in LUAG host are equal to 50-58 ns, 19-28 ns and 245-610 ns,
respectively, depending on the concentration of dopants [16-25].
Therefore, the different combinations of novel composite scintillators
based on the epitaxial structures of LUAG garnet compounds, doped
with the mentioned ions, can be created using the LPE method.

In our previous works, we considered the scintillation properties of
the two types composite scintillators, based on the Ce3* and Sc3* doped
LUAG SCFs, grown using the LPE method onto LUAG:Ce substrates [26,
27]. The results of our investigation show that the LUAG:Pr SCF/
LUAG:Ce SC and LuAG:Sc SCF/LuAG:Ce SC epitaxial structures are
promising ones for detection of a-particles and y-rays by means of the
registration scintillation signals (pulse height spectra and decay
kinetics) coming correspondingly from the SCF and SC parts of

composite scintillators. Meanwhile, we also search for other
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combination of LuAG based garnet compounds where the
discrimination of the scintillation decay kinetics or other properties of
SCF and SC parts of composite scintillator can be large in the wide time
interval under excitation by a-particles and y-quanta.

This work is the next important stage of searching for new types of
composite scintillators for registration of the different components of
mixed ionizing radiation, including a—particles and y—rays. In our paper,
we present the results of development of two novel composite
scintillators, based on the LUAG:Sc SC substrates and Ce3* and Pr3*

doped LUAG SCFs, prepared using the LPE method.

2 Growth of composite detectors

For creation of the composite scintillators, the LuAG:Sc
substrates with (100) orientation with the 1*1 cm?2size and the 1 mm
thickness were used. The LUAG:Sc substrates were prepared from
the respective crystal with a Sc concentration of 0.5 at. %, grown
using the Czochralski (Cz) method in ISMA, Ukraine.

Two types of the composite scintillators, based on the LUAG:Ce SCF
and LUAG:Sc SC substrate, and LUAG:Pr SCF and LUAG:Sc SC substrate,
were crystallized using the LPE growth method from over-cooling melt
solutions using PbO-B,0s flux inIP UKW, Poland. Fig.1 (at the top ) shows
the samples of LUAG:Ce SCF / LUAG:Sc SC and LUAG:Pr SCF/LUAG:Sc SC
composite scintillators. For comparison with the properties of
composite scintillators, the LUAG:Ce and LUAG:Pr SCFs were crystallized
also onto undoped YAG substrates at the same growth conditions. The
SCFs were completely transparent and possess mirror-like surface (see
Fig.1, bottom part of the figure). The concentration of Ce3* and Pr3*
dopants in the LUAG:Ce and LUAG:Pr SCFs under study, determined
using a microanalyzer EDS at SEM JEOL JSM-820 microscope, were in
the 0.17-0.23 % and 0.2-0.25 % ranges, respectively.

The growth conditions of the composite scintillators and

respective LuAG:Ce and LuAG:Pr SCF samples, selected for

CrystEngdomm

investigation of the content and structural properties, as well as, for
studying their absorption, cathodolumines2ehce ‘drd’ Seintitstish
properties were summarized in Table 1.

The structural quality of LUAG:Ce and LuAG:Pr SCF parts of
composite scintillators was confirmed using the X ray diffraction
(XRD) method using modified DRON-3 spectrometer.

The Fig.2 shows the XRD patterns of (12 0 0) planes for both SCFs
in comparison with LUAG:Sc substrate. The full width at half
maximum (FWHM) of XRD peaks and lattice constants of the garnet
samples under study were determined from respective patterns. As
can seen from this figure, the structural quality of LUAG:Ce and
LUAG:Pr SCF samples, proportional to FHWM of the respective XRD
peaks (0.12 and 0.14 degrees, respectively), is very close to that of
LUAG:Sc substrate (0.14 degre). The LuAG:Ce and LUuAG:Pr SCFs
possess quite smaller lattice constants of 11.9103 A and 11.9121 A,
respectively, in comparison with those for LuAG:Sc substrate
(11.9157 A) due to the absence of Lua antisite defects in the films

and difference in the concentration of the respective dopants.

1.0,

Ku Y 1 - LUAG:SC substrate;

a=11.9157 A; FWHM=0.13 grad;

2 - LUAG:Ce SCF;

a=11.9103 A;FWHM=0.12 grad;

3 - LUAG:Ce SCF;

a=11.9121 A;FWHM=0.14 grad;
hkl: 1200

o
(&)
[N
[}
r
Y

KB
2

Intensity (atrb. units)

A

0.0 b= . 1 . 1 . g
101.25 101.50 101.75 102.00 102.25 102.50
20 (degree)

Fig.2. Normalized XRD patterns of (12 0 0) planes of LUAG:Ce
(1), LUAG:Pr (2) SCFs in comparison with LUAG:Sc substrate (3).

Table 1. Growth conditions of LUAG:Sc SC, LUAG:Ce and LUAG:Pr SCFs and LUAG:Ce SCF / LUAG:Sc SC and LUAG:Pr SCF / LUAG:Sc SC composite
scintillators as well as their LY under excitation by a-particles of 23°Pu (5.15 MeV) radioisotope, measured with a shaping time of 12 ps, in
comparison with YAG:Ce SCF standard sample with a photoelectron LY of 360 phels/MeV (a LY of 2650 photon/MeV). h - SCF thickness, f -
velocity of SCF growth; T — SCF growth temperature. The thickness h of the films was measured using the weight method and calculated

as h= Mscr/sub - Maub) / P*S, where M is the mass of SCF and substrate; m — mass of substrate; p — density of material; S — surface of

substrate.
SCF number Type of SCF/SC Substrate type h, um T,°C f, um/min LY, %

LUAG:Sc SC - 1000 - - 173
a0 LuAG:Ce SCF YAG 10 980 0.2 114
b0 LUAG:Pr SCF YAG 19 975 0.19 100
al LuAG:Ce SCF LuAG:Sc 30 976 0.375 106
a2 LuAG:Ce SCF LuAG:Sc 21 985 0.2 126
bl LuAG:Pr SCF LuAG:Sc 29 965 0.32 59
b2 LuAG:Pr SCF LuAG:Sc 12 965 0.27 54

This journal is © The Royal Society of Chemistry 20xx
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[25] and also with the reference LuAG:Sc substrate. All the 1.0/ \ 4‘\ F
|
measurements were performed at the room temperature (RT). 2 257’ \
0.5}
Scintillation response investigations of the selected composite p - Wy
200 300 400 500

scintillators (see Table 1) were performed at FZU in Prague using the
set-up consisting of a hybrid PMT (HPMT DEP PP0475B with pre-
amplifier), measuring electronics (Ortec 672 Spectroscopy Amplifier
and 927 ASPEC MCA) and PC control. The pulse height spectra were
measured under excitation by a-particles of 24!Am (an energy of 5.4857
MeV) radioisotope and by y-rays of 13’Cs (an energy of 661.66 keV)
radioisotope. It is important to note here that the a-particles of 23°Pu
and 2*!Am sources allow exciting only the epitaxial layers of SCF
samples (not their substrates) because the penetration depth of a-
particles in the studied samples is approximately 12-15 um.

4 Absorption, luminescent and scintillation

properties of composite scintillators based on the
LuAG:Ce, LUAG:Pr SCFs and LUAG:Sc substrates

4.1 Absorption spectra
The absorption spectra of the LuAG:Ce SCF/LUAG:Sc SC and

LUAG:Pr SCF/LUAG:Sc SC composite scintillators are presented in
Fig.3 in comparison with the absorption spectra of the LuAG:Ce and
LUAG:Pr SCFs, grown onto YAG substrates. The E; and E; bands,
peaked at 346 and 447 nm in Fig.3a, correspond to the 4f-5d12

transitions of Ce3* ions in LUAG:Ce SCF samples. Similarly, the E; and

4| J. Name., 2012, 00, 1-3

Wavelenght (nm)

Fig.3. Absorption spectra of two samples of LUAG:Ce SCF/LUAG:Sc SC
(a, curves 3, 4) composite scintillators and LUAG:Pr SC/LUAG:Sc SC (b,
curves 3, 4) composite scintillators in comparison with the absorption
spectra of LUAG:Ce (a, curve 1) and LUAG:Pr (b, curve 1) SCFs, grown
onto YAG substrates, and LUAG:Sc substrates (a and b, curves 2).

E; bands, peaked at 239 and 284 nm in Fig.3b, correspond to the 4f-
5d%2 transitions of Pr3* ions in LUAG:Pr SCFs. In the both figures, the
absorption bands, peaked at 260-262 nm and below 200 nm, are
related correspondingly to the 1So—3P; and 1So—3P; transitions of
Pb?* flux related impurity in the SCF samples.

It is worth to note also that the absorption spectra of LUAG:Sc
substrate possess the wide low-intensive band peaked around 257
nm. These bands are not related to the intrinsic transitions of Sc3*
ions and most probably are caused by the very common O2—Fe3*
transitions of Fe3* trace impurities [28, 29] in the row materials for
producing the LUAG:Pr SCs.

4.2 Cathodoluminescence spectra

The normalized CL spectra of LUAG:Sc SC substrates are shown as

curves 1 in Fig.4a and 4b. The most intensive peaks at 307 nm in

This journal is © The Royal Society of Chemistry 20xx
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Fig.4. Normalized CL spectra of LUAG:Ce SCF/LUAG:Sc SC (3a) and
LUAG:Pr SCF/LUAG:Sc SC (3b) composite scintillators in comparison
with CL spectra of LUAG:Sc (1a, 1b) substrates and LUAG:Ce SCF
(2a) and LUAG:Pr SCF (2b), grown onto YAG substrates.

LUAG:Sc SCs correspond to the luminescence of excitons bound with
the Sc3* isoelectronic impurities in both AI3* octahedral sites and Lu3*
dodecahedral sites of the garnet lattice [21-24].

The visible luminescence bands peaked in the 513-521 nm range in
the CL spectra of LUAG:Ce SCFs and LuAG:Ce SCF/LUAG:Sc SCs (Fig.4a,
curves 3 and 4) are related to the 5d-4f(2Fs/,,7/,) transitions of Ce3* ions
in the mentioned SCF samples. The intensive UV emission bands,
peaked at 309 and 379 nm, in the CL spectra of LUAG:Pr SCF and LUAG:Pr
SCF/LUAG:Sc SC composite scintillator (Fig.4b, curves 2 and 3) are
related to the 5d-4f(3H4.6, 3Hs, 4F2; 1Gy4) transitions of Pr3+* ions in SCF
samples. The sharp emission bands in the visible range of LUAG:Pr SCF
samples correspond to the 4f-4f transitions from the 3Po- and 1D,-
radiative levels to the 3H; levels of Pr3* ions (Fig.4b).

4.3. a— and y-ray spectroscopy of LuAG:Ce SCF/LuAG:Sc SC and
LUAG:Pr SCF/ LUAG:Sc SC composite scintillators

4.3.1. Pulse height spectra. The pulse height spectra of the main

a- and y-ray lines of 2Am and 137Cs sources, registered by two

This journal is © The Royal Society of Chemistry 20xx
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samples of LUAG:Ce SCF/LuUAG:Sc SC composite scintillators andtwo
samples of LUAG:Pr SCF/LuAG:Sc SC comBc?slitlé)'ls»%?r?{mgggpsgzg?é
presented in Figs.5 and 6, respectively. The main peaks in Fig.5a and
6a correspond to the total energy absorption of a-rays with an
energy of 5.4857 MeV. The peaks in the left part of the spectrum
correspond to the absorption of the low-energy y-ray of 241Am
(59.6467 keV). It is worth to note that positions or/and shape of the
main photopeaks, observed in Fig.5a and 6a, are different for LUAG:Ce
and LUAG:Pr SCF components for the both types of composite
scintillators and for LUAG:Sc substrates. This means that a-particles
excite only SCF parts of composite scintillators. Fig.5a and 6a show
also that the LY value of LUAG:Ce and LuAG:Ce SCFs under excitation
by a-particles of 2*1Am source is lower by 1.7-2 and 3.35-4.25 times,
respectively, in comparison with the LY value for LUAG:Sc substrates.

These results on the LY of composite scintillators under a-particle

1- LUAG:Sc SC substrate
2- LUAG:Ce SCF/LUAG:Sc SC al
3- LUAG:Ce SCF/LUAG:Sc SC a2

59.5467 keV
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Fig.5. Pulse height spectra of two al (2) and a2 (3) samples of
LUAG:Ce SCF/LUAG:Sc SC composite scintillators and LUAG:Sc
substrate (1) measured using a-particle excitation with an
energy of 5.4857 MeV of 2*!Am source (a) and using y-ray
excitation of 137Cs source with an energy of 661.66 keV (b).
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Fig.6. Pulse height spectra of two b1 (2) and b2 (3) samples of

LUAG:Pr SCF/LUAG:Sc SC composite scintillators and LUAG:Sc

substrate (1) measured using a-particle excitation with an

energy of 5.4857 MeV of 2*?Am source (a) and using y-ray

excitation of 13’Cs source with an energy of 661.66 keV (b).

excitation by 242Am source are consistent with the results obtained for
these samples presented in Table 1 under excitation by 23°Pu source.
The different LY of two SCF samples in the series of LUAG:Ce and
LUAG:Pr SCF scintillators in Fig.5a and 6aare caused mainly by the
different influence of Pb?* flux related impurity on the scintillation
properties of these SCFs, grown from PbO based flux at different
temperatures (Table 1) (see also [8, 24]).

Under y-ray excitation of LUAG:Ce SCF/LUAG:Sc SC and LUAG:Pr
SCF/LUAG:Ce SC composite scintillators by 137Cs source, the main peaks
were observed in the pulse height spectra, corresponding to the total
absorption of y radiation with an energy of 661.66 keV (Fig.5b and 6b).
The additional peak is observed at lower energy at 32.006 keV,
corresponding to the low-energy energy line of 137Cs source.

It is worth to note, that the main photopeaks, observed in Fig.5b
and 6b, have different positions for both LUAG:Ce SCF/LUAG:Sc SC
and LUAG:Pr SCF/LUAG:Sc SC composite scintillators and LUAG:Sc

substrates. This means that y-quanta excite not only the substrate

6 | J. Name., 2012, 00, 1-3
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Fig.7. Dependence of LY values of al (2) and a2 (3) samples of
LUAG:Ce SCF/LUAG:Sc SC composite scintillators and LUAG:Sc
substrate (1), measured under a-particle excitation by 2*1Am
source with an energy of 5.4857 MeV (a) and y-ray excitation by
137Cs source with an energy of 661.66 keV (b).

but SCF scintillators as well and the LY of SCF scintillators notably
influences the total scintillation LY of LUAG:Ce SCF/LuAG:Sc SC and
LUAG:Pr SCF/LuAG:Sc SC composite scintillators under y-ray
excitation. For this reason. the position of main photopeaks,
corresponding to the absorption of 661.66 keV line of 137Cs source by
composite scintillators, depends on the LY and thickness of SCF parts
of composite scintillators.

Such unwanted properties of the composite scintillators under
study contradict with the results of our previous investigations [27,
28, 32, 33] and can be related mainly to the use of UV emitting
LUAG:Sc substrate. Recently we have investigated of the pulse height
spectra of LUAG:Pr SCF/LuAG:Ce and LuAG:Sc SCF/LuAG:Ce SC
composite scintillators and LUAG:Ce substrate [27, 28], where similar
positions of the main photopeaks for composite scintillators and
substrate are observed. Similar behavior we have also observed for
Luy 5Gd15Al,Gaz01,:Ce SCF/GAGG:Ce and TbAG:Ce SCF/ GAGG:Ce SC
composite scintillators, where inappreciable influence of SCF

components on position of the main photopeak of composite
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scintillators is observed under y-quantum excitation [32, 33]. For this
reason, we can conclude that the difference in the position of
photopeaks of composite scintillators and substrate under y-
quantum excitation can be observed in the case when the emission

spectra of LUAG based substrates (e. g., LUAG:Sc and LUAG:Pr) are

ARTICLE

located in the UV range and differ from the luminescengce,spectrum
of SCF scintillators (Fig.4). DOl 10.1059/DOCEO0266F

4.3.2 LY. Figs.7 and 8 show the LY of two samples of LUAG:Ce SCF/
LUAG:Sc SC and LuAG:Pr/LUAG:Sc composite scintillators in
comparison to LUAG:Sc substrate, evaluated in the photons per MeV
(ph/MeV) and measured within the 0.5-10 ps shaping time interval
under a-particle excitation by 242Am source with an energy of 5.4857
MeV (a) and y-ray excitation by 137Cs source with an energy of 661.66
keV (b). The LY, and LYy values and LY, /LY, ratios of the scintillators
under study, measured with “fast” and “slow” shaping times of 0.5
and 10 ps, under a-particle and y-quantum excitations, respectively,
are shown Table 2.

We have found that the Ce3* doped SCFs and LUAG:Sc substrate
possess quite similar dependence of LY on shaping time (Fig.7a).
Under a-particle excitation, the maximal LY values, being equal to
3405 and 2480 ph/MeV, are observed at a shaping time of 3 us for
LUAG:Sc substrate and LuAG:Ce SCF/LUAG:Sc SC a2 composite
scintillator, respectively (Fig.7a). Under vy-ray excitation the
respective maximal LY values for these scintillators are equal to 9910
and 6710 ph/MeV, respectively (Fig.7b). Therefore, we can correctly
estimate the LYo/LYyvalue for LUAG:Sc SC scintillators, which is equal
to 0.34 for a shaping time of 3 ps.

Under a-particle excitation, maximal LY values of 3404 ph/MeV
is observed for LUAG:Sc substrate at a shaping time of 3 us when for
LUAG:Pr SCF/LUAG:Sc SC b2 sample a maximal LY value of 2102
ph/MeV is observed at a shaping time of 10 ps (Fig.8a). Under y-ray
excitation, the maximal LY values for these scintillators, being equal
to 9851 and 5451 ph/MeV, respectively, are observed at a shaping
time of 10 ps (Fig.8b). Finally, we have found that the LY,/LYy value
for LUAG:Sc SC scintillator, changing in the 0.4-0.27 range within the
0.5-10 ps shaping time interval (Table 2).

Table 2. LY (in ph/MeV) of LUAG:Sc substrate and a1, a2 samples of LUAG:Ce SCF/LUAG:Sc and b1, b2 samples of LUAG:Pr SCF/LUAG:Sc
SC composite scintillators, measured in two shaping time of 0.5 and 10 ps.
LY, ph/MeV LUAG:Sc LuUAG:Ce SCF/ LuAG:Ce SCF / LuAG:Pr SCF LuUAG:Pr SCF /
'P substrate LUAG:Sc SC a1l LUAG:Sc SC a2 / LUAG:Sc SC b1 LUAG:Sc SC b2
LYy for shaping time 2783 1898 1445 1380 1869
of 0.5 us
LYa for shaping time 2625 2528 2139 1644 2102
of 10 us
LYe for shaping time 6634 4187 4276 3504 4034
of 0.5 us
LYz for shaping time 9851 5900 5633 5084 5451
of 10 s
LYa/LYs for shaping time 0.40 0.45 0.34 0.39 0.46
of 0.5 us
LYa/LYs for shaping time 027 0.43 037 032 036
of 10 ps
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4.3.3. Energy resolution. The dependences of the energy
resolution of composite scintillators and their substrates, measured at
the 0.5-10 pus shaping time under excitation by a-particles and y-
quanta, are presented in Fig.9 and Fig.10. As can be seen from Fig.9a,
the LUAG:Ce SCF parts of al and a2 composite scintillators at the a-
particles excitation show quite good resolution in the 10.6-12.8 % and
13.6-17.4 % ranges, respectively, with small deviation from average
values in the mentioned ranges. The energy resolution of LUAG:Pr SCF
parts of b1 and b2 composite scintillators in the 22.1-24.0 % and 30.7-
34.7 % ranges, respectively, is significantly smaller in comparison with
that of LUAG:Ce SCFs manly due to lower LY of the first ones (Fig.10a).
The energy resolution of LUAG:Sc SC substrates for the registration of
a-particles depends on the shaping time and shows deviation with the
shaping time in the 24.6-29.4 % range (Fig.9a and 10a, curves 1).

Meanwhile, under registration of y-quanta, the energy resolution of
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Fig.9. Energy resolution versus shaping time of two al (2) and
a2 (3) samples of LUAG:Ce SCF/ LUAG:Sc SC CS and LuAG:Sc
substrate, measured with shaping time in the 0.5-10 psinterval
under a-particle excitation by 2*2Am source with an energy of
5.4857 MeV (a) and y-ray excitation by 13’Cs source with an
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these substrates is much better and lies in the 7.8{12.3 % range
(Fig.9b and 10b, curvesl). DOI: 10.1039/DOCE00266F

4.4. Scintillation decay kinetics.

For registration of the difference in the scintillation decay
kinetics of the bulk and film components of composite scintillator, it
is very important to analyze firstly the decay curves under a—particle
and y-ray excitations of substrates, prepared from bulk crystals of
garnet compounds, in a broad range of decay intensity. Fig.11
presents the scintillation decay kinetics of LUAG:Sc substrate, under
a-particles and y-ray excitations. As we can see from this figure, the
LUAG:Sc substrate shows notably different scintillation decay kinetics
under a-particles and y-quanta excitation due to the differences in
the interaction of particles and quanta with the materials of
scintillator of the same content. Such a difference between the

scintillation decay profiles in the case of a-particle and y-quanta
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Fig.10. Energy resolution versus shaping time of two b1 (2) and
b2 (3) samples of LUAG:Pr SCF/LUAG:Sc SC CS and LuAG:Sc
substrate, measured with shaping time in the 0.5-10 ps interval
under a-particles excitation by 2*Am source with an energy of
5.4857 MeV (a) and y-ray excitations excitation by 13’Cs source
with an energy of 661.66 keV (b).
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Table 4. Time dependence of intensity of scintillation decay from the initial value at t =0 to 1/e, 0.1 and 0.05 level for byAG:CeSCFp buAGSe6H

SC al and a2 composite scintillator samples under a-particle excitation by 2**Am source and y-ray excitation by 137Cs source.

Intensity LUAG:Ce SCF/LUAG:Sc SC al LUAG:Ce SCF/LUAG:Sc SC a2
ty, NS t,, ns t, [t ratio ty, Ns t,, ns t, /tq ratio
1/e 43.6 57.8 1.32 46.9 63.3 1.34
0.1 148.5 192.1 1.29 150.3 267.8 1.8
0.05 270.8 382.6 1.41 266 713.8 2.68
0.01 1941.4 2187 1.13 1741.4 3430.3 1.96

this composite scintillator can be obtained in the much wider time
interval, especially for b2 sample with a SCF thickness of 12 um
(Fig.13b), where the scintillation response under y-ray excitation in the
100-1000 ns time range is significantly slower than that under a-
particle excitation.

The above mentioned conclusions are confirmed also by
comparison of the differences in the decay times at 1/e, 0.1, 0.05 and
0.01 levels for the decay curves under a—particle and y-quantum
excitations (so called t,/t, ratio) in LuAG:Ce SCF/LuAG:Sc SC and
LUAG:Pr SCF/LUAG:Sc SC composite scintillators and the reference
LUAG:Sc crystal substrate (Fig.14).

As one can see from this figure, the t,/ty ratio is notably higher
(1.32-1.96) in LuAG:Ce SCF/ LuAG:Sc SC composite scintillators
(Fig.14a, curve 2) than that in LUAG:Sc SC substrate (Fig.14a, curve 1),
between the 0.2 and 0.01 intensity levels. Thus, the differences in the
ty/tq ratio significantly change for LUAG:Ce SCF/LUAG:Sc SC composite
scintillator at different registration levels and can be presented in
Fig.14a as the inclined curves with large slope (curves 2 and 3). This
means that separation of scintillations from the SCF and SC
components of such composite scintillator can be obtained with the
maximal possible rate in some intervals between the 0.2 and 0.01
intensity levels in the 0-1000 ns time interval (dashed rectangle in
Fig.12b). In such rectangle the faster by 1.34-1.96 times scintillation
response under a—particle excitation is observed in comparison with
the response under y-ray excitation (Table 4).

In LUAG:Pr SCF/ LUAG:Sc SC composite scintillators, the t,/tq ratio
for 1/e to 0.01 levels is significantly higher than that in LUAG:Sc

substrate, especially for b2 sample (Fig.14b). The differences in the
ty/tq ratio significantly change for such type of composite scintillator at
different registration levels and can be presented in Fig.14b as the two
inclined lines with large slopes (curves 4). As can be seen from Fig.13b,
and Fig.14b, the optimal separation of scintillation from the SCF and SC
components of such composite scintillator with maximal rate can be
obtained in the wide area from 1/e to 0.01 levels in time intervals of O-
2500 ns (Fig.13b) where the scintillation response under y-ray
excitationis by 1.5-4.5 time slower than that corresponding to the case

of a-particle excitation (Table 5).
5 Discussion

A crucial parameter for analysis of the differences between the
decay curves of the composite scintillator under a-particle and y-
quantum excitations is ta/ty or ty/ta ratios, which need to be “as large
as possible in the wide time interval” for the chosen components of
SCF and substrate scintillators [5]. Generally, the scintillation signal
from two scintillators can be easily separated if ta/ty or ty/ta ratio is
above 1.5 [15]. Such a demand is fully satisfied for the both type of
composite scintillators under study (Fig.14a, curve 3 and 14b, curves 4,
5).

Meanwhile, for the best b2 sample of LUAG:Pr SCF/LUAG:Sc SC
composite scintillator, the ty/ta values above 1.5 are observed in much
wider range of scintillation intensity decay from 0.2 to 0.01 levels
(Fig.14b, curve 4, 5) than those in the case of the best a2 sample of
LUAG:Ce SCF/LUAG:Sc SC composite scintillator, where the t,tq values
above 1.5 are observed in the narrow interval of intensity decay

between 0.2 and 0.01 levels (Fig.12b and Fig.14a, curve 3). The reasons

Table 5. Time dependence of scintillation intensity decay from the initial value at t =0 to 1/e, 0.1, and 0.05 levels for LUAG:Pr SCF/

LUAG:Sc SC b1 and b2 composite scintillator samples under a-particle excitation by 241Am source and y-ray excitation excitation by 137Cs

source.
Intensity LUAG:Pr/LuAG:Sc b1 LuUAG:Pr/LuAG:Sc b2
ty, NS t,, ns t, /t, ratio ty, Ns t,, ns t, /tq ratio
1/e 23.4 36.9 1.35 42.7 408.8 9.6
0.1 65.2 309.8 4.75 93.5 1377.2 14.7
0.05 95.6 897.8 9.39 134 2087 15.6
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Fig.14. Plots of t,/tq ratio of scintillation decay times under a-
particle and y-ray excitation vs. the intensity of scintillation
decay to 1/e, 0.1, 0.05 and 0.01 levels for LUAG:Sc substrate (a,
b, 1), LUAG:Ce SCF/LUAG:Sc SC al and a2 (a, 2, 3) and LUAG:Pr
SCF/ LuAG:Sc bl and b2 SC (b, 4, 5) composite scintillator

for the mentioned differences in the separation of the scintillation
signals under a-particle and especially y-ray excitations can be
addressed to the different types of activators and thicknesses of SCF
parts of the both types of composite scintillators (see Fig.15).

Generally, under y—ray excitation of composite scintillators, the y-
quanta are always absorbed partly by SCF scintillators. The rate of
absorbed y-quanta strongly depends on the SCF thickness (Fig.15).
For this reason, the initial parts of the decay curves of composite
scintillators under y-ray excitation follow to the decay kinetics of SCF
parts (Fig.15). Namely, the initial parts of the decay kinetics are faster
for LUAG:Pr SCF/LUAG:Sc SC composite scintillator (Fig.15b, curve 3)
in comparison with LUAG:Ce SCF/LuAG:Sc SC counterpart (Fig.15a,
curves 2 and 3) due to the faster decay kinetics of the Pr3+
luminescence than that in the case of Ce3* dopant [20, 25]. The shape
of scintillation decay of composite scintillators under y-quantum
excitation will depend also on the ratio between the scintillation LY
of their SCF and substrate parts and the ratio between thicknesses of

SCF and substrate. Indeed, if the thickness of the films is optimal (10-

This journal is © The Royal Society of Chemistry 20xx
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Fig.15. Scintillation decay kinetics of LUAG:Sc substrate (curve
laand 1b), LUAG:Ce SCF/LUAG:Sc SC al (curve 2a) and a2 (curve
3a) composite scintillators with a SCF thickness of 30 and 21
um, respectively, and LUAG:Pr SCF/LUAG:Sc SC bl (curve b2)
and b2 (curve b3) composite scintillators under y-ray excitation
by 137Cs source with an energy of 661.66 keV.

12 um), the influence of SCF on scintillation signal coming from
LUAG:Sc substrate is small (Fig.15b, curves 1 and 2). However, when
the thickness of LUAG:Ce or LUAG:Pr SCFs is relatively large (20-30
um), such influence is significant yet (Fig.15a, curves 2,3 and Fig.15b,
curve 3). Therefore, the choice of the respective thickness of SCF and
substrate parts of composite scintillators is crucial for the
optimization of their properties.

Generally, it is optimal that the thickness of composite
scintillators is equal or slightly larger than the passway (or
penetration depth) of particles in the materials. For LUAG host, such
SCF thickness lies in the 10-12 um range. In this case the unwanted
absorption of y-quanta by SCF scintillators will be minimal as well
(Fig.13b, curve 2). Meanwhile, due to necessity of the absorption of
y--quanta with the energy in the range from tens to hundred KeV, the
thickness of LUAG:Sc substrate needs to be “as thick as possible” in
the conditions of LPE growth of composite scintillators. However,

taking into account the problems with stable mounting of heavy and
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thick substrate in Pt holder for LPE growth, the most optimal range
for the LUAG:Sc substrate thickness lies between 1 and 2 mm.
Meanwhile, taking into account the good results for the case of
using LUAG:Sc substrates with a thickness of 1Imm for producing the
LUAG:Ce SCF/LUAG:Sc SC composite scintillators, we estimate also
the difference in scintillation decay kinetics of LUAG:Pr SCF/LUAG:Sc
SC composite scintillators under a-particle and y-quantum excitation
based on the data presented in Fig.13b. The result of such estimation
for LUAG:Pr SCF 12 um/LuAG:Sc SC 1mm composite scintillator is very
encouraging (Fig.13b and Table 6). Namely, the scintillation decay
profiles (Fig.13b) and the plot of t,/ty ratio vs. the intensity of
scintillation decay (Fig.14b, curve 5) show nice conditions for
discrimination of the scintillation signals under a-particle and y-
quantum excitation. Namely, the t,/tq ratio changes from 9.6 to 15.6
in the whole range of intensity decay up to 0.05 level. It is worth to
mention here that the LUAG:Pr SCF/LUAG:Sc SC composite shows the
best scintillation performance from all the developed by us types of
composite scintillators based on the LPE grown epitaxial structures

of garnet compounds [26, 27, 31, 33].
Conclusion

Two new types of advanced composite scintillators, based on the
LUAG:Ce and LUAG:Pr single crystalline films (SCFs) with the thickness
from 12 to 30 um, and LUAG:Sc substrate with a thickness of 1 mm,
prepared from the respective single crystal (SC) with a Sc
concentration of 0.5 %, were produced by the LPE method from melt
solutions using PbO-B,03 flux.

Under excitation using a—particles by 2*Am (5.5 MeV) source
and y-quanta of 137Cs (0.662 MeV) source, the notable differences in
the scintillation decay kinetics of LuAG:Ce SCF/LuAG:Sc SC and
LUAG:Pr SCF/LUAG:Sc SC composite scintillators are observed. Such
differences can be characterized by the t,/ty scintillation intensity
decay time ratio, which for the mentioned types of composite
scintillators occurs within the 1.32-1.96 and 1.35-15.6 ranges,
respectively, at the decay intensity within two decades from the 1/e
level down to 0.05 level. Thus, both types of the mentioned above
composite scintillators in principle can be applied for separation of
the signals coming from their film and bulk parts at registration of
the mixed radiation fluxes containing a-particles and y-rays.

In LUAG:Ce SCF/ LUAG:Sc SC composite scintillator the signal
coming from the SCF and SC components can be separated with the

large enough t./t, decay time ratio (>1.5) in the quite narrow range

12 | J. Name., 2012, 00, 1-3

of scintillation intensity decay from the 0.1 level dowp 100,01 level
in the time interval from 0 to 1.75 ps. Mean%v%‘flé?'%}qggl_/gggggpgéﬁ
LUAG:Sc SC composite scintillator possesses some advantages with
respect to LUAG:Ce SCF/LUAG:Sc SC counterpart due to the fact that
scintillating signal coming from the SCF and SC components of this
type composite scintillator can be separated with the large t/tq
decay time ratio in the mentioned ranges of scintillation intensity
decay and time intervals.

Furthermore, after optimization of the LUAG:Pr SCF thickness in
the 12-15 um range and the thickness of LUAG:Sc substrate above 1
mm, the best scintillation figure of merit of LUAG:Pr SCF/ LUAG:Sc SC
composite scintillators can be achieved. Namely, the scintillating
signals from LUAG:Pr 12 pum SCF/LUAG:Sc 1 mm SC composite
scintillator sample under a-particle and y-ray excitation can be
separated with the extremely large t,/t, decay time ratio in the 1.35-
15.6 interval in the whole range of scintillation intensity decay from
the 1/e level down to 0.01 level and the wide time interval from 0 to
2.5 ps. For today, this is the best result for all of the developed
composite scintillators on the base of the epitaxial structures of

garnet compounds.
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ABSTRACT: The possibility of growth by the liquid phase epitaxy method of a
new type of advanced composite scintillator based on Ce**-doped single
crystalline films (SCFs) of Lu; sGd, Al Ga;O;, garnet and substrates from
single crystals (SCs) of Gd,Al, sGa, ;O,,:Ce garnet is evidenced for the first time
in this work. We show the possibility of the simultaneous registration of a-
particles and y-quanta by way of separation of the scintillation pulse height spectra
and decay kinetics of SCF and crystal parts of such a composite scintillator.
Namely, the significant differences in the scintillation decay kinetics of
Lu, sGd, sAl; sGa350,,:Ce SCF/Gd;Al, sGa, sO,,:Ce SC composite scintillator
under excitation by a-particles of a **!Am (5.5 MeV) source and y-quanta of '*’Cs
(662 keV) source are observed. The respective t,,t, decay times ratio in the 0—
500 ns range reach up to 0.5 for this type of composite scintillator; e.g., the SCF
scintillators is two times faster than the substrate scintillator. For this reason, such
a type of composite scintillator can be successfully applied for the separation of

Composite , film-substrate” scintillators
grown by LPE method

Y quanta
a-and p-particles
GdLUAGG:CeSCF

GAGG:Ce
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Intensity (atrb.units)

‘Separation of signal SCF and SC parts

using y
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p il based onthe
GdLUAG:Ce SCF and GAGG:Ce substrate
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the signals coming from its film and crystal parts at the registration of the mixed radiation fluxes of a-particles and y-quanta.

1. INTRODUCTION

The technology of liquid phase epitaxy (LPE) offers now the
possibility of developing luminescent materials based on the
single crystalline film (SCF) of different oxide compounds.'
The fields of application of such SCFs now include
cathodoluminescent screens,” laser media,®’ scintillators for
registration of a- and fS-particles and low-energy quanta,"®’
and scintillating screens for microtomography detectors using
X-ray sources and synchrotron radiation.'”""

The LPE method also opens the possibility of creating
advanced types of composite scintillators (CSs) of “phoswich-
type” (phosphor sandwich) for registration of the different
components of ionizing radiation, for instance, for analysis of
the content of mixed fluxes of particles and quanta with various
penetrating depths."”'>~"* Such CSs present the all-solid-state
crystalline systems, including one or two SCFs intended for
registration of low penetrating a- and f-particles, and a bulk
single crystal (SC) substrate, serving to register high
penetrating radiation (X- or y-rays).

The advantages of these types of CSs in comparison with
their well-known analogues based on alkali-halide crystals' are
as follows. Such CSs are an “all-solid-state” single crystalline

-4 ACS Publications  © 2018 American Chemical Society
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system with a sharp interface between the composing
scintillators with close refractive indices and a uniform
distribution of the activated dopant in the volume of SCF
and SC scintillators. This permits substantially eliminating the
light losses at the interface of scintillators, enhancing the
selectivity of registration of the different components of mixed
ionizing radiations. The LPE method for CS production is an
advanced method that permits accomplishing the control of
different parameters of the obtained material. In particular, the
thickness of film scintillators for registered particles can be
obtained close to the penetration depth which is necessary for
the complete absorption of a-particles (typically 10—15 ym)."

The possible types of CSs have been recently considered by
some of us in refs 1, 12—14. The first type of CSs was created
on the basis on the LPE grown epitaxial structures of Y;Al;0,,
garnet (YAG)." Namely, the doubly layered CSs based on the
YAG:Ce SCF and YAG:Nd SC substrate were grown by the
LPE method and later examined under simultaneous excitation
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Figure 1. Substrate scintillators prepared from GAGG:Ce crystals (a) and composite scintillators of G-LG type based on the GAGG:Ce substrates

and LGAGG:Ce SCFs (b).

by a-particles and y-quanta." The separation of the scintillation
signals coming from SCF and SC parts of CS was performed
using the discrimination of their scintillation decay kinetics. For
this type of CS, a photomultiplier (PMT) for scintillation
registration can be conveniently chosen with maximum
sensitivity in the blue-yellow range, where the coincidence of
the emission maxima of the composing scintillators is observed.
This type of CS possesses high decay lifetime resolution of the
SC and SCF components, which differ by almost 2 orders of
magnitude in comparison with its well-known analogue based
on the splice of Nal:TI SC/CsI:T] SC scintillators where the
decay lifetime of the scintillations from the components of CS
is of the same order of magnitude.ls Meanwhile, the
disadvantages of such type of CSs are low light yield (LY) of
the YAG:Nd SC (12% in comparison with LY of Nal:TI SC
under y-ray *'Am (59.5 keV) excitation) and the presence in
them of unwanted intrinsic emission in the UV spectral range,
caused by the luminescence of Y, antisite defect related
centers.'®

The second type of CS based on the YAG:Ce SCF and
YAG:Sc SC substrates was also proposed in refs 1 and 12 and
tested for selective registration of mixed radiation of particles
and quanta. Apart from the difference in the scintillation decay
kinetics, the separation of the partial components of the mixed
fluxes in this type of CS may also be performed by registration
of the differences in the emission spectra of the SCF and SC
parts of the CS scintillator, peaked correspondingly at 530 and
280 nm.""*"” The advantage of this composition in comparison
with the above examined type of CS is considerably higher LY
of the YAG:Sc SC (about of 25% in comparison with LY of
NaL:Tl SC under y-ray **Am excitation).”'” Meanwhile, the
disadvantage of such type of CSs is the noticeable temperature
quenching of the YAG:Sc luminescence in the room temper-
ature (RT) range.17

The advanced triply layered CSs based on the combination
of YAG:Ce and YAG:Nd SCFs, sequentially growing by the
LPE method onto YAG:Sc SC substrates, were proposed also in
refs 1 and 12 for the registration of the a- and S-particles on the
background of X-ray or soft y-quanta. The registration of the
signals from the different parts of CS is performed by
determination of the differences in the decay kinetics of the
scintillations with typical lifetimes t,,, of 70 ns for YAG:Ce
SCF, 3.0 us for YAG:Nd SCF and 0.9 us for YAG:Sc SC." It
should be noted that due to the low density p = 4.5 g/cm® and
effective atomic number Z; = 29, the YAG:Nd and YAG:Sc
SCs may be used only for registration of low-energy ionizing
radiation.”'” Therefore, it is promising to fabricate CSs for
registration of the mixed fluxes of particles and high-energy
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quanta with using single crystalline oxide compounds, which
are characterized by high values of p and Z4'>"

Among possible candidates of such oxide compounds, the
cadmium tungstate CdWO, (CWO) first attracts our
attention."* AWO, (A = Cd, Ca, Zn) tungstates have high
densities p = 6.1—7.4 g/cm® and effective atomic numbers Z g =
61—-66. CAWO,, CaWO,, and ZnWO,, SCs are the well-known
scintillators for radiation monitoring and computer tomog-
raphy.'®"” Therefore, the tungstates are very promising
materials for creation of SCF scintillators as well. As activators,
which can effectively emit in AWO, (A = Cd, Ca, Zn) hosts,
Bi** and Pb*" ions can be first tested.'¥”" Namely, the two
types of CSs based on CWO:Bi SCF onto CWO SC substrates
and CWO:Bi SCF onto CWO:Bi SC substrates were grown by
the LPE method and successfully examined for the registration
of a-particles and X-rays.'* The separation of the scintillation
signals was performed using the differences in the decay
kinetics of CWO:Bi SCF and CWO SC parts with a lifetime ¢, ,
of 12.9 and 8.0 us, respectively."* The disadvantages of such
types of CSs are the long scintillation decay, the relatively low
ratio of time discrimination of scintillations coming from the
SCF and SC parts, as well as the significant temperature
quenching of the CWO SC luminescence in the RT range."®*’

The novel approach for development of scintillation
materials including the composition engineering of the cation
content and bang gap engineering of heavy garnet com-
pounds™"** also opens a wide possibility for development of
advanced types of CSs based on the mentioned garnets. The
bulk SCs of the Gd;Al; Ga,O,, garnets at x = 2—3 are now on
the top list of scintillators with very high (up to S0 000
photons/MeV) light yield (LY) under excitation by y quanta of
137Cs (662 keV) source.”’ The solid solution of
Lu;,,Gd,Al;,Ga,O;, mixed garnets at x = 1-3; y = 2—3 are
also very promising materials for creation of the SCF
scintillation screens with high absorption ability for X-rays
and very high efficiency for the registration of a-particles.”**°
The best scintillation properties of Lu, ,Gd,Al;,Ga,O;, mixed
garnets are achieved at nominal content in the melt solution of
Gd and Ga x = 1.5 and y = 3.5, respectively.”””* With the aim
of increasing the energy transfer efficiency from the host of
mixed garnets to the Ce*" ions, the Lus,Tb,AlO;, and
Gd; , Tb,Al;O;, SCFs were also crystallized by the LPE
method, and their luminescent and scintillation properties
were reported as well.””** The Ga codoped analogues of these
garnets can be also considered as very interesting matrixes for
this purpose.””*” At the same time, the possibility of growth by
the LPE method of the new types of advanced CSs based on
the SCF and SC of the mentioned above garnets needs the
technological and experimental evidence. For this reason, in our
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Table 1. Growth Conditions of LGAGG:Ce SCFs and CSs as well as Their LY under Excitation by the a-Particles of ***Pu (5.15
MeV) Radioisotope, Measured with Shaping Time 12 ys in Comparison with YAG:Ce SCF Standard Sample with Photoelectron
LY of 360 phels/MeV (a LY of 2650 photon/MeV), Gd;Ga, ;Al, ;0,,:Ce Substrate and Reference Gd;Ga;Al;0,,:Ce Crystals

from ISM, Kharkiv (KH), and Tohoku, University, Japan (JPN)“

nominal content of SCFs in melt substrate type and their size, f, um/
no SCF and SC solution cm? real content of SCFs hyym T, °C min LY, %
YAG:Ce 42—6 Y,ALO,,:Ce YAG; 1% 1 Y,ALO,,:Ce 54 1.0
LGAGG:Ce a3 Lu, ;Gd, (Al ;Gay ;O,,:Ce GAGG:Ce; 0.5 X 0.5 Luy 4sGd, 14Ceo 006 125 1020 021 1.05
Pbygor Al 77Ga;2301,
LGAGG:Ce a4 Lu, sGd, sAl, Ga; s0,,:Ce GAGG:Ce; 0.5 X 0.5 Lu,; ¢6Gd, 33Ceq.008 16 1010 0.27 0.96
Pbo 03AL 51Ga 19012
LGAGG:Ce a6 Lu, sGd, 5Al, sGay 50,,:Ce GAGG:Ce; 0.5 X 0.5 Lty ,Gd, 4Ce oocs 15 1007 030 145
Pby 1AL 515Ga,.175012
LGAGG:Ce b2 Lu, sGd, 5Al, sGay 0,,:Ce GAGG:Ce; 1 X 1 Lty 415Gdy 5Ceooss 30 995  0.66 1.0
Pby 1AL 33Ga;44012
LGAGG:Ce bS Lu, 5Gd, sAl; sGa; sO4,:Ce GAGG:Ce; 1 X 1 Lu, 5,Gd; 37Ceq 05 18 1000 0.35 0.75
Pbog01Aly G2, 301,
GAGG:Ce KH Gd;Al, sGa, sO,:Ce -5 1Xx1 900 340
GAGG:Ce JPN Gd;AL,Ga;0,,:Ce - 1X1 1000 331
“h - SCF thickness; f - velocity of SCF growth; T - SCF growth temperature.
work we present for the first time the results of research 2.50 |
directed on the creation of the advanced CSs based on the SCF i .. -
of Ce*-doped Lu,sGd, Al Ga;sO;, mixed garnets and = 225 6 'm -
substrates from SC of Gd;Al, ;Ga; ,0,,:Ce garnets by the e [ I B
LPE method. £ 1,2-Lu 5
= 2.00 -
g 3,4-Gd
2. GROWTH OF COMPOSITE SCINTILLATORS BASED = 5,6 - Ga
ON Lu, 5Gd, 5Al; sGa; ;0,,:Ce SCF AND g 175r 1
Gd;Al, ;Ga, ;0,,:Ce CRYSTALS § 2 =
L [ ] ’
The two sets (a and b series) of CSs of G-LG type based on the 8 150 AR .
SCFs with nominal content Lu,Gd, Al ;Ga;O,,:Ce . 4 =
(LGAGG:Ce) were grown by the vertically deepening LPE Q125 =3 _
. -~
method onto Gd;Al, (Ga, ;0,:Ce (GAGG:Ce) substrates with 5 ~-
a lattice constant of 12.228 A from supercooling melt solutions =1 4100 \ L \ L \ L
using PbO-B,0; flux (Figure 1). For comparison, the sets of 995 1000 1005 1010 1015 1020

LGAGG:Ce SCF samples were also grown onto undoped
GAGG substrates. The growth conditions of the SCF and
composite scintillators (of the SCF and the substrate) were
investigated, and the content and structural properties as well
their absorption, cathodoluminescence, and scintillation prop-
erties are presented in Table 1 in detail.

The real composition of SCF scintillators was determined
using a JEOL JSM-820 electronic microscope, equipped by an
EDX microanalyzer with IXRF 500 and LN2 Eumex detectors.
Composition from the EDX microanalyzer was compared with
the content Lu, sGd, ;Al; sGa; s0,,:Ce in the melt solution 1.
As can be seen from Table 1, the content of Lu and Gd cations
in SCFs is strongly affected by the temperature and velocity of
their growth. Generally, at higher growth temperatures, the
large content of Lu cations up to x = 1.62—1.8S is observed in
LGAGG:Ce a3, a4, and bS SCF samples in comparison with
the calculated value x = 1.5 in the melt solution, whereas at
lower growth temperatures the concentration of Gd cations in
SCFs is quite close to the calculated value, namely, x = 1.52 for
b2 sample (Table 1 and Figure 2, curves 1, 2 and 3, 4,
respectively). Meanwhile, the content of Ga cations in SCFs,
grown onto GAGG substrates, less affects the growth
temperature in the range of higher temperatures (Figure 2,
curve S) but is notably increased at lower growth temperatures
(Figure 2, curve 6). It is also worth to note here that the
segregation coefficient of Ga ions in SCF grown from the melt
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Growth temperature, °C

Figure 2. Dependence of Lu (1, 2) and Gd (3, 4) content in SCFs
with nominal content Lu, ;Gd, sAl, sGa; sO1,, grown onto GAGG (1,
3) and GAGG:Ce (3, 4) substrates.

solution with the nominal content Lu, {Gd, ;Al; ;Ga;O,,:Ce
onto GAGG and GAGG:Ce substrates is slightly larger than
that reported in ref 24 and equal to 0.64—0.70 for growth
temperatures in the 1020—995 °C range.

The concentration of Ce activator and Pb flux related dopant
typically increases with decreasing the growth temperature and
vice versa. Meanwhile, for reaching the highest scintillation LY
the most important is the value of K = Ce/Pb ion ratio in SCFs,
and this ratio is the largest (K = 6.5) in a6 sample, whose LY is
significantly higher than that in other samples under study with
K = Ce/Pb ratio in the 2.7—S5 range. For bS SCF sample the Ce
and Gd concentrations are too small (x = 0.005 and 1.35) that
cannot allow reaching a high LY of scintillation even at a
relatively high Ce/Pb ratio K = S (see Table 1).

The X-ray diffraction (XRD) measurements (spectrometer
DRON 4, Cuy, X-ray source) were used for characterization of
the structural quality of Lu, sGd, sAl; sGa; sO,,:Ce SCFs, grown
onto Gd;Al, sGa, O,,:Ce SC substrates with the lattice
constant 12.228 A (Figure 3). From the respective XRD
patterns of these SCFs, we can also calculate the lattice
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Figure 3. XRD patterns of (1200) planes of Lu, sGd, sAl, ;Ga; ;O,,:Ce
SCF a6 and b2 samples grown onto Gd;Al, ;Ga,;0;,:Ce substrates
with a lattice constant of 12.228 A. The SCF/substrate lattice misfit m
lies in the —(0.66—0.77)% range.

constants of the respective garnet compositions and estimate
the misfit between the lattice constants of SCFs and GAGG
substrate Aa = (agcp — agp)/ g X 100% (Figure 3). Namely,
the lattice constant of Lu,Gd, Al ;Ga;5O,,:Ce a6 and b2
SCF samples due to the deviation of the cation content was
changed from 12.1389 A in a6 sample to 12.1469 A in b2
sample and the value of misfit m changed from —0.73% to
—0.66% for these SCF samples (Figure 3).

3. LUMINESCENT AND SCINTILLATION PROPERTIES
OF CSS BASED ON THE LGAGG:CE SCFs AND
GAGG:CE SUBSTRATES

For characterization of the luminescent and scintillation
properties of the CSs based on the Ce**-doped LGAGG:Ce
SCFs and GAGG:Ce substrates, the absorption spectra,
cathodoluminescence (CL) spectra, LY and scintillation decay
kinetics measurements under excitation by a-particles and y-
quanta were applied. The CL spectra were measured at the
room temperature (RT) using an electron microscope SEM
JEOL JSM-820, additionally equipped with a spectrometer
Stellar Net and TE-cooled CCD detector working in the 200—
925 nm range. The scintillation LY (pulse height spectra
measured with a shaping time of 12 us) was first measured after

each SCF growth circle using the setup based on a Hamamatsu
H6521 photomultipliers (PMP), multichannel analyzer, and
digital Tektronix TDS3052 oscilloscope under excitation by a-
particles of Pu*® (5.15 MeV) radioscope. The spectra were
compared with a standard YAG:Ce SCF sample with a
photoelectron yield of 360 phels/MeV and LY of 2650
photons/MeV>*** and also with reference Gd;Ga, ;Al, sO;,:Ce
substrates, produced either in the ISM, Kharkiv, Ukraine
(GAGG:Ce KH), or high-quality Gd;Ga;Al,0,,:Ce crystals,
produced in Tohoku University, Japan (GAGG:Ce JPN).
Scintillation response investigations of the selected CSs (see
Table 1) were performed using a setup consisting of a hybrid
PMT (HPMT DEP PP0475B), measuring electronics and PC
control. Pulse height spectra were measured under excitation by
a-particles with of *Am (energy 5.4857 MeV) radioisotope
and with y-rays of "*’Cs (energy 661.66 keV) radioisotope. It is
important to note here that the a-particles of ***Pu and **'Am
sources allow exciting only the epitaxial layers of SCF samples
(not their substrates) because the penetration depths of a-
particles in the studied samples are approximately 12—15 pm.
3.1. Absorption Spectra. The absorption spectra of the
two samples of LGAGG:Ce SCFs, grown onto undoped
GAGG substrates and of the GAGG:Ce SC substrate, are
presented in Figure 4a. The sharp bands peaked at 275 and 313
nm in the spectra both of SCFs and substrate are caused by the
8S,/» = °Ly/,_7) transitions of Gd*" ions. The first absorption
band of Gd* ions strongly overlapped with the absorption
bands peaked in the 260—265 nm range, which are caused by

the intrinsic 'S, — °P; transitions of Pb?* flux related
30,31

impurity.”

The absorption bands in the 340—347 nm and 450—465 nm
ranges (labeled as E, and E, bands, respectively) of LGAGG:Ce
SCF samples and GAGG:Ce substrate are related to the 4f-
5d(*E) transitions of Ce>* ions. Other Ce®" absorption bands in
these scintillators are located below 230 nm and related to the
4£-5d(T,,) transitions.”” Due to the different temperatures of
SCF growth and the respective deviation of the SCF content
(Table 1), we observe notable changes in the absorption
spectra of different SCFs with nominally the same content in
the melt (Figure 4a, curves 2 and 3).

The difference in the positions of E; and E, bands AE, = E;
— E, is proportional to the crystal field strength (CFS) in the
dodecahedral positions of the garnet lattice, where the Ce®*
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Figure 4. (a) RT absorption spectra of LGAGG:Ce b3 and b4 SCFs, grown onto undoped GAGG substrates in comparison with absorption spectra
of GAGG substrate (3); (b) absorption spectra of b2 (1) and bS (2) samples of LGAGG:Ce/GAGG:Ce CSs in comparison with absorption spectra

of GAGG:Ce substrate (3).
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ions are localized, and is very sensitive for CFS changing.
Namely, we have observed the shift of positions of E; and E,
Ce®" absorption bands and change of the respective AE,,
values from 0.732 to 0.789 eV in a3 and a4 SCF samples,
respectively (Figure 4a, curves 2 and 3). On the basis of the
AE,y, values for these SCF samples, we have also found about a
4.8—11.7% decrease of CFS in Lu,Gd,Ga,Al;0,,:Ce
garnet in comparison with Gd;Ga,sAl, O,,:Ce garnets
(AEy, = 0.829 eV, curve 3b).*"”

The absorption spectra of CSs based on the epitaxial
structures containing of GAGG:Ce substrate with a thickness of
1 mm and LGAGG:Ce SCFs with different thickness represent
the mixture of the absorption spectra of their SCF and SC
components (Figure 4b). The differences in the absorption
spectra shown in Figure 3b are mainly related to the UV part of
spectra and caused by the different contribution of the
absorption of Pb*>* and Ce’* ions in the SCFs under study.

3.2. Cathodoluminescence Spectra. The normalized CL
spectra of three LGAGG:Ce SCFs a3, a4, a6 samples and two
LGAGG:Ce SCFs in a6 and b2 CS samples and GAGG:Ce
substrate are shown in Figure S, panels a and b, respectively.
The dominant wide luminescence bands, consisting of two
bands peaking in the 520—527 nm and 540—547 nm ranges in
the spectra of all the mentioned SCFs and substrate,
correspond to the Sd' — 4f (2F5/2;7/2) transitions of Ce®*
ions in the mentioned garnet hosts. The positions of these

1838

bands are slightly red-shifted, and their fwhm increase sharply
in a3, a4, and a6 LGAGG:Ce SCFs due to the increase of Gd
content in the SCF samples grown at lower temperatures and
to the increase of respective CFS in the dodecahedral position
of the garnet host (Figure Sa).

The CL spectra of LGAGG:Ce SCFs in b2 CS sample (curve
2) and GAGG:Ce substrate (curve 3) with a larger Gd
concentration also show the small red shift in comparison with
the CL spectra of LGAGG:Ce SCF in bS CS sample with
smaller Gd content (Figure Sb, curve 1). Meanwhile, the CL
spectra of all SCFs and substrates under study are rather
spectrally close, and that is very suitable for registration of
scintillation by one PMT with sensitivity in the 450—750 nm
range with a maximum at 540—545 nm.

3.3. a- and y-rays Spectroscopy of LGAGG:Ce/
GAGG:Ce Composite Scintillators. For investigation of the
scintillation properties of LGAGG:Ce/GAGG:Ce CSs under a-
particle and y-ray excitation, b2 and bS samples with dimension
1 X 1 cm? were selected (Table 1).

3.3.1. LY and Energy Resolution. Pulse height spectra of the
main y-ray or a-particle lines of **!Am and '¥Cs registered by
b2 and bS samples of LGAGG:Ce/GAGG:Ce CS are presented
in Figure 6, panels a and b, respectively. The main peak in
Figure 6a corresponds to the total energy absorption of a-
particles of **'Am with an energy of 5.4857 MeV. The peak in
the left part of the spectrum corresponds to the absorption of
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low-energy emission line of **'Am with energy of 59.6467 keV.
It is worth to note that the positions of the main photopeaks,
observed in Figure 6a, are substantially different for b2 and bS
samples of LGAGG:Ce/GAGG:Ce CS and for GAGG:Ce SC
substrate. This means that a-particles excite only SCFs parts of
CSs. Figure 6a shows also that the LY of LGAGG:Ce SCFs b2 i
bS5 samples under excitation by a-particles is smaller
respectively by 3.8 and 5.3 times in comparison with the LY
of the GAGG:Ce substrate. These results on the LY of b2 and
bS SCF samples under a-particles excitation by the **'Am
source are coherent with the results on these samples presented
in Table 1 under excitation by the ***Pu source. Such lower LY
of SCF samples is caused by the negative influence of Pb flux
related impurity on the scintillation properties of SCFs of many
oxide compounds grown from PbO based flux.”**°

Under y-quanta excitation of b2 and bS CS samples by *’Cs
source, the main peaks were observed in pulse high spectra,
corresponding to the total absorption of y-radiation with energy
of 661.66 keV (Figure 6b). An additional peak is observed at
lower energy at 32.006 keV, corresponding to low-energy
energy line of '’Cs source. It is characteristic that the positions
of the main photopeaks, observed in Figure 6b, have roughly
the same positions both for LGAGG:Ce SCFs and GAGG:Ce
substrate and that means that y-rays excite mainly the substrate
and almost the SCF epitaxial layers.

Figure 7 presents the LY of LGAGG:Ce b2 and bS CS
samples and GAGG:Ce substrate evaluated in photons ph/

—— Gamma exc. GAGG:Ce substrate

5
10" ¢ - = - Gamma exc. LGAG:Ce SCF b2 CS
= 4 = Gamma exc. LGAG:Ce PL-32-5CS
‘*._.r———:—' - %
% 104 | ./.&.)k Alpha exc. GAGG:Ce substate
=
£
2 Alph.a exc. LGAG:Ce b2 cs_ "
> — e — T T TITATITITITT
10° VLR Alpha exc. LGAG:Ce b5 CS
F &
2 1 1 1 1 1
0% 2 10

4 6 8
Shaping time (ms)

Figure 7. LY values versus shaping time of LGAGG:Ce/GAGG:Ce b2
and b5 and GAGG:Ce substrate measured under a-particles excitation
by **'Am source with an energy of 5.4857 MeV and y-ray excitations
by "’Cs source with an energy of 661.66 keV.

MeV and measured with different shaping times in the 0.5—10
us range under a-particle and y-ray excitation. Namely, for b2
and bS CS samples, excited by a-particles of **'Am source with
an energy of 54857 MeV, the LY increasing from value of 1300
to 2100 ph/MeV and from 914 to 1567 ph/MeV for shaping
times from 0.5 to 10 us, respectively. On the contrary, we have
observed very similar LY values under y-ray of 661.66 keV for
both LGAGG:Ce SCFs (b2 and bS CS samples) and for
GAGG:Ce substrate. Specifically, the LY values are changed
from 30000 to 47000 ph/MeV when the shaping times
increase in the 0.5—10 us interval.

From the data presented in Figure 7, we have also calculated
the ratio between the LY of Gd;Ga, ;Al, ;O,,:Ce SC under a-
and y-excitations. Namely, for the shaping time of 10 us this
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ratio is equal to LY,/LY, = 0.194. This means that the LY of
the Gd;Ga, AL, 5O ,:Ce garnet under particles excitation can
be also 5-fold lower than the values obtained under excitation
by y-radiation. The energy resolution of LGAGG:Ce/GAGG:Ce
b2 and b5 CS samples and GAGG:Ce substrate measured with
the 0.5—10 ps shaping time under excitation by a-particles and
y-quanta is shown in Figure 8. As can be seen from Figure 8§,
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= ®= Alpha exc. LGAGG:Ce/GAGG:Cr CS b2 (2)
=A= Alpha exc. LGAGG:Ce/GAGG:Ce KS b5 (3)
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N
o
1

A
At} <.. =4= Gamma exc. LGAGG:Ce/GAGG:Ce b5 KS (6)
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"..:~--____,‘_'X
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T
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Figure 8. Energy resolutions versus shaping time of LGAGG:Ce/
GAGG:Ce b2 and bS CSs (2, 3, 5, 6) and GAGG:Ce substrate (1, 4)
measured under a-particles excitation by **'Am source with an energy
of 5.4857 MeV (1—3) and y-ray excitations excitation by '¥’Cs source
with an energy of 661.66 keV (4—6).

the energy resolution of LGAGG:Ce/GAGG:Ce CS samples
under a-particles excitation by **'Am (5.4857 MeV) source
(e.g, LGAGG:Ce SCFs) lies in the 16—11% range and is
significantly worse as compared to the energy resolution of
GAGG:Ce substrate lying in the 6—8% range. This is caused
mainly by the significantly lower LY of SCF samples as
compared with the LY of SC substrate (Figure 7).

3.3.2. Scintillation Decay Kinetics. Figure 9 presents
scintillation decay curves of LGAGG:Ce/GAGG:Ce CSs b2
and b$ samples (parts a, b), Gd;Ga, ;Al, ;O},:Ce KH substrate
(part c) and the reference Gd;Ga;AL0;,:Ce JPN SC (part d)
measured both under a-particles and y-ray excitations; see
curves 1 and 2, respectively. The deconvolution of the decay
curves was performed by the 3-exponentional approximation I
= A; exp(—t/7;) + const, and the respective decay lifetimes of
the components of such approximation are presented in Table
2. The decay curve of Gd;Ga,Al, O,:Ce KH substrate and
Gd;Ga, Al ;O ,:Ce SC JPN under a-particle or y-ray
excitation shows only two slow decay time components with
a respective lifetime of 355 and 1065 ns and 155 and 555 ns.
The decay kinetics of b2 and b5 samples of LGAGG:Ce/
GAGG:Ce CSs, besides the slow decay components, consists of
the fast decay components with lifetimes of 46—53 ns and 94—
109 ns under a-particle or y-ray excitation, respectively (see
Table 1). Two slow decay values are also observed in the SCF
samples under a-particles or y-rays excitation: 7, (1)
component with the lifetime between 296 and 430 ns and
Tgow(2) component with the lifetime between 1390—1915 ns
(Table 2).
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Table 2. Scintillation Decay Times of the GAGG:Ce KH
Substrate, Reference Gd;Al,Ga;0,,:Ce JPN SC and b2 and
b3S SCF Samples of LGAGG:Ce/GAGG:Ce CSs under
Excitation by a-Particles of >*'Am (5.4857 MeV) Source and
y-rays Excitations by *’Cs (661.66 keV) Source

Thasv Tslow( 1 )r Tslow(z)l
sample excitation ns ns ns
Gd;Al, sGa, sO0,:Ce KH a-particles 35S 1065
substrate
Gd;Al, sGa, sO,:Ce KH y-rays 281 939
substrate
Gd;Al,Ga;0,,:Ce JPN SC a-particles 159 555
Gd;Al,Ga;0,:Ce JPN SC y-rays 99 349
LGAGG:Ce/GAGG:Ce CS b2 a-particles 45 297 1515
LGAGG:Ce/GAGG:Ce CS b2 y-rays 94 398 1391
LGAGG:Ce/GAGG:Ce CS bS  a-particles 56 381 1916
LGAGG:Ce/GAGG:Ce CS bS  y-rays 109 431 1885

4. DISCUSSION

Generally for registration of the difference in the scintillation
decay kinetics of the bulk and film components of composite
scintillators, it is very important to analyze the decay curves
under a-particles and y-quanta excitations of crystal substrates,
prepared from bulk crystal of garnet compounds, in the whole
range of intensity decay. We first perform such analysis for
Gd;Al, ;Ga, ;O,,:Ce substrate and reference Gd;Al,Ga;0,,:Ce
SC with the same thickness of 1 mm for the scintillation
intensity decay to 1/e, 0.1, and 0.01 levels (Table 3 and Figure
9, panels c and d, respectively), As can see from Figure 9¢,d, the
decay curves of both SCs under a-particles and y-quanta
excitation are systematically very close or even faster than in the
case of a-particles excitation. Most probably, this is a
fundamental behavior of scintillation materials and can be
connected with the peculiarities of the interaction of the a-
particles and y-quanta with the material of scintillator. This
conclusion is confirmed also by comparison of the differences

Table 3. Time Values t, and t, of Scintillation Intensity Decay to 1/e, 0.1, and 0.01 Levels of LGAGG:Ce/GAGG:Ce b2 and bs
CSs, GAGG:Ce KH Substrate and Reference Gd;Ga;Al1,0,,:Ce JPN SC under a-Particles and y-Quanta Excitations by of >*'Am

(5.4857 MeV) and "*’Cs (661.66 keV) Sources, Respectively

Gd;Ga, Al sO,,:Ce substrate

Gd;Ga;ALO,,:Ce SC JPN

LGAGG:Ce/GAGG:Ce CS b2 LGAGG:Ce/GAGG:Ce CS bS

intensity decay level t, ns ty 1S t, ns
1/e 3010 3898 102
0.1 790 926 269
0.01 2467 2876 808
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ty DS t, ns t, DS t, ns ty DS

145 246 122 264 236

398 784 632 781 797

1160 2250 3350 2170 2882
DOI: 10.1021/acs.cgd.7b01695
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in the decay times at 1/e, 0.1, and 0.01 level for decay curves
under a-particles and y-quanta excitations (so-called t,t, ratio)
in Gd;Al, Ga, 0,,:Ce KH substrate and Gd;Al,Ga;0,,:Ce
JPN SCs (Figure 10). As can see from this figure, t,,t, ratio is
notably higher in SC sample with large Ga content. Meanwhile,
the differences in the t,,t, ratio are not significantly changed for
Gd;Al, Ga, ;O,,:Ce KH substrate and Gd;Al,Ga;0,,:Ce JPN
SCs at different registration levels and can be presented in
Figure 10 as the vertical line with small slope (curves 1 and 2,
respectively).

We can expect the t,,t, ratio, e.g,, the rate of separation of the
scintillation signal at the registration of the a-particles and y-
quanta, can be significantly improved in the composite epitaxial
structures based on the films and crystals of different oxide
compounds in comparison with crystal scintillators. Figure 10a
shows values of the t,,t, ratio for scintillation decay kinetics for
b2 and bS samples of LGAGG:Ce/GAGG:Ce CSs to 1/e, 0.1,
and 0.01 levels (curves 1 and 2, respectively). Table 3 presents
also the respective decay time values to the mentioned levels
for both samples of CS under a-particles y-quanta excitations.
The results presented in Figure 10a and Tables 3 show that for
both CS samples under study, the best separation of
scintillation decay curves under a- and y-excitation is observed
at the 1/e level. Most clearly the separation of the decay curves,
related to the excitation of CSs by a-particles and y-quanta, is
observed for b2 sample at 1/e and 0.01 levels of intensity decay
(Figure 10 a and Table 3), and the respective t,t, ratio is equal
to 0.495 and 1.49. Thus, the decay times of the film and bulk
parts of b2 sample of LGAGG:Ce/GAGG:Ce CSs at the 1/e
level differ by two times under registration of a-particles and y-
quanta, respectively, and such ¢,t, ratio is completely enough
for discrimination of the signal coming from different parts of
this type of CS (Figure 10b). Finally, the optimal conditions for
scintillation registration using this type of CS can be chosen
between 0.5 and 0.2 levels of intensity decay in the 0—500 ns
time range, where t,/t, reach up to the value above 1.5 (dashed
rectangle in Figure 10b).
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B CONCLUSIONS

A new type of advanced composite scintillators (CSs) based on
the single crystalline films (SCFs) of mixed garnet with
Lu, ;Gd, Al sGa; O ;,:Ce (LGAGG:Ce) nominal content and
thickness in the 12.5—30 pm range and Gd;Al, sGa,0,,:Ce
(GAGG:Ce) single crystal substrates with a thickness of 1 mm
was produced by the LPE method from melt solutions using
PbO-B,0; flux at the SCF/substrate lattice misfit lies in the —
(0.66—0.77) % range.

For the characterization of the luminescent and scintillation
properties of SCF and bulk crystal parts of composite
scintillators, the absorption spectra, CL spectra, LY and
scintillation decay kinetics under a-particles excitation by
%Py (5.15 MeV) and **'Am (5.5 MeV) sources and y-quanta
excitation by "*’Cs (0.662 MeV) source were applied. Under -
quanta excitation by '¥'Cs source and a-particles excitations by
*MAm source, the scintillation LY of Gd,Al,Ga,O,:Ce
crystal is equal to LY, = 46 000 ph/MeV and LY,, = 8950 ph/
MeV, respectively, at registration of scintillation with a shaping
time of 6 us; e.g, the LY, /LY, ratio for this scintillator is equal
to 0.195. We have also found that the LY of SCF scintillators
under a-particles excitation of »*Pu and **'Am sources is less
by 4 times than the LY of GAGG:Ce substrate due to the
strong negative influence of Pb** flux related impurity on LY of
Ce**-doped SCF scintillators.

Under y-quanta excitation by '’Cs source and a-particles
excitations by ?*'Am source, the notable difference in the
scintillation decay kinetics of Gd;Al, sGa, O,,:Ce and
Gd;Al, sGa, ;O,,:Ce crystals is observed. Such difference can
be characterized by the t,t, decay time ratio, which for the
mentioned crystals lies in the 1.26—1.7S5 and 1.46—1.49 ranges,
respectively, at scintillation intensity decay in two decades from
1.0 up to 0.01 levels. This means that the scintillation decay
kinetics of Gd;Al, ;Ga, ;0,,:Ce and Gd;Al, ;Ga, ;0,,:Ce
crystals under a-particles excitations is systemically faster than
in the case of y-quanta excitation, and such phenomenon is a
fundamental property of the scintillation materials.

We have also found significant differences in the scintillation
decay kinetics of LGGAG:Ce/GAGG:Ce composite scintilla-
tors under excitation by y-quanta of '*’Cs source and a-
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particles excitations by **'Am source. The respective t,/t, decay
time of the intensity decay to the 1/e level under excitation by
a-particles of **Am source and y-quanta of '*’Cs source
reaches up to 0.495; e.g, the SCF scintillators is two times
faster than substrate—scintillators ratio in the 0—500 ns range.
Therefore, such type of composite scintillators can be
successfully applied for separation of the signals coming from
their film and bulk parts of CS at the registration of the mixed
radiation fluxes containing a-particles and y-quanta.
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W) Cheok for updates Epitaxial growth of composite scintillators based
e this: Costnacomm 208,20, O TP3Als012 1 Ce single crystalline films and
3994 GdzAl; sGas 5015, : Ce crystal substrates

S. Witkiewicz-Lukaszek,? V. Gorbenko,? T. Zorenko,? K. Paprocki,® O. Sidletskiy,®
A. Fedorov,© R. Kucerkova,® J. A. Mares,® M. Nikl® and Yu. Zorenko @ *2

This work presents our latest achievements in the development of advanced composite scintillators for si-
multaneous registration of a-particles and y-quanta in mixed ionizing fluxes based on single crystalline
films (SCFs) of TbzAzO4,:Ce (TbAG:Ce) garnet and GdsAl, 5GaysO1,: Ce (GAGG: Ce) single crystal (SC)
substrates using the liquid phase epitaxy (LPE) growth method from a melt-solution based on a PbO-B,O3
flux. The separation of the signals from the SCF and SC components of such composite scintillators can be
realized by means of registration of the difference in the scintillation decay times of SCF and substrate
scintillators and can be achieved at a large K = t(SCF)/t(SC) ratio, which is usually above 2. The TbAG: Ce
SCFs exhibit relatively fast scintillation response under a-particle excitation with decay times of t;, = 344-
380 ns and ty/100 = 3130-3770 ns. Meanwhile, the scintillation response of TbAG: Ce SCFs under a-particle
excitation is significantly slower in the 500-4000 ns range than that of the GAGG: Ce crystals with decay
Received 5th April 2018, times of tye = 270-280 ns and t;/50 = 1280-1300 ns. We have found that for TbAG: Ce/GAGG: Ce com-
Accepted 30th May 2018 posite scintillators, the optimal K ratio changes from 2.0 to 3.0 at the registration of scintillations with shap-
ing times of 700-4000 ns. For this reason, TbAG: Ce/GAGG: Ce composite scintillators possess the best
scintillation properties among all known LPE grown analogues for simultaneous registration of a-particles
rsc.li/crystengcomm and y-quanta in mixed fluxes.

DOI: 10.1039/c8ce00536b

1,12-14

1 Introduction etration depths. Such composite scintillators present

epitaxial crystalline structures, including one or two SCFs
The technology of liquid phase epitaxy (LPE) offers today the  intended for registration of low penetrating o- and
possibility of developing luminescent materials based on sin-  B-particles, and bulk single crystal (SC) substrates for regis-
gle crystalline films (SCFs) of different oxide compounds'™  tration of high penetrating radiation (X- or y-rays) (Fig. 1a).
for applications such as cathodoluminescent screens,"” laser

media,*” scintillators for registration of o- and B-particles

and low-energy X- or y-ray quanta™®® and scintillating screens v quanta (a)

for microtomography detectors using X-ray sources and syn- a-and B- particles

chrotron radiation.'*"" y TbAG:Ce SCF

The LPE method opens also the possibility of creating ad- _“GAGG:Ce substrate
vanced composite scintillators (CSs) of “phoswich-type” »
(phosphor sandwich) for the registration of different compo- e 3 N
nents of ionizing radiation, namely, for analysis of the con- '
tent of mixed fluxes of particles and quanta with various pen-

“Institute of Physics, Kazimierz Wielki University in Bydgoszcz, Powstaricow
Wielkopolskich str., 2, 85090 Bydgoszcz, Poland. E-mail: zorenko@ukw.edu.pl
b mstitute for Scintillation Materials, National Academy of Sciences of Ukraine,
av. Nauki 60, 61001 Kharkiv, Ukraine

“SSI Institute for Single Crystals, National Academy of Sciences of Ukraine, av.
Nauki 60, 61178 Kharkiv, Ukraine

“ mnstitute of Physics, Academy of Sciences of Czech Republic, Cukrovarnicka str., Fig. 1 (a) Principal scheme of a composite scintillator; (b and c)
10, 16200 Prague, Czech Republic substrate scintillators prepared from GAGG:Ce crystals (b) and
¢ Faculty of Technical Physics, Poznan University of Technology, Piotrowo str., 3, composite scintillators of GT type based on the GAGG: Ce substrates
60965 Poznan, Poland and TbAG: Ce SCFs (c).
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The advantages of these types of composite scintillators in
comparison with the well-known analogues based on the
splice of different scintillation crystals are considered in a
previous work." Such types of composite scintillators present
epitaxial single crystalline structures with a sharp interface
between the composite scintillators with quite close refractive
indices. This allows substantial elimination of the light losses
at the interface of scintillators, to enhance the selectivity of
registration of the different components of mixed ionizing ra-
diation. The LPE method for composite scintillator produc-
tion permits also obtaining of the thickness of film scintilla-
tors quite close to the penetration depth of registered
particles. Namely, the thickness of film scintillators, which is
necessary for the complete absorption of a-particles of **°Pu
and **'Am radioisotopes, is typically equal to 12-15 um."

Different types of composite scintillators have been re-
cently considered by some of us."**"** The first type of com-
posite scintillator was created based on LPE grown epitaxial
structures of Y;Al;0;, garnet (YAG)." Namely, double-layered
composite scintillators based on YAG:Ce SCF/YAG:Nd SC
and YAG:Ce SCF/YAG:Sc SC structures as well as triple-
layered composite scintillators based on a YAG: Ce SCF/YAG:
Nd SCF/YAG: Sc SC structure were grown by the LPE method
and later examined under simultaneous excitation by a- or
B-particles and y-quanta.’ The separation of the scintillation
signals coming from the SCF and SC parts of the composite
scintillators was performed using the discrimination of their
scintillation decay kinetics.

It should be noted that due to their low density p = 4.5 g
em ™ and effective atomic number Z.¢ = 29, the scintillators
based on YAG SCs may be used only for registration of low-
energy ionizing radiation."'? Therefore, it is promising to
fabricate composite scintillators for registration of the mixed
fluxes of a- or B- particles and high-energy y-quanta using
other garnet compounds, which are characterized by high
values of p and Zg >

Among the possible candidates for such oxide compounds,
the Lu;Al;0;, garnet (LuAG) first of all has attracted our atten-
tion.”'® The LuAG host has a significantly high density of p =
6.7 g cm ™ and effective atomic number of Z¢ = 61 in compari-
son with YAG. LuAG: Ce, LuAG: Pr and LuAG:Sc are the well-
known scintillators for radiation monitoring and computer to-
mography.®'® Therefore, LUAG garnet is a very promising mate-
rial for creation of SCF scintillators as well the composite scin-
tillators on the base of this compounds. As activators, which
allow effective emission in LuAG hosts with different decay ki-
netics, Ce*", Pr’" and Sc*" ions can be firstly considered.”'”>°

The novel approach for development of scintillation mate-
rials including composition engineering of the cation content
and band gap engineering of heavy garnet compounds®'*?
also opens a wide possibility for development of advanced
types of composite scintillators based on the mentioned gar-
nets. The bulk SCs of the Gd;Al;5_,Ga,O,, garnet with x = 2-3
are now on the top list of scintillators with a very high light
yield (LY) up to 50000 photons per MeV under excitation by y
quanta of a *’Cs (662 keV) source.*" Solid solutions of

This journal is © The Royal Society of Chemistry 2018
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Lu;_,Gd,Al;_,Ga,0,, mixed garnets at x = 1-3 and y = 2-3 are
also very promising materials for creation of SCF scintillation
screens with high X-ray absorption ability and very high effi-
ciency for the registration of a-particles.**>® With the aim of
increasing the energy transfer efficiency from the mixed gar-
net host to the Ce*" ions, Lu;_,Tb,Al;0,, and Th;Al;0,, SCFs
were also crystallized by the LPE method and their lumines-
cence and scintillation properties were reported as well.>”">°

At the same time, the possibility of growth by the LPE
method of the new types of advanced composite scintillators
based on the SCFs and SCs of all the above mentioned gar-
nets needs technological and experimental evidence. For this
reason, in our work we present for the first time the results
of the research directed on creation using the LPE method of
composite scintillators based on SCFs of Ce** doped
Tb;Al;04, garnet (TbAG:Ce) (Fig. 1c) and substrates from
SCs of Gd;Al, 5Ga, 50;, : Ce (GAGG : Ce) garnet (Fig. 1b).

2 LPE growth of TbAG: Ce/GAGG: Ce
composite scintillators

A set of composite scintillators based on TbAG: Ce SCFs were
grown by the LPE method onto GAGG:Ce substrates from
super-cooling melt solutions using a PbO-B,0; flux
(Fig. 1b and c). For comparison, TbAG:Ce SCF samples T1
and T2 were also grown onto undoped YAG and GAGG sub-
strates, respectively (see ref. 28 for details). The growth condi-
tions for the SCF and composite scintillators, selected for in-
vestigation of their content and structural properties as well
as for studying their absorption, cathodoluminescence and
scintillation properties, are summarized in Table 1.

The XRD measurements (DRON 4 spectrometer, Cu K,
X-ray source) were used for characterization of the structural
quality of TbAG : Ce SCFs, grown onto YAG and GAGG: Ce SC
substrates with a lattice constant of 12.0064 and 12.2332 A,
respectively (Fig. 2). From the respective XRD patterns of
these SCFs (Fig. 2a and b) we can also calculate the lattice
constants of the respective garnet between the lattice con-
stants of TbAG:Ce SCFs and the GAGG:Ce substrate Aa =
(@scr = @sub)/@sub X 100%. Namely, the lattice constants of
TbAG:Ce T1 and GT7 SCFs, grown onto YAG and GAGG:Ce
substrates, are equal to 12.0730 A and 12.0722 A, and the
value of misfit m is equal to +0.55% and —1.32% for these
SCF samples, respectively (Fig. 2a and b and Table 1).

3 Luminescence and scintillation
properties of TbAG:Ce SCF/GAGG:
Ce SC composite scintillators

For characterization of the luminescence and scintillation
properties of the composite scintillators based on the Ce**
doped TbAG SCFs and GAGG substrates, absorption spectra,
cathodoluminescence (CL) spectra, LY and scintillation decay
kinetics measurements under excitation by a-particles and
y-quanta were applied. The absorption spectra were measured

CrystEngComm, 2018, 20, 3994-4002 | 3995
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Table 1 Growth conditions for ToAG: Ce/GAGG : Ce composite scintillators and their LY under excitation by a >*°Pu source (5.15 MeV) and registration
with a shaping time of 12 ps and the reference GAGG: Ce substrate. m - SCF/substrate misfit, h - SCF thickness, f - velocity of SCF growth; T - SCF

growth temperature

SCF number Nominal content of SCFs in melt-solution Substrate m, % h, pm T, °C f, um min™* LY, %
42-6 Y;AL;0,,: Ce YAG n. m. 54 100

T1 Th,Al;0,, : Ce YAG +0.55 20 990 0.66 200-205
T Tb;Al;0,,: Ce GAGG -1.29 16 1005 0.36 190-195
GT6 Tb;Al50,, : Ce/GAGG : Ce GAGG: Ce n. m. 50 995 1.0 175
GT7 Th;Al;0,, : Ce/GAGG : Ce GAGG: Ce -1.32 16 990 0.25 197
Substrate Gd;Al, 5Ga, 504, : Ce SC 900 340

using a Jasco 760 UV-vis spectrometer in the 200-1100 nm
range. The CL spectra were measured at room temperature
(RT) using an electron microscope SEM JEOL JSM-820, addi-
tionally equipped with a Stellar Net spectrometer and TE-
cooled CCD detector working in the 200-925 nm range. The
scintillation LY (pulse height spectra measured with a shap-
ing time of 12 us) was firstly measured after each SCF growth
cycle using a setup based on a Hamamatsu H6521 photo-
multiplier tube (PMT), multichannel analyzer and digital
Tektronix TDS3052 oscilloscope under excitation by
a-particles of a **°Pu (5.15 MeV) source. The spectra were
compared with those of the standard YAG:Ce SCF sample
with a photoelectron (phel) light yield of 360 phels per MeV
and a LY of 2650 photons per MeV***" and also with those of
the reference Gd;Ga, sAl, 504,:Ce (GAGG: Ce) substrate, pro-
duced in the ISM, Kharkiv, Ukraine. All measurements were
performed at room temperature (RT).

1 Kot
a, =120730A
a, =12.0064 A
0 o m=+0.55%
s () hkI=888
8
=
® TbAG:Ce film
= 0.01
- 001L
=
n
c
[
2
= E3|
YAG substrate
1E-4 L ! 1 L L L s |
1230 1235 1240 1245 1250 1255 1260 126.5
20 (grad)
1c Cu
a, =12.0722A a2
—_ a, =122332A
2 oaf m=-132%
E
8 hkl=1200
=
< 001 (b)
>
.iv;; TbAG:Ce SCF
c
[
]
£ 1E3L
GAGG:Ce
substrate
1E-4 L ! | L | ! L
98.0 98.5 99.0 99.5 100.0 100.5
20 (grad)

Fig. 2 XRD patterns of the (111) and (1200) planes of TbAG:Ce SCFs,
grown onto YAG (a) and GAGG:Ce (b) substrates with (111) (a) and
(100) (d) orientations.
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Scintillation response investigations of the selected com-
posite scintillators (see Table 1) were performed using a set-
up consisting of a hybrid PMT (HPMT DEP PP0475B), mea-
suring electronics and PC control. Pulse height spectra were
measured under excitation by o-particles of a >**'Am (energy
5.4857 MeV) radioisotope and y-rays of a *’Cs (energy 661.66
keV) radioisotope. It is important to note here that the
a-particles of >*Pu and **'Am sources allow exciting only the
epitaxial layers of the SCF samples (not their substrates) be-
cause the penetration depth of the a-particles in the studied
samples is approximately 12-15 um.

3.1 Absorption spectra

The absorption spectra of two TbAG : Ce/GAGG : Ce composite
scintillators are presented in Fig. 3 in comparison with the
absorption spectra of two TbAG:Ce SCFs, grown onto YAG
and GAGG substrates, as well as the absorption spectra of the
GAGG : Ce substrate.

The sharp bands peaking around 275 and 313 nm in the
spectra of both TbAG:Ce/GAGG:Ce composite scintillators,
TbAG:Ce SCFs, grown onto the GAGG substrate, and the
GAGG: Ce substrate are caused by the ®S,, — °I;, 5, and
83,/ — ®P3)5_,, transitions of Gd** ions, respectively. The 275
nm absorption band of Gd** ions strongly overlaps with the
absorption bands peaking in the 260-265 nm range, which

Tb 3+ 1 -GAGG:Ce
251 sa 2 -TbAG:Ce/YAG
: A, 3 -TbAG:Ce/GAGG
4 -TbAG:Ce 50 um/GAGG:Ce

20 5 -TbAG:Ce 16 um /GAGG:Ce
(]
(%]
]
815
£
o
8
< 1.0

0.5

0.0

0200 250 300 350 400 450 500 550 600
Wavelength (nm)

Fig. 3 RT absorption spectra of two TbAG: Ce/GAGG: Ce CS samples

GT6 (4) and GT7 (5) in comparison with absorption spectra of two

TbAG:Ce SCFs, grown onto YAG (2) and GAGG (3) substrates and

absorption spectra of the GAGG: Ce substrate (1).

This journal is © The Royal Society of Chemistry 2018
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are caused by the 'S, — *P; transitions of Pb>* flux related
impurity.*>*?

The intensive broad bands in the 326 nm (4,) and 200-
300 nm (4,, A3) ranges, in the absorption spectra of ThAG: Ce
SCFs, correspond to the 4f* — 4f’5d" spin-forbidden (sf) (4,)
and spin-allowed (sa) (4, A;) transitions of Tb*" ions,
respectively.**” The 4f-5d (sf)-absorption band (4,) of Tb*"
ions peaking at 327 nm to a great extent is distorted by the
presence of the 4f-5d-absorption band (E,) of Ce** ions
peaking at 336 nm in this spectral region.

The absorption bands in the 340-347 nm (E,) and 450-
465 nm (E;) ranges of the TbAG:Ce/YAG SCFs, TbAG: Ce/
GAGG SCFs, TbAG:Ce/GAGG: Ce composite scintillators and
GAGG: Ce substrate are related to the 4f-5d (E,) transitions
of Ce*" ions. Other Ce*" absorption bands in these scintilla-
tors are located below 230 nm (E;) and related to the 4f-5d
(T»g) transitions. Due to the different temperatures of SCF
growth and the respective deviation of the Ce** and Pb*" con-
tent in the SCFs under study (Table 1), we observe notable
changes in the absorption spectra of TbAG:Ce SCFs with
nominally the same content in the melt, grown onto YAG and
GAGG substrates (Fig. 3, curves 2 and 3).

The difference in the positions of E; and E, bands AExps =
E, - E, is proportional to the crystal field strength (CFS) in
the dodecahedral positions of the garnet lattice, where the
Ce*" ions are localized, and is very sensitive to the change in
CFS. Namely, we have observed the shift of positions of E;
and E, Ce*" absorption bands and the change of the respec-
tive AEAbs values from 0.95-0.975 eV in both TbAG:Ce SCF
samples (Fig. 3, curves 2 and 3) in comparison with the
GAGG : Ce substrate where the AE,,s value is equal to 0.827
eV (Fig. 3, curve 1). Based on the AE,s values for these SCF
and substrate samples, we have also found an about 15-18%
increase of CFS in the Tb;Al;04,:Ce garnet in comparison
with the Gd;Ga, 5Al, 504, : Ce garnet.

The absorption spectra of the composite scintillators
based on the epitaxial structures containing the GAGG:Ce
substrate with a thickness of 1 mm and TbAG: Ce SCFs with
different thicknesses represent the mixture of the absorption
spectra of their SCF and SC components (Fig. 3, curves 1-5).
The differences in the absorption spectra in Fig. 3 between
TbAG:Ce SCFs and TbAG:Ce/GAGG:Ce composite scintilla-
tors in the range of the E, and E; Ce*" absorption bands are
related to the contribution of the GAGG : Ce substrate, which
slightly decrease in the case of a large TbAG:Ce SCF thick-
ness (Fig. 3, curves 4 and 5, respectively).

3.2 Cathodoluminescence spectra

The normalized CL spectra of the TbAG: Ce SCFs, TbAG: Ce/
GAGG:Ce composite scintillators and GAGG:Ce substrate
are shown in Fig. 4. The dominant doublet luminescence
bands peaking at 550-560 nm in the spectra of the SCFs,
composite scintillators and substrate correspond to the 5d*
— 4f (°Fspp70) transitions of Ce®* ions in the TbAG and
GAGG garnet hosts. Due to the same nominal content, the

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 CL spectra of the GdzAl, 5Ga, 501, : Ce SC substrate (1), TOAG:
Ce/GAGG T2 SCFs (2) and TbAG:Ce/GAGG:Ce GT7 composite
scintillators (3).

CL spectra of TbAG:Ce SCFs and TbAG:Ce/GAGG:Ce com-
posite scintillators are very close (Fig. 4, curves 2 and 3).
The different positions of the maxima of the Ce*" emission
bands at 550 and 562 nm in the CL spectra of TbAG:Ce
SCFs and the GAGG:Ce substrate, respectively, are caused
by the different CFS and Stokes shift, which is equal to 0.53
and 0.474 eV, respectively, in the respective garnet hosts.

3.3 a-Particle and y-ray spectroscopy of TbAG : Ce/GAGG : Ce
composite scintillators

For investigation of the scintillation properties of TbAG: Ce/
GAGG:Ce composite scintillators under o-particle and y-ray
excitation, samples GT6 and GT7 with dimensions of 1 x 1
cm” were selected (Table 1).

3.3.1 Pulse height spectra. The pulse height spectra of the
main y- or a-ray lines of *’Cs and **'Am sources registered
by the TbAG:Ce/GAGG:Ce CSs and GAGG:Ce substrate are
presented in Fig. 5a and b, respectively. The main peaks in
Fig. 5a correspond to the total energy absorption of o-rays
with an energy of 5.4857 MeV. The peaks in the left part of
the spectrum correspond to the absorption of the low-energy
emission line of **'Am with an energy of 59.6467 keV. It is
worth noting that the positions of the main photo-peaks, ob-
served in Fig. 5a, are substantially different for samples GT6
and GT7 of TbAG:Ce/GAGG:Ce composite scintillators and
for the GAGG:Ce SC substrate. This means that o-particles
excite only the SCF parts of the composite scintillators.
Fig. 5a shows also that the LY value of TbAG:Ce SCFs in
samples GT6 and GT7 under excitation by o-particles is 1.42
and 1.48 times smaller, respectively, in comparison with the
LY value of the GAGG: Ce substrate. These results on the LY
of GT6 and GT7 composite scintillators under a-particle exci-
tation by the >*’Am source are consistent with the results
obtained with these samples presented in Table 1 under exci-
tation by the **’Pu source. Such a lower LY of SCF samples is
caused by the lower energy emission spectrum of TbAG:Ce
SCFs in comparison with the spectrum of the GAGG: Ce sub-
strate (Fig. 4) and a negative influence of Pb flux related
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1250 1500

impurity on the scintillation properties of SCFs of different
oxide compounds, grown from the PbO based flux.”**°

Under y quanta excitation of TbAG:Ce/GAGG:Ce GT6 and
GT7 composite scintillators by the '*”Cs source, the main peaks
were observed in the pulse height spectra, corresponding to the
total absorption of y radiation with an energy of 661.66 keV
(Fig. 5b). An additional peak is observed at a lower energy of
32.006 keV, corresponding to the low-energy line of the *’Cs
source. It is characteristic that the positions of the main photo-
peaks, observed in Fig. 5b, have similar positions for both
TbAG : Ce/GAGG : Ce composite scintillators and the GAGG: Ce
substrate and this means that y-rays excite mainly the substrate.

Fig. 6a presents the LY of the TbAG: Ce GT6 and GT7 com-
posite scintillators and GAGG:Ce substrate evaluated in
terms of photons per MeV (ph per MeV) and measured with
different shaping times in the 0.5-10 ps range under
o-particle and y-ray excitation. Fig. 6b shows relative change
of the LY of the TbAG:Ce GT6 and GT7 composite scintilla-
tors and GAGG:Ce substrate, measured with shaping times
in the 1-10 ps time range, with respect to the LY of these
samples, measured at the shortest shaping time of 0.5 ps.
Namely, for GT6 and GT7 composite scintillators, excited by
a-particles of the >*'Am source with an energy of 5.4857 MeV,
the LY increases from values of 2210-2280 ph per MeV
(100%) to 3880-4250 ph per MeV (170-192%) for shaping
times from 0.5 to 10 ps, respectively. In contrast, we have ob-
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Fig. 6 Dependence of LY values (a) and values of relative {LY(T us)/
LY(0.5 ps)} x 100% ratio (b) versus shaping time T of TbAG: Ce/GAGG:
Ce GT6 (2, 5) and GT7 (3, 6) composite scintillators and the GAGG: Ce
substrate (1, 4) measured under o-particle excitation by the 2**Am
source with an energy of 5.4857 MeV (1-3) and y-ray excitation by the
137Cs source with an energy of 661.66 keV (4-6). T = 0.5, 1, 2, 3, 6 and
10 ps.

served very similar LY values under y-ray excitation (661.66
keV) for both TbAG : Ce SCFs (GT6 and GT7 composite scintil-
lators) and the GAGG:Ce substrate. Specifically, the LY
values in these scintillators change from 32880 ph per MeV
(100%) to 43430 ph per MeV (125.5%) when the shaping
times increase in the 0.5-10 us interval.

The energy resolution of the TbAG: Ce/GAGG:Ce GT6 and
GT7 composite scintillators and GAGG:Ce substrate mea-
sured at the 0.5-10 ps shaping time under excitation by
o-particles and y-quanta is shown in Fig. 7. As can be seen
from Fig. 7, the energy resolution of TbAG : Ce/GAGG: Ce GT6
and GT7 composite scintillators under a-particle excitation
by the **'Am (5.4857 MeV) source (e.g., ThAG:Ce SCFs) lies
in the 31.8-16.6 and 17.7-14.4% ranges, respectively, and is
significantly worse as compared to the energy resolution of
the GAGG: Ce substrate lying in the 7.2-8.8% range. This is
caused mainly by the significantly lower LY of SCF samples
as compared to the LY of the SC substrate (Fig. 7). Under
y-ray excitation at 662 keV of '*’Cs we have observed rather
close values of the energy resolution of TbAG:Ce/GAGG:Ce
GT6 and GT7 composite scintillators in the 10.8-8.2% and
9.6-8.8% ranges, respectively, and the GAGG : Ce substrate ly-
ing in the 6.6-4.3% range (Fig. 7).

3.3.2 Scintillation decay kinetics. Fig. 8 presents the scin-
tillation decay curves of TbAG:Ce/GAGG:Ce GT6 and GT7

This journal is © The Royal Society of Chemistry 2018



CrystEngComm

<
°. 35 —s— Alpha exc. GAGG:Ce substrate (1)
g - &= Gamma exc. GAGG:Ce substrate (4)
T30 | i Alpha exc. TBAG:CE/GAGG:Ce GT6 (2)
; . —4— Gamma exc. TbAG:Ce/GAGG:Ce GT6 (5)
I-\I-’ 25 L \ —v—Alpha exc. TbAG:Ce/GAGG:Ce GT7 (3)
P 1“‘ «+®+ Gamma exc. TbAG:Ce/GAGG:Ce GT7 (6)
H \ v 2 = -4
Q20 v\ i bIT Ll v
3 Tl 3
8 15 -
2 ol s

10 -
3 6;":..\,,1\—;5 ————— PR
- 1 ':;-u ______ 4
g 5 \._ 1. e =0
w

1 L 1 1 L
00 2 6 8 10

4
Shaping time T (us)

Fig. 7 Energy resolutions versus shaping time of the TbAG:Ce/
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composite scintillators (parts a and b) in comparison with
the reference GAGG:Ce substrate (part ¢) measured under
both a-particle and y-ray excitation, see curves 1 and 2,
respectively.

The deconvolution of the decay curves was performed
using the 3-exponential approximation I = Aexp (~t/7;) + const
and the respective decay lifetimes of the components of such
approximation are presented in Table 2. The decay curves of
the GAGG:Ce substrate show only two slow decay compo-
nents with lifetimes of 355 and 1060 ns under a-particles ex-
citation and 281 and 940 ns under y-rays excitation (see
Table 2).

4. Discussion

Generally for registration of the difference in the scintillation
decay kinetics of the bulk substrate and thin film compo-
nents of composite scintillators, it is very important to ana-
lyze the decay curves under a-particle and y-quantum excita-
tion of the crystal substrates, prepared from bulk crystals of
garnet compounds, in the whole range of decay intensity. We
perform such an analysis for the Gd;Al,sGa, 50,,:Ce sub-
strate with a thickness of 1 mm for a decrease of scintillation
decay intensity to 1/e, 0.1 0.05 and 0.01 levels (Table 2 and
Fig. 8c). As can be seen from Fig. 8c, the decay curve of the
GAGG: Ce SC under y-quanta excitation is faster than that in
the case of a-particle excitation. In our opinion, such behav-
ior of scintillation materials can be connected with the pecu-
liarities of the interaction of the a-particles and y-quanta with
the material of the scintillator. This conclusion is confirmed
also by comparison of the differences in the decay times at
1/e, 0.1, 0.05 and 0.01 levels for the decay curves under
a-particle and y-quantum excitation (the so called ¢,/t, ratio)
in the GAGG: Ce substrate (Fig. 9, curve 1). The differences
in the t,/t, ratio are not significantly changed for the GAGG:
Ce SC substrate at different registration levels and can be
presented in Fig. 9 as the vertical line with a small slope
(curve 1). Meanwhile, the ¢,/t, ratio, i.e. the rate of separation
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Fig. 8 Scintillation decay of TbzAlsO;,: Ce/GAGG: Ce GT6 (a) and GT7
(b) composite scintillators in comparison with the GdsGa, sAl, 501, : Ce
SC substrate (c) under a-particle (1) and y-ray (2) excitation by 2**Am
and ’Cs sources, respectively.

of the scintillation signal at the registration of the a-particles
and y-quanta, can be significantly improved in the composite
epitaxial structures based on the SCFs and crystals of differ-
ent oxide compounds in comparison with crystal
scintillators.

Fig. 9 shows the values of the t,/t, ratio for the scintilla-
tion decay kinetics for samples GT6 and GT7 of TbAG: Ce/
GAGG: Ce composite scintillators to 1/e, 0.1 and 0.01 levels
(curves 2 and 3, respectively). Table 3 presents also the re-
spective decay time values to the mentioned levels for both
samples of composite scintillators under a-particle and
y-quanta excitation. As can be seen in Fig. 8a and b, the sepa-
ration of the decay curves, related to the excitation of com-
posite scintillators by o-particles and y-quanta, is observed
both for samples GT6 and GT7 at all levels of intensity decay
(see also Table 3). The results presented in Fig. 9 and Table 3
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Table 2 Scintillation decay times of the TbzAlsO,: Ce/GAGG: Ce GT6 and GT7 composite scintillators and the reference GAGG: Ce substrate under ex-
citation by a-particles of the 2*!Am (5.4857 MeV) source and y-ray excitation by the **’Cs (661.66 keV) source

Sample Excitation Tfasty NS Tslow(1), NS Tslow(2), NS
Gd;Al, sGa, 50,4, : Ce substrate o-particles — 355 1060
Gd;Al, 5Ga, 50,4, : Ce substrate y-rays — 281 940
Tb;Al;04, : Ce/GAGG : Ce GT6 a-particles 28.9 351 1290
TbsAl50,,: Ce/GAGG : Ce GT6 y-rays 112 434 1890
Tb3Al50,,: Ce/GAGG : Ce GT7 a-particles 19.8 297 1480
Th,Al50,, : Ce/GAGG : Ce GT7 y-rays 102 374 1260

show that for both composite scintillators under study, the
best separation of scintillation decay curves under o and y ex-
citation is observed at low levels of registration of scintilla-
tion responses. Namely, the respective %,/t, ratio at the 1/10
level is equal to 2.0 and 3.0, respectively. Thus, the decay
times of the film and bulk parts of sample GT7 of TbAG: Ce/
GAGG : Ce composite scintillators at the 1/10 level differ three
fold under registration of o-particles and y-quanta, respec-
tively, and such a ¢,/¢, ratio is completely enough for discrim-
ination of the signal coming from different parts of this type
of composite scintillator (Fig. 8b). Finally, taking into ac-
count the necessity of the compromised decision between the
intensity of scintillation response and the value of the t,/t, ra-
tio, the optimum conditions for scintillation registration
using this type of composite scintillator can be chosen

r —a— GAGG:Ce substrate (1)
—e— TbAG:Ce/GAGG:Ce GT6 (2)
—a— TbAG:Ce/GAGG:Ce GT7 (3)

1le |

(d)

o

.05 -

Intensity (arb. units)

.
0.0 0.5 1.0 15 2.0 25 3.0
Time t“/ty

Fig. 9 Plot of the a/y ratio of the decay time under a and y excitation
versus the intensity of scintillation decay to 1/e, 0.1, 0.05 and 0.01
levels for the two TbAG:Ce/GAGG:Ce composite scintillators (2, 3)
and the GAGG: Ce SC substrate (1).

Table 3 Time dependence of scintillation intensity decay from the initial
value at t = 0 to 1/e, 0.1, and 0.01 levels in the TbAG: Ce/GAGG: Ce GT6
and GT7 composite scintillators and the reference GAGG : Ce substrate

TbAG: TbAG : Ce

GAGG:Ce Ce/GAGG: SCF/GAGG: Ce
Intensity substrate Ce GT6 GT7
decay level t, ns ty, NS t,, ns t,, NS t, ns t,, NS
1/e 300 405 270 345 260 380
0.1 850 990 850 1980 840 2330
0.05 1190 1380 1300 3140 1260 3770
0.001 2780 3130 3520 3280

4000 | CrystEngComm, 2018, 20, 3994-4002

between 1/e and 0.05 levels of intensity decay in the 500-4000
ns time range, where ¢./t, reaches values of above 1.5 (the
dashed rectangle in Fig. 8b).

Thus, we have shown the possibility of simultaneous regis-
tration of a-particles and y-quanta by means of separation of
the scintillation decay kinetics of the SCF and crystal parts of
the composite scintillators. The significant differences in the
scintillation decay kinetics of TbAG:Ce/GAGG:Ce composite
scintillators under excitation by a-particles of the **'Am (5.5
MeV) source and y-quanta of the *’Cs (662 keV) source are
observed in Fig. 8a and b as well as in Fig. 9. We have proved
that this type of composite scintillator can be successfully ap-
plied for the separation of the signals coming from the film
and bulk parts at the registration of a particles and y quanta
in mixed radiation fluxes.

Conclusions

A set of novel advanced composite scintillators (CSs) based
on single crystalline films (SCFs) of Th;Al;0;,: Ce (TbAG: Ce)
garnet and Gd;Al, 5Ga, 504, : Ce (GAGG: Ce) single crystal (SC)
substrates with a thickness of 16-50 um were produced by
the LPE method from a melt solution using a PbO-B,0; flux
with a SCF/substrate lattice misfit equal to —1.32%.

For characterization of the luminescence and scintillation
properties of the SCF and bulk crystal parts of the composite
scintillators, the absorption spectra, CL spectra, LY and scin-
tillation decay kinetics measurements under o-particle excita-
tion by **Pu (5.15 MeV) and **'Am (5.5 MeV) sources and
y-quanta excitation by a *’Cs (0.662 MeV) source were ap-
plied. The light yield (LY) of TbAG: Ce SCFs under o-particle
excitation by the *>*°Pu source (5.15 MeV) is 1.75-1.97 times
larger than the LY of the reference YAG:Ce SCFs but it is
1.42-1.49 times smaller than that of the GAGG: Ce substrate.
The TbAG:Ce SCF scintillators exhibit also relatively fast
scintillation response with decay times of ¢;,. = 345-380 ns
and t¢;,0 = 3140-3770 ns. Meanwhile, the scintillation re-
sponse of TbAG: Ce SCFs under o-particle excitation is signif-
icantly slower in the 400-4000 ns range than that of the
GAGG: Ce SCs with scintillation decay times of ¢;, = 405 ns
and ¢/, = 1380 ns.

We have also found significant differences in the scintilla-
tion decay kinetics of TbAG : Ce/GAGG : Ce composite scintilla-
tors under excitation by y-quanta of the '*’Cs source and
a-particle excitation of the **'Am source. The respective ¢/,

This journal is © The Royal Society of Chemistry 2018
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decay time of the intensity decay to the 0.05 level under exci-
tation by a-particles of the ***Am source and y-quanta of the
37Cs source reaches up to 2-3, ie., the SCF scintillators are
two-three times slower than the substrate scintillator in the
400-4000 ns range. For this reason the epitaxial structures
based on the TbAG:Ce SCFs, grown onto the GAGG:Ce SC
substrate, can be used as composite scintillators for simulta-
neous registration of the components of mixed ionizing
fluxes, specifically a-particles and y-quanta, respectively.

Separation of the signals from the SCF and SC compo-
nents of composite scintillators can be realized by means of
registration of the difference in the scintillation decay kinet-
ics of SCF and substrate scintillators and can be surely
achieved at large (>2) ratios of ¢y, Or ty,9 (SCF)/t1/e OF t1/50
(substrate). Indeed, for the composite scintillators based on
TbAG:Ce SCFs, grown onto the GAGG:Ce substrate, the
optimal %,/t, decay time ratio changes from 2.0 to 3.0 at the
registration of scintillations with changing the shaping time
from 500 to 4000 ns which is completely enough for discrimi-
nation of signals coming from different parts of a composite
scintillator of this type. For this reason, the TbAG:Ce SCF/
GAGG:Ce SC composite scintillators possess at present the
best scintillation properties among all known analogues,
grown by the LPE method.
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ARTICLE INFO ABSTRACT

This work presents the first results on creation of composite thermoluminescent (TL) detectors based on the film-
crystal epitaxial structures of garnet compounds for the simultaneous registration of the mixed ionization fluxes
containing a- and B-particles. Two types of TL detectors containing combinations of the single crystalline films

Keywords:
YAG and LuAG garnets
Ce®** dopant

C}—lystals (SCFs) and single crystal (SC) substrates of Ce>* doped Y3Als0;5 (YAG) and LusAlsO;5 (LUAG) garnets, were
ii Ilrllls d phase epitax considered. The LuAG:Ce SCF/YAG:Ce SC and YAG:Ce SCF/LuAG:Ce SC epitaxial structures were grown by the
Sc?ntill:tors plaxy liquid phase epitaxy (LPE) method from (overcooled) supercooled? melt-solution based on the PbO-B,03 flux

and their thermoluminescent properties were examined under excitation by a- and B-particles of 2*?Am’ and *°Sr
—90Y sources. The registration of a- and B-particles was performed using differences between TL glow curves of
SCFs and substrates. The first results on separation of TL signals from SCF and SC components for LuAG:Ce SCF/
YAG:Ce SC and YAG:Ce SCF/LuAG:Ce SC epitaxial structures under a- and f-excitation are encouraging. This
enables consideration of these epitaxial structures as prototypes at the next steps of producing the composite TL

detectors based on different oxide materials using the LPE growth method.

1. Introduction

The composite scintillators and detectors for the simultaneous re-
gistration of the different components of mixed ionization fluxes and
microimaging are now a new hot topic of the luminescent materials
engineering. Such engineering is based on both the novel decisions in
creating the bulk and film scintillators (Nikl and Yoshikawa, 2015, Nikl,
ed., 2017) and the technologies of their production such as the Czo-
chralski method (Nikl et al., 2014) and the liquid phase epitaxy (LPE)
growth technique (Zorenko et al., 1990, 2003; Ferrand et al., 1999).
The possibility of the simultaneous registration of a-particles and y-
quanta by means of separation of the scintillation decay kinetics of the
film and crystal parts of composite scintillators, based on the epitaxial
structures of different garnet compounds, has been recently demon-
strated in several our works (Zorenko et al., 1990; Globus et al., 2002;
Witkiewicz-Lukaszek et al., 2018a,b,c,d). (see Table 1)

Meanwhile, the mentioned composite scintillation detectors are
difficult to be used in some cases, namely, for registration of the quanta
and particles with continuously changed energies by means of

separation of the scintillation decay kinetics, for instance, at the re-
gistration of [(-particles. The application of composite scintillators
presupposes the active mode of in situ registration of incoming ioniza-
tion fluxes. Using such a mode of registration is not always possible,
especially in the case of low doses of radiation and the long-time ra-
diation exposition. The scintillation technique possesses also other
limitations to analysis of the liquid and gas radioactive materials or
high-doses sources.

The above mentioned problems demand consideration of other ap-
proaches for producing the composite detectors of ionization radiation.

Now we start considering the new possibility for simultaneous re-
gistration of the different components of mixed ionization fluxes, using
differences between the thermostimulated luminescence (TSL) glow
curves, coming from the film and substrate parts of a composite de-
tector (Fig. 1a). This our work presents the first attempt in creation of
the composite TSL detectors in the form of the epitaxial structures based
on SCs and SCFs of garnet compounds. For this purpose, we consider in
this work the combinations of the well-known optical materials - the
Ce®** doped LusAls0;, (LUAG) and YsAls0;, (YAG) garnets (Fig. 1a).

* Corresponding author. Institute of Physics, Kazimierz Wielki University in Bydgoszcz, Powstaricéw Wielkopolskich Str., 2, 85090, Bydgoszcz, Poland.

** Corresponding author.

E-mail addresses: s-witkiewicz@wp.pl (S. Witkiewicz-Lukaszek), zorenko@ukw.edu.pl (Y. Zorenko).

https://doi.org/10.1016/j.radmeas.2019.106124

Received 22 October 2018; Received in revised form 29 April 2019; Accepted 18 May 2019

Available online 21 May 2019
1350-4487/ © 2019 Published by Elsevier Ltd.


http://www.sciencedirect.com/science/journal/13504487
https://www.elsevier.com/locate/radmeas
https://doi.org/10.1016/j.radmeas.2019.106124
https://doi.org/10.1016/j.radmeas.2019.106124
mailto:s-witkiewicz@wp.pl
mailto:zorenko@ukw.edu.pl
https://doi.org/10.1016/j.radmeas.2019.106124
http://crossmark.crossref.org/dialog/?doi=10.1016/j.radmeas.2019.106124&domain=pdf

S. Witkiewicz-Lukaszek, et al.

Table 1

Positions of the main TSL peaks in YAG:Ce and LuAG:Ce SCs and SCFs as well as
in YAG substrate after irradiation by a- and B-particles.* - most intensive TSL
peaks.

SC and SCF content a- particles B-particles

YAG:Ce SC 110, 165, 230, 305, 410 110, 165, 230, 305, 410

YAG:Ce SCF 80, 180, 220

YAG substrate 120, 185, 300

LuAG:Ce SC 120, 210, 295, 345, 430, 120, 210, 295, 345, 430,
475 475

LuAG:Ce SCF 140, 305

YAG substrate
LuAG:Ce SCF/YAG:Ce SC
YAG:Ce SCF/LuAG:Ce SC

80, 165, 205, 315

105, 215%, 310, 400

125, 220, 300, 345%, 430,
470

135, 225, 325*
80, 180%, 220

2. Growth of composite detectors and experimental technique

The LuAG:Ce and YAG:Ce substrates with a thickness of 0.5 and
1 mm were prepared from the respective SCs of these garnets grown by
the Czochralski method. The LuAG:Ce SCF/YAG:Ce SC and YAG:Ce
SCF/LuAG:Ce SC epitaxial structures with SCF thickness in the
15-30 pm range onto both sides of substrates were grown using the LPE
method from the melt-solution based on the PbO-B,05 flux onto the
mentioned YAG:Ce and LuAG:Ce substrates (Fig. 2). The LuAG:Ce and
YAG:Ce SCFs, with SCF thickness in the above mentioned range, grown
onto undoped YAG substrates with the 0.5 mm thickness, were also
selected with the aim of comparison with the properties of composite
detectors and LuAG:Ce and YAG:Ce SC substrates. The CeO, activator
concentration in the melt solution was 10 mol %. Meanwhile, due to
very low segregation coefficient at LPE growth of YAG:Ce and LuAG:Ce
SCFs, the Ce®** concentration in SCF samples, detected by EMA ana-
lysis, was significantly lower and quite comparable with the Ce®*
content in SC counterparts of these garnets in the 0.23-0.45at. %
range.

The structural quality of LuAG:Ce SCF/YAG:Ce SC and YAG:Ce SCF/
LuAG:Ce SC composite detectors was characterized by X-ray diffraction
(Fig. 1). As can be seen from the XRD patters of the mentioned epitaxial
structures (Fig. 3), both LuAG:Ce and YAG:Ce SCFs can be crystallized
onto YAG and LuAG substrates at relatively high misfit values
m = (agcr - asub)/Asup ¥100% between the lattice constants of SCF agcr
and substrate ag,p, being equal to — 0.82% and + 0.75%, respectively.
This result is quite coherent with the data presented recently (Zorenko
and Goebenko, 2007c). Meanwhile, the possibility of crystallization of YAG
SCFs onto LuAG substrates by the LPE method is not-trivial fact and for the
first time is confirmed in this work.

The absorption spectra of the samples under study were measured
using a Jasco 760 UV-Vis spectrometer in the 200-1100 nm range. The
CL spectra were measured at the room temperature (RT) using an
electron microscope SEM JEOL JSM-820, additionally equipped with a
spectrometer Stellar Net and TE-cooled CCD detector working in the
200-925 nm range. The e-beam excitation source is located at the 90-
degree angle to the sample surface (perpendicular excitation), and the
luminescence is collected by lens at the 45-degree angle to the sample
surface. For TL measurement we used an automatic Risg TL/OSL-DA20
reader under a-particles (49.976 Gy) excitation by 2*!Am source and p-
particles (0.97 Gy) excitation by °°Sr/°°Y source of the samples under
study (Fig. 1b). The TSL growth curves were recorded using the green
filter which well separated the Ge®>* luminescence in the compounds
under study.

3. Experimental results
3.1. Absorption spectra

The absorption spectra of LuAG:Ce SCF/YAG:Ce SC and YAG:Ce
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SCF/LuAG:Ce SC composite detectors in comparison with the spectra of
YAG:Ce and LuAG:Ce SC substrates are shown in Fig. 4. The spectra of
the mentioned LPE grown epitaxial structures (Fig. 4, curve 3 and 4,
respectively) present the superposition of the absorption spectra of
YAG:Ce and LuAG:Ce SC substrates (Fig. 4, curves 1 and 2) and
LuAG:Ce and YAG:Ce SCFs, respectively. For this reason, the maxima of
the absorption bands of composite detectors are shifted with respect to
the absorption maxima of the respective substrates (Fig. 4).

The absorption bands peaked in the 448-458nm and at
340-346.5nm ranges in the spectra of composite detectors and SC
samples are related to the 4f(2F5/2)—>5d1’2(2E) transitions of Ce®™ ions
(E; and E, bands, respectively). The absorption bands peaked in the
220-225 nm range are related to the 4£(°Fs /2)—>5d1’2 (Tyg) transitions
of Ce®* ions (E; band). Meanwhile, the bands peaked around 260 nm
correspond to the absorption of Pb?™ flux related impurity in LuAG:Ce
and YAG:Ce SCFs.

The positions of E1 and E2 absorption bands are shifted due to the
change in the crystal field strength (CFS) in the dodecahedral positions
of YAG and LuAG hosts, where the Ce>" ions are localized. The dif-
ference AE in the positions of E1 and E2 absorption bands is propor-
tional to the CFS. Namely, the AE values are equal to 0.936 eV and
0.81 eV, for YAG:Ce anf LuAG:Ce SCs, respectively; e.g., the CFS in the
dodecahedral sites of YAG is by 15.5% larger than that in LuAG.

3.2. Cathodoluminescence spectra (CL)

The normalized CL spectra of the film parts of YAG:Ce SCF/LuAG:Ce
SC and LuAG:Ce SCF/YAG:Ce SC composite detectors in the comparison
with the CL spectra of YAG:Ce and LuAG:Ce SC substrates are shown in
Fig. 5. The observed wide luminescence bands in the visible range,
peaked at 521 and 509 nm for YAG:Ce and LuAG:Ce SCFs, as well as at
535 and 521 nm for their SC counterparts are related to the 5d*-4f (°Fs,
257,2) transitions of Ce®" ions in the YAG and LuAG hosts (Zorenko,
et al., 2007a). The observed shift in the positions of the Ce®* emission
bands in YAG:Ce and LuAG:Ce SCF and SC counterparts is due to the
change in the CFS in the dodecahedral sites of YAG and LuAG hosts and
some deviation in the Ce** concentration in SCF and SC samples.

3.3. Thermoluminescence spectra

The TL glow curves of SCs of YAG:Ce and LuAG:Ce garnets under
excitation by a- and B-particles of >*'Am and 2°Sr+°°Y sources, are
shown Fig. 6a and c, respectively. The respective TL glow curves for
YAG:Ce and LuAG:Ce SCF counterparts, grown onto undoped YAG
substrates, are presented in Fig. 6¢ and d, respectively. It is important to
note here that under a-particle excitation the TSL glow curves corre-
spond exclusively to SCFs due to larger values of their thickness (above
15 um) in comparison with the calculated passway for a-particles with
an energy of 5MeV in these materials in the 10-12 pm range. Mean-
while, the penetrations depths of B-particles of *°Sr + °°Y source with a
typical energy of 546.0KeV and 2279.5KeV, respectively, are sig-
nificantly larger in the LuAG and YAG hosts and equal to 0.8 of 1.3 mm,
respectively, for an average energy of 1.1 MeV. Therefore, in the case of
YAG:Ce SCF/YAG SC and LuAG:Ce/YAG SC epitaxial structures, the
energy of a-particles of >*’Am source is completely stopped by SCFs
when the energy of B-ray from °°Sr+°°Y source is absorbed mainly in
the undoped YAG SC substrate.

Due to the fact that Ce®>* ions are typical hole trapping centers
(Dorenbos, 2003), all the TSL peaks, observed in Fig.6a; 6b, curve 1; 6¢
and 6d, curve 1, correspond to the electron trapping centers. As can be
seen from Fig. 6a and c, SCs of YAG:Ce and LuAG:Ce garnets show si-
milar TSL properties under excitation by a- and p-particles but the in-
tegral intensity of the TSL peaks is strongly determined by the absorbed
dose of radiation (curves 1 and 2, respectively). Meanwhile, the SCFs of
these garnets show noticeable differences in the positions of the TSL
peaks with respect to their SC counterparts due to the significant
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Composite ,,film-substrate" TSL detectors
grown by PLE method

B particles
a--particles | aG:Ce or YAG:Ce SCFs
&
. LuAG:Ce or YAG:Ce SC
PMT substrate

Separation of sygnal
using TSL glow curves

Fig. 2. YAG:Ce and LuAG:Ce SC substrates (at the top), LuAG:Ce and YAG:Ce
SCFs (in the middle) as well as composite TL detector samples based on the
LuAG:Ce and YAG:Ce SCs and SCFs, grown by the LPE method onto YAG:Ce
(bottom, left part) and YAG:Ce (bottom, right part) SC substrates. The specific
shape of the samples is related to removal of triangular fragment with the
3.75 x 3.75 x 5.25 mm dimensions. These fragments were used to measure TL
in Risg TL/OSL-DA-20 reader.

difference in the methods of their preparation. Namely, the YAG:Ce and
LuAG:Ce SCs, grown from the melt at 1930-2050 °C range, possess large
concentration of the Y, and Luy, antisite defects and oxygen vacancies,
which play the role of electron trapping centers (Zorenko et al., 2007b).
On the contrary, due to absence of the Y,; and Luy, antisite defects and
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Fig. 4. Absorption spectra of LuAG:Ce SCF/YAG:Ce SC (3) and YAG:Ce SCF/
LuAG:Ce SC (4) composite detectors (3) in comparison with spectra of YAG:Ce
(1) and LuAG:Ce (2) SC substrates.

very low concentration of the charged oxygen vacancies as emission
and trapping centers in YAG:Ce and LuAG:Ce SCFs, grown from the
melt-solution at low (950-1000°C) temperatures (Zorenko et al.,
2007b), the TSL glow curves in these films (Fig. 5b and d, curves 1)
possess significantly more simple structure than that in their SC coun-
terparts.

Most probably, in the case of undoped YAG substrates the role of
emission centers in the green range can play the trace impurity of Ce®*,
Tb®* or Nd** ions. In the frame of this assumption, all the mentioned
TSL peaks also can correspond to the electronic trapping centers.

1.0 -
Kal
::‘;’g:f;f YAG:Ce SCF/LuAG:Ce sub
—~ 0.8 ’ h=14.9 mkm
2 hkl: 120 0
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Fig. 3. XRD patterns of LuAG:Ce SCF/YAG:Ce SC (a) and YAG:Ce SCF/LuAG:Ce SC (b) composite detectors. The respective SCF/substrate misfit m is equal to - 0.82%

(a) and 0.75% (b), respectively.
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Fig. 5. Normalized CL spectra of film parts of YAG:Ce SCF/YAG:Ce SC (3) and
LuAG:Ce SCF/YAG:Ce SC (4) composite detectors in comparison with CL
spectra of YAG:Ce (1) and LuAG:Ce SCs (2).

3.4. TSL properties of composite detectors

The observed differences in the positions of the main TSL peaks in
the SC and SCF of YAG:Ce and LuAG:Ce garnet compounds (Fig. 6) open
the possibility for creation of the pilot sets of composite TSL detectors
based on the LuAG:Ce SCF/YAG:Ce SC and YAG:Ce SCF/LuAG:Ce SC
epitaxial structures, grown by the LPE method.

The TL glow curves of LuAG:Ce SCF/YAG:Ce SC and YAG:Ce SCF/
LuAG:Ce SC epitaxial structures after irradiation by a- and p-particles
show noticeable differences (Fig. 7). Namely, for LuAG:Ce SCF/YAG:Ce
SC structure, the main peaks are observed at 325 °C and 215 °C after
irradiation a- and p-particles, respectively, when for the YAG:Ce SCF/
LuAG:Ce SC structures the corresponding peaks are located at 180 °C
and 345 °C, respectively. As it is mentioned above, a-particles of 24’ Am
(5.5 MeV) source with a typical passway in the LuAG and YAG hosts of
10-12 um are fully stopped in SCF parts of a composite detector with a
thickness of several tens microns, when B-particles of °°Sr + °°Y source

1000
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with an average energy of 1.1 MeV can penetrate in the whole 1.3 mm
thick YAG and 0.8 mm LuAG SC substrates. Therefore, the TSL signals
from SCF and SC parts the both composite detectors under study cor-
respond mainly to the registration of a-particles and p-particles, re-
spectively. In our opinion, the most suitable ranges for registration of
differences in the TSL glow curves for LuAG:Ce SCF/YAG:Ce SC and
YAG:Ce SCF/LuAG:Ce SC composite detectors lies between 150 and
400 °C and 100-400 °C, where the largest difference (at least by one
order of magnitude) between the respective TSL peaks is observed for
SCF and SC parts of composite detectors (Fig. 7).

4. Conclusions

With the aim of creation of composite thermoluminescent (TL) de-
tectors based on the single crystalline films (SCFs) and single crystals
(SCs) of garnet compounds for the simultaneous registration of the
mixed ionization fluxes, containing a- and f-particles, the LuAG:Ce
SCF/YAG:Ce SC and YAG:Ce SCF/LuAG:Ce SC epitaxial structures with
SCF thickness in the 15-30 um range and a SC substrate thickness of
1 mm were grown by the liquid phase epitaxy (LPE) method. The
thermoluminescent properties of the mentioned epitaxial structures
were examined under excitation by a- and B-particles of >*Am and °°Sr
- 90Y sources, respectively. The registration of a- and B-particles by the
SCF and SC components of composite detectors was performed using
differences between the TL glow curves of SCF and substrate.

The first results on separation of the TL signals from SCF and SC
components for the LuAG:Ce SCF/YAG:Ce SC and YAG:Ce SCF/
LuAG:Ce SC epitaxial structures after a- and B-excitation are encoura-
ging. We have observed the significant differences in the positions (up
to 80°) and intensity (more than by one order of magnitude) of the main
TSL peaks of the glow curves of SCF and SC components of these epi-
taxial structures after a- and B-particle irradiation. For this reason, we
expect that the mentioned combinations of the garnet compounds in
these epitaxial structures can be considered as prototypes in the future
development of a new generation of composite TL detectors based on
the different oxide compounds using the LPE growth method.
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Fig. 6. Glow curves of YAG:Ce SCs (a), YAG:Ce SCFs (b), LuAG:Ce SCs (c) and LuAG:Ce (d) SCFs after irradiation by a- (1) and f3- (2) particles, respectively. YAG:Ce

and LuAG:Ce SCFs were grown onto YAG substrates.
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Fig. 7. TSL glow curves of LuAG:Ce SCF/YAG:Ce SC (a) and YAG:Ce SCF/LuAG:Ce SC (b) epitaxial structures after irradiation by a- (1) and - (2) particles,
respectively. The dashed rectangle indicates the most suitable range for registration of differences in the TSL glow curves for SCF and SC parts of composite detectors.
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Abstract: This work is dedicated to the development of new types of composite thermoluminescent
(TL) detectors for simultaneous registration of the different components of ionization radiation based
on the single crystalline films (SCFs) of Ce®*-doped Luz_,GdxAl501,:Ce (x = 0-1.5) garnet and
Y3Al5017:Ce (YAG:Ce) substrates using the liquid phase epitaxy (LPE) growth method. For this
purpose, the TL properties of the mentioned epitaxial structures were examined in Rise TL/OSL-DA-20
reader under excitation by «- and B-particles from 2#2Am and °Sr-*°Y sources. We have shown
that the cation engineering of SCF content can result in more significant separation of the TL glow
curves of SCFs and substrates under - and 3-particle excitations in comparison with the prototype
of such composite detectors based on the LuzAl501,:Ce (LuAG:Ce)/YAG:Ce epitaxial structure.
Specifically, the difference between the TL glow curves of Luj 5Gd; 5A15015:Ce SCFs and YAG:Ce
substrates increases up to 120 K in comparison with a respective value of 80 degrees in the prototype
based on the LuAG:Ce/YAG:Ce epitaxial structure. Therefore, the LPE-grown epitaxial structures
containing Luj 5Gd; 5Al50,:Ce SCFs and Ce3+—d0ped YAG:Ce substrate can be successfully applied
for simultaneous registration of «- and p-particles in mixed fluxes of ionization radiation.

Keywords: liquid phase epitaxy; single crystalline films; mixed garnets; thermoluminescence;
TL detector cations

1. Introduction

The advancement of composite scintillators (CSs) and thermoluminescent (TL) detectors for the
registration of the components of mixed ionization fluxes is now an actual subject of luminescent
materials engineering. The basis for such novel engineering are the latest decisions in creating bulk
single crystal (SC) and single crystalline film (SCF) scintillators [1,2] as well as the technologies of their
production using the Czochralski method [3,4] and the liquid phase epitaxy (LPE) growth technique,
respectively [5-11]. Namely, in our previous work, we have shown the possibility of simultaneous
registration of x-particles and y-quanta using the separation of the scintillation decay kinetics of the
film (SCF) and crystal (SC) parts of composite scintillators, based on the epitaxial structures of different
garnet compounds [12-16].

The application of composite scintillators presupposes the active in situ mode of the registration
of incoming ionization fluxes. Meanwhile, such a mode of registration is not always possible to use
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in the case of low doses of radiation and a long-time exposition of radiation. Namely, particles and
quanta with different energies cannot be registered using the separation between scintillation decay
kinetics curves. There are also restrictions in application of the above-mentioned materials regarding
the analysis of liquid and gaseous radioactive materials or the registration of high-dose sources.

The problems described above stimulated us to developing new approaches in the production
of composite ionizing radiation detectors. One solution is to develop TL detectors for the
simultaneous registration of different components of mixed ionization fluxes using the differences in
the thermoluminescence (TL) glow curves. Particularly, such differences can be described by AT = Tg
— Ts parameter, e.g., the difference between the position of the main TL peaks, recording from the film
(TF) and substrate (Ts) parts of the composite detector (Figure 1a).

Composite "film-substrate” TL detectors YAG:Ce Lu2.5Gdo.sAG:Ce SCF/
grown by LPE method substrate 1 YAG:Ce SC t:c:cg scG:c. 5
B-particles (a) \ \ \ , By | |
a-particles Lu3.xGdxAls012:Ce LeAG:Ce SCF/ LuGdAG:Ce SCF/ (b)
v . (x=0-1.5)

PMT " YAG:Ce SC substrate MJ#EEE

Separation of signal
using TSL glow curves

Figure 1. (a) principal scheme of the composite thermoluminescent (TL) detector, based on the
Luz_GdxAG:Ce SCF/Y3Al501;,:Ce (YAG:Ce) single crystal (SC) epitaxial structure with single crystalline
film (SCF) and SC thickness in the 12-15 um and 0.9-1.0 mm ranges, respectively, and photomultiplier
(PMT); (b) the set of TL detectors based on the liquid phase epitaxy (LPE)-grown epitaxial structures
containing Luz_,Gdx Al5015:Ce SCFs at x = 0-1.5 and YAG:Ce substrates. The irregular shapes of the
samples result from cutting the fragment of these samples with a 3.75 mm x 3. 5 mm X 5.25 mm size
for TL measurements using a Rise TL/OSL-DA-20 reader.

The possibility of the creation of such types of composite TL detectors for the simultaneous
registration of o- and (3-particle excitation was shown firstly by us in [17]. This work is a continuation
of the research in this direction and dedicated to the development of new types of composite TL
detectors for the simultaneous registration of the different components of mixed ionization fluxes
based on the SCFs of Ce3+—doped Luz_xGdyxAl;012:Ce (x = 0-1.5) garnet and Y3Al5012:Ce (YAG:Ce)
SC substrates using the LPE growth method.

Recently, the SCFs of Luz_xGdxAl;01,:Ce garnet with the Gd content, x, from 0 up to 2.5 has been
successfully crystallized by the LPE method onto undoped YAG substrates from the melt-solutions
based on PbO-B,03 flux, and their optical properties have been investigated as well [12]. In the present
work, we used the LPE-grown epitaxial structures, containing Lus_,GdAl5017:Ce SCFs with different
Gd concentrations in the x = 0~1.5 range, and Ce>*-doped YAG:Ce substrates for the simultaneous
registration of - and (-particles in the mixed ionization fluxes. For this purpose, the TL properties of
the epitaxial structures were examined under excitation by o- and B-particles from 2#2 Am and *°Sr-°Y
sources, respectively. We expected that the cation engineering of SCF content would result in more
significant separation of the TL glow curves of SCFs and substrates in comparison with the prototype
of such composite detectors based on the LuAG:Ce SCF/YAG:Ce SC epitaxial structure [17].

2. Growth of Composite Detectors

Four sets of composite detectors, based on the epitaxial structures containing Luz_,GdxAl501,:Ce
SCFs with Gd content x = 0, 0.5, 1, and 1.5 and YAG:Ce substrates with the (110) orientation and
a thickness of 0.5 mm, were crystallized using the LPE method from the melt-solution based on
PbO-B,0s5 flux (Figure 1). The conditions of the growth of these structures are presented in Table 1.
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Table 1. Conditions of the LPE growth of Lus_,GdyAl5015:Ce SCFs at x = 0-1.5 onto YAG:Ce substrates.
H—SCEF thickness; f and T—velocity and temperature of the SCFs growth; a—SCF lattice constants,
m—SCF/substrate misfit, LY—relative photoelectron light yield (LY) of SCFs under «-particle excitation
in comparison with the LY of YAG:Ce SCF standard samples with a LY of 2.65 ph/KeV.

Nominal Content of o f,
SCFs in Melt-Solution Substrate m, % h, pm L°C um/min LY, %
YAG:Ce SC YAG 128
LuAG:Ce SCF YAG:Ce 0.83 37 973 0.43 98
Luy 5Gdg5AG:Ce SCF YAG:Ce 0.49 51 970 0.73 63
Luy,GdAG:Ce SCF YAG:Ce 16 970 0.53 54
Luy 5Gdy 5AG:Ce SCF YAG:Ce 0.04 20 975 04 45

Due to the fact that the segregation coefficient of Gd>* ions in the LPE growth of LuAG-based
SCF onto YAG substrates is equal to 0.95-1.05 [18], the content of SCFs was close to a nominal content
of garnets in the melt-solution. The concentration of Ce>" ions in SCFs and YAG:Ce substrates was in
the 0.25-0.5 at % range.

XRD measurements were used for the characterization of the structural quality of Lusz_,Gdx

Al5015:Ce SCF samples with different Gd content and determination of the SCF lattice constants and
SCF/substrate misfit m (Figure 2).

1.0 -1 -LuAG:Ce l‘ A K
= . 1 & 08
[ 2-lu,GdyAGCe i "
% 08} 3-Lu, (Gd, sAG:Ce ili "
. 1 L
3 (880) plane K ' FWHM1=0.12 degree o
£ 06 I: L 1| | PWHM2=0.15 degree  °
© 06 M- ! I FWHM3=0.14 degree &
— \I ] B 04f
Q LI 1 =
g 04| YAG:Ce :
L substrat 1 KB 0,2 -
= 1
1
0,2 1
) 0,0 |-
\ " 1 L 1 " 1 " 1 n 1L " 1 " 1 " 1 n 1
0,0, > .02 00 02 04 06 08 10 12 14 16
Q15550 5 923,@()) ( 93%e ) 940 945 950 Gd content x
(a) (b)

Figure 2. (a) XRD patterns of (880) planes of Lus_yGdyxAl501,:Ce SCFs at x = 0, 0.5, and 1.5, grown
onto YAG:Ce substrates; (b) the dependence of the misfit between the lattice constants of Lu3—x
GdxAl5012:Ce SCF and YAG substrate on Gd content x.

From the respective XRD patterns of the Lu3—xGdxAl5012:Ce SCFs at x value ranging from 0
to 1.5 we also calculated the lattice constant of the different garnet compositions and estimated the
misfit between the lattice constants of SCF and YAG substrate Aa = (ascr — asub/asup) X 100% (Table 1).
We found that the lattice constant of Lu3—xGdxAl5012:Ce SCF and the misfit value m steeply depends
on the Gd content in accordance with Vegard’s law. Namely, the lattice constant changed from 11.902 A
for LuAG SCFs to 11.998 A for Lu; 5Gd; 5Al501,:Ce SCFs. The value of misfit m varies from —0.83% for
LuAG SCF to 0.04% for Luy 5Gd; 5Al501,:Ce SCF (Figure 1b), i.e., the last sample was grown practically
without SCF/substrate misfit.

The full width at half maximum (FWHM) of the XRD peaks of the garnet samples under study
was also determined from the respective patterns. As can be seen from this figure, the structural quality
of Lup 5Gd5AG:Ce and Luj 5Gd; 5AG:Ce SCF samples, proportional to the FHWM of the respective
XRD peaks (0.15 and 0.14 degree, respectively), is very close to that of LuAG:Ce SC (0.12 degree).
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3. Experimental Technique

For the characterization of the luminescent properties of the Lu3—xGdxA15012:Ce SCF/YAG:Ce
SC structures, we used absorption spectra, cathodoluminescence (CL), and thermoluminescent (TL)
spectra. The absorption spectra were measured using a Jasco 760 UV-Vis spectrometer (Jasco Int. Co.
Ltd., Tokyo, Japan) in the 200-1100 nm range. The CL spectra were measured at room temperature
(RT) using a SEM JEOL JSM-820 electron microscope (JEOL, Tokyo, Japan) additionally equipped with
a spectrometer Stellar Net with a TE-cooled Charge Coupled Device (CCD) detector working in the
200-925 nm range (StellarNet Inc, Tampa, FL, USA).

The TL glow curves were measured under the excitation by a- and p-particles from 24! Am and **Sr
+ Y sources. For measuring the TL in a Rise TL/OSL-DA-20 reader (Rise DTU, Roskilde, Denmark)
we used the triangular fragment of samples with 3.75 mm X 3.75 mm X 5.25mm dimensions.

It is worth to note here that the mechanism of TL in the SCF samples under study was connected
with the electron liberation from deeper electron traps and their subsequent recombination with the
holes localized around Ce®* ions [17,18]. Therefore, for the registration of the TL glow curves, a “green’
Schott BG 39 filter was used. The transmittance range of this filter, extending from 350 to 700 nm, was
well matched with the emission range of the Ce®** luminescence in the SCF samples.

7

4. Optical Properties of Luz_GdxAl5012:Ce SCFs/YAG:Ce Epitaxial Structures

4.1. Absorption Spectra

The absorption spectra of Lus_GdxAl5017:Ce SCF/YAG:Ce SC epitaxial structures in comparison
with the absorption spectrum of the YAG:Ce substrate are shown in Figure 3. It is worth noting that
the absorption spectra of the epitaxial structures represent the mixes of the spectra of the YAG:Ce
substrate and the respective SCF sample with a total thickness in the 32-100 um range (see Table 1).

1-YAG:Ce SC

3,0 - 2 - LUAG:Ce SCF/ YAG:Ce sub
3-Lu, Gd,,AG:Ce/ YAG:Ce sub
25 3 4 - Lu,GdAG:Ce/ YAG:Ce sub
’ 5-Lu, Gd, AG:Ce/ YAG:Ce sub ,.."1
+ 75
3 L\ 0%->ce -
€20 - T b
8 Pb g& ;55
I 263 SO

S '.? / E2 4" /.‘|‘“._
m1,5 —"' ‘ 3+ g'.’ “-
2 F VA Ce™ iinW

1,0 -

0,5

L 1 L 1 N L 1 n 1
300 350 400 450 500

Wavelenght (nm)

200 250
Figure 3. Absorption spectra of LuAG:Ce SCF/YAG:Ce SC, Lup 5Gd 5AG:CeSCF/YAG:Ce, LuGdAG:Ce

SCEF/YAG:Ce SC, and Lu;5Gd;5AG:Ce SCF/YAG:Ce composite detectors in comparison with
YAG:Ce substrate.

The absorption bands peaked within 453-461 nm and at the 340-342 nm range in the spectra
of all the composite detector samples and YAG:Ce substrates were related to the 4f(2F5/2)—>5d1'2(2E)
transitions of Ce®* ions E; and E, bands, respectively. The AE values, proportional to the crystal field
strength on the dodecahedral position of the garnet lattice [18,19], were equal approximately to 1 eV
for these samples.

The bands that peaked around 263 nm correspond to the absorption of Pb>* flux-related impurity
in Luz_4GdxAl504;:Ce SCFs and caused by the 15,—3P; transitions of these ions [18]. The intensity
of this band increased with raising the Gd content in SCFs. Such behavior was connected with
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increasing the lattice constant of the garnet and respective dimension of the dodecahedral sites for
the localization of the Pb?* ions with large ionic radii (1.29 A)in comparison with Lu3* (0.997 A) and
Gd>* (1.078 A) cations. Meanwhile, the concentration of this impurity even in the highly Gd-doped
SCFs was still below the detection limit (100 ppm) of a SEM JEOL JSM-820 electron microscope used
for the microanalyses of the samples’ content and only the intensity of Pb>*-related absorption bands
(Figure 3) could be used for the estimation of the concentration of these ions.

The large Pb?* ion content in Gd-doped samples could also be contributed to the decrease of the
scintillation LY of these SCFs (see Table 1). A negative influence of Pb?* on the LY of SCF scintillators
was recently observed for many types of SCF scintillators [6,9,18]. Such influence can also be connected
with the possible creation of Pb?*-Ce** pairs with local charge and local compensation at relatively large
concentration of lead ions in SCF samples. Indeed, the absorption spectrum of Luj 5Gd1 5A15015:Ce
SCF (Figure 2, curve 5) shows the presence of an additional broad band peak at approximately
255 nm. Most probably, this band was related to the O>* —Ce** charge transfer transitions (CTT).
The confirmation of this conclusion was a close position of these bands in the mentioned SCF sample
to the similar O** -Ce** CTT band in Ca*- and Mg2+—doped LuAG:Ce SCs [20,21].

4.2. Cathodoluminescence Spectra

The normalized CL spectra of Lug_yGdxAl5015:Ce SCFs at x =0, 0.5, and 1.5 in comparison with
the CL spectrum of YAG:Ce substrate are shown in Figure 4. The maximum of Ce®" emission bands
was shifted (see Figure 4b) to the red range with increasing Gd content in the SCF samples due to
increasing crystal field strength in the dodecahedral position of the garnet lattice, see also [18,19].

10k 519 540 566
[y J¥ - Ra 1-YAG:Ce sub
> I ', 2-LuAG:Ce SCF/ YAG:Ce sub
=08l ' “.}_ 3-Lu, Gd, AG:Cel YAG:Ce sub 560 -
s™ ! \' 4-Lu,GdAG:Ce/ YAG:Ce sub
'E 5-Lu, Gd, AG:Ce/ YAG:Ce sub 3
© 0.6 S 50l
A e
g z
2o4 5
Q 5 520+
= S 1 - LUAG:Ce SCF/ YAG:Ce sub
= 02 ';5 2-Lu, Gd, AG:Ce/ YAG:Ce sub
) 3 - Lu,GdAG:Ce/ YAG:Ce sub
500 - 4-Lu, Gd, AG:Ce/ YAG:Ce sub
00 L L 1 N 1 L 1 L 1
450 500 750 800 0.0 15

0.5 1.0
Gd content

Figure 4. CL spectra (a) of LuAG:Ce, Luy 5Gdg5AG:Ce, LuGdAG:Ce, Lu; 5Gd; 5AG:Ce SCFs in
comparison with YAG:Ce substrate and (b) shift of emission band.

4.3. Thermoluminescence Spectra

The first attempt to create a composite TL detector based on the LuAG:Ce SCF/YAG:Ce epitaxial
structures was described in our previous work [17]. The observed difference (about 80 degrees) between
the position of the main TSL peaks of the SC and SCF parts of the composite detector under - and
B-particle excitation enabled the simultaneous registration of these particles in the mixed ionization
fluxes. Meanwhile, the optimization of the TSL properties of such a type of composite detector is also
possible and was considered in this work.

In the first stage, we analyzed the thermoluminescent curves for substrate. Figure 5 shows the
similar TSL properties under excitation by «- and 3-particles, but the integral intensity of the TSL
peaks is strongly determined by the absorbed dose of radiation (curves 1 and 2, respectively). The TSL
glow curves of Lusz_,GdxAl;015:Ce SCFs/YAG:Ce SC epitaxial structures with different Gd content x
under excitation by a- and B-particles from 24! Am and ?°Sr + ?°Y sources, respectively, are shown in
Figure 6.



Crystals 2020, 10, 189

100000

£ 10000 |-
1000}

100}

Intensity (arb. units)

10

6 0f 9

YAG:Ce SC

1- a excitation 49.976 Gy
2- B excitation 0.97 Gy

1
400

1 1 1 1
500 600 700 800

Temperature (K)
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Figure 6. TL glow curves of LuAG:Ce SCF/YAG:Ce SC (a), Luy 5Gd5AG:Ce SCF/YAG:Ce SC (b),
Lup,GdAG:Ce SCF/YAG:Ce SC (c), and Luj 5Gd; 5AG:Ce SCF/YAG:Ce SC (d) composite detectors after
irradiation by «- (1) and 3- (2) particles, respectively.

As mentioned above, the x-particles from an 241 Am (5.5 MeV) source with a typical passway in
the LuAG of 12-15 pm were fully stopped in the SCF parts of a composite detector with a thickness of
several tens of microns, when B-particles from a *°Sr + *°Y source with an average energy of 1.1 MeV
could penetrate in the whole substrates. Therefore, due to the high thickness of the SCF samples in
the 16-51 um range (Table 1), the TSL glow curves under o-particle excitation correspond exclusively

to SCFs.
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As can be seen from Figure 6a, after «-particle irradiation, the main peak of the LuAG:Ce
SCF/YAG:Ce SC structure was observed at 600 K. This result is consistent with the results of our
previous work [17]. In accordance with the results of the work in [18], increasing the Gd content in the
Lug_xGdx Al501,:Ce SCFs led to the shift of position of the main TSL peaks to the low temperature
range, to 390 Kin the Lu; 5Gd 5Al501,:Ce SCF sample (Table 2 and Figure 6d). Meanwhile, the position
of the main TL peaks in the Luz_,GdxAl501,:Ce SCEF/YAG:Ce SC structure after (3-particle irradiation
did not change notably (Table 1) due to the fact that the 3-particles a were mainly absorbed by the
YAG:Ce substrate. Therefore, the difference AT between the main TL peaks of SCF and substrate parts
of a composite detector, corresponding to the registration of «- and (3-particles, increased steeply with
an increasing Gd content x in the Luz_,GdxAl5015:Ce SCFs. Namely, AT value is equal of 215 degrees
for Luy 5Gd1 5Al501,:Ce SCFs (Figures 6d and 7, curve 2).

Table 2. Position of the main TL peaks in Lus_,GdxAl5O15:Ce SCF/YAG:Ce SC composite structures
after irradiation by «- and p-particles. * the main TL peaks.

SC and SCF Content a-Particles (?*1Am) B-Particles (°°Sr + ?0Y)
LuAG:Ce SCF/YAG:Ce SC 450, 600 * 445,500, 615 *
Luy sGdg sAG:Ce SCF/YAG:Ce SC 385, 445 * 435, 495, 605 *
Lu; GdAG:Ce SCF/YAG:Ce SC 385, 445 *, 593 435, 490, 600 *
Luy 5Gdq 5AG:Ce SCF/YAG:Ce SC 390 *, 510, 615 435,490, 605 *
600 |
— 550 -
<
2 500
=]
©
S 450
e
g 400 -
-
350
300

5 1.0 1.5
Gd content

Figure 7. Dependence of position of the main TL peaks in Luz_yGdx Al501,:Ce SCF/YAG:Ce SC epitaxial
structures under a-particle (*1Am) excitation (1) and the difference between the main TSL peaks
of SCFs and SC parts of Luz_,GdyxAl;017:Ce SCF/YAG:Ce SC composite detectors under x-particle
(**' Am) and [-particle (*9sr + 20Y) excitation (2).

It is important to note that due to the large feeding in the case of the TL peak positions in the low
temperature range, of the most optimal was the location of the TL peaks of Luz_4GdxAl501,:Ce SCFs in
the range above 150 K. For this reason, the creation of a composite detector based on the LuyGdAl501;:Ce
SCF/YAG:Ce SC epitaxial structure was the optimal option. For such a type of composite detector the
AT value is equal to 155 degrees, which is completely enough for the simultaneous registration of TL
signals coming from the SCF and SC parts of a composite detector in the case of the registration of o-
and (3-particles, respectively.

5. Conclusions

The creation of novel types of composite TL detectors based on the Luz_ GdxAl50q;:Ce
SCF/YAG:Ce SC epitaxial structures for simultaneous registration of the mixed ionization fluxes,
containing - and 3-particles, is reported in this work. The detectors, consisting of Luz_,GdxAl5015:Ce
SCFs with Gd content in the x = 0-1.5 range, were fabricated using the liquid phase epitaxy (LPE)
growth method onto YAG:Ce substrates. The registration of «- and 3-particles by the SCF and SC
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components of composite detectors was performed using the differences between TL glow curves of
these components of composite detectors.

The results of testing of Luz_4GdxAl50;2:Ce SCF/YAG:Ce SC epitaxial structures are encouraging.
In the Lus_,GdxAl501,:Ce SCF/YAG:Ce SC detector, the difference between the positions of the main
TL peaks of the glow curves of the SCF and SC components after o- and 3-particle irradiation, AT,
increases steeply from 15 to 215 degrees with an increasing Gd content in the 0-1.5 range. Therefore,
such a AT value is significantly larger than the 80 degrees obtained recently for an LuAG:Ce SCF/YAG:Ce
SC epitaxial structure. Meanwhile, due to feeding influence, the optimal garnet combination for the
creation of a composite detector is the LuyGdAl501,:Ce SCF/YAG:Ce SC epitaxial structure with the
AT value above 150 degrees.

The obtained results confirm the assumption that the cation engineering of SCF content enables the
significant improvement of the TL properties of composite detectors. Namely, the application of such an
approach leads to an increase in the difference between the TL glow curves of Luy_1 5Gd1-1 5Al5015:Ce
SCFs and YAG:Ce substrates up to 150-215 degrees in comparison with a respective value of 80 degrees
for the prototype of a composite detector based on LuAG:Ce/YAG:Ce epitaxial structures [17].
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