AHOTAIISA

Kodanos [.0. OTtpumaHHS CUUHTWISAIIRHUX KPHUCTANIB PIAKICHO3EMEIbHUX
rpaHaTiB i3 pO3IJIaBy VY BiJHOBIIOBAJLHOMY Ta IHEPTHOMY CEpEIOBHUIIAX. —

KBamidikamiitHa HayKoBa mparis Ha IpaBax pyKOIUCY.

Hucepramiss Ha 3700yTTS HAyKOBOTO CTyIeHs JoKTopa ¢imocodii 3a
cnetiasbHicTIO 102 «MarepiaiosHaBCTBO». — [HCTUTYT CUMHTHIISIIIIHHUX MaTepialiB

HAH VYxkpaian, Xapkis, 2023.

Juceprallisi nmpucBsYe€Ha pPo3poOIll METOIIB OTPUMaHHsS Ta XapakTepuzarlil
KpUCTAJIIB 3MIIIaHUX TpaHaTiB BUPOIICHUX 3 PO3IJIABY Yy BITHOBJIIOBAILHOMY Ta
1HEPTHOMY CEpEeIOBUIIAX JJIsi HACTYIMHOIO MOKOJIHHS TPaHYJISIPHUX JETEKTOPIB Ha
MPUCKOPIOBaYaX dYacTHHOK. Po3poOneHuii METOm OTPUMAaHHS JIOBTHUX BOJIOKOH
YAG:Ce 3 mokpaiieHOI JTOBXWHOIO IOTJIMHAHHS, BUPOIIEHUX METOJIOM MIKPO
BUTATYBAaHHA Yy IHEpPTHIM aTmMocdepi, a TaKOXK KpPUCTAJIIB TBEPAUX PO3UUHIB
LuxY3xAlsO12 13 TOJINIIEHMMH XapaKTepUCTUKaMHU MeTojaoM  YoXpaiabChbKOro,
BUPOIIICHUX Yy BIJHOBIIOBAIbHIN armocdepi, 3 BHUKOPUCTAHHAM JEHICBUX

BOJIb()pAMOBUX THUTJIIB.

Ha cborogHimHii JeHb aKTyalabHOK MPOOJIEMOI0 3aJTUIIAETHCS MOLIYK HOBUX
THUIIIB JIETEKTOPIB JUISI HACTYITHOTO TOKOJIIHHS E€KCHEPUMEHTIB 3 (DI3UKM BUCOKUX
eHeprid. OJHUM 13 MEPCIEKTUBHUX BaplaHTIB TAaKOro JAETEKTOPY € TpaHyJIsSpHUN
JETEKTOp, SKUW CKJIQJA€ThCA 3 BEIUKOI KUIBKOCTI MOHOKPHUCTAJIYHUX BOJIOKOH,
CUTHAJIH 3 SIKUX PEECTPYIOThCS OKpeMo. BoslokHa B TaKOMY J1€TEKTOP1 MOAUISIOTHCS Ha
2 TUNW — AKTHMBOBaHI CIMHTWJISALINHI BOJOKHA JJIsi peecTpallii CIUMHTUJISALINHOTO
CBITJIa Ta HEAKTUBOBAHI BOJIOKHA JIJIsi peecTparlii YepeHKIBCHKOTO BUITPOMIHIOBAHHSI.
VY 1ol yac, Sk AJi1 HEAKTUBOBAHMX BOJIOKOH JOCTaTHHO OyTH MPO30pHUM Yy 00jacTi
YyTIUBOCTI (DOTOJIETEKTOPY Ta CIEKTPY BUIPOMIHIOBAaHHS YEepeHKIBCHKOrO CBITIA,
JUTSl aKTUBOBAHUX CIIMHTWISALIMHUX BOJIOKOH BUMOTH € HA0AaraTo >KOpCTKIIITUMU: BOHH
MOBUHHI MaTH JOBXKUHY Oibiie 20 ¢M, T0CTaTHBhO BEJIMKHIA CBITIIOBUH Buxia (> 15000

¢doronis/MeB), nomxuHy MmorauHaHHS (Mipa ONTHYHOI IPO30POCTi BOJIOKHA) OiJIbIIe

2



20 cM. Ilepiri mpOTOTUIM T'PaHYJIAPHUX ASTEKTOPIB Ha OCHOBI BOJMIOKOH LU3AlsO1y,
BHPOIICHUX METOJOM MIKpO BHUTAryBaHHs, Ta BoJIoKOH Gd3GazAl,O1, Bupizanux 3
KpUCTaIIIYHOI OyJ1i, BUPOIIEHOT MeToA0M YoXpanbCchbKoro, Oyl MpOTECTOBaHI, aje He
nmokasajan OakaHWX pe3yibTaTiB, TOX TONIYK ONTHUMAIBHOTO CIMHTUJISAIIHHOTO
MaTepialy, [0 CTaHe OCHOBOIO HOBOTO THITY IETEKTOPIB JJIs (D13MKU BUCOKUX €HEPTii,

€ AKTyYaJIbHHUM 3aBJAaHHSM.

Ha ocHoBi anamizy myO:mikamiii B po3iii 1 BCTAaHOBJICHO, IO CITMHTHIISIIIHI
KpucTaia, Taki, gk repmanat BicMyty (BGO), Bonbdpamar cuniio (PWO) Bxe
JIOBTUH Yac BUKOPUCTOBYIOTHCS y JIETEKTOpaxX Ha MPUCKOPIOBaUax YaCTHHOK, 30KpemMa
B €Bpornericekomy Llentpi Snepuux docmimkens (CERN). Po3BuTok AeTekTopiB 1ist
HOBOi TeHepamii dvaconpoiiTHux ToMorpadis (Time-Of-Flight PET), a Takox
30UTBLIEHHS! €HEPrli YaCTUHOK Ha MPUCKOPIOBAYaX CHOHYKAOTh J0 PO3POOKH HOBHUX

CIUHTWISIIIHHUX MaTepialiB 13 KOHTPOJILOBAHUMU MapaMETPaAMH.

OmHuM 13 HanpsIMKIB CHUHTHIALIIMHOTO MaTepiajJo3HAaBCTBA € KEpyBaHHS
€HEPreTUYHOI0 CTPYKTYPOIO KPUCTAIIIB 3]s 3aM00IraHHsl YTBOPEHHS TACTOK HOCIIB
3apsAay Ta KOHTPOJIO X TPAHCIOPTY 1O IEHTPIB JIIOMIHECHEHINT (BJaCHUX YU
JIOMIIIIKOBUX ). B pamkax 1i€i koHuemnmii Oynau po3poOiieHl Takl KpUCTaH, SK
Gd;Al,Gaz012:Ce 31 ceimoBum  BuxogoM  50000-60000  ¢oronis/MeB,
Y3Al,Gaz012:Ce i3 wacom 3aracanns 20 He, (Lu,Y);SiOs:Ce, Ta iHmn mMatepianu 3
MOKpAIICHUMH BJIACTUBOCTAMM. 30Kpema, Uisl pO3poOKH Marepiany, sSKUid Ou
BI/IMOBIZIaB HEOOXITHUM BHUMOTaM EKCIEPUMEHTIB (DI3MKH BHCOKHX €HEpriii, BapTo
3BEpHYTH yBary Ha kpuctaiau Ha ocHOBI Y3Al;01; Ta LUsAlsO012, a TakoXk, Ha TBepAMiA
po3uuH 3 HuX — (LU,Y)3Als012, BpaxoByrOUH MOXIIMBICTH BUPOIILYBaHHSI X JEKITBKOMA
METO/IaMH, a CaM€ METOJIOM MIKpPO BUTATYBAHHS JIJIsi OTPUMAHHS KPUCTAJIB Opa3y y
BUTJISI1 BOJIOKOH, Y METOJIOM YOXPaTbChbKOTO 3 BUKOPHCTAHHM JerieBux W THTITIB.
i po6oTr nouiabHO O0YyJI0 MPOBECTH HAa 0a3i [HCTUTYTY CUMHTUIISIIMHUX MaTepiajiB
HAH VYxkpainu y cniBpoOiTHUIITBI 3 [HCTUTYTOM CBiTiIa Ta Matepii, Jlion, ®paniist Ta

CERN.



B napyromy po3aun  JOKJIaIHO OINHKCAaHI €KCIEpPUMEHTalbHI MPOILEeaypHU
MIATOTOBKM CHUPOBHUHHM, OCOOJMBOCTI KOHCTPYKIIIMi pPOCTOBUX BY3JIB, METOJIB
KOHTPOJIIO 32 BHUPOIIYBAaHHSM, MIiCISIPOCTOBOI OOpPOOKM KpHUCTAIIB JUIsi OOMIIBOX
METO/IIB BUPOIIYBaHHS - MIKPO BUTATYBaHHS Ta Yoxpanbcbkoro. Takox y po3aiii
OIKCaHl METOAN BUTOTOBJICHHS €KCTIEPUMEHTAIBHUX 3pa3KiB 1 0COOIMBOCTI METO/IIB
iXx Xxapakrepusamii, a caMe¢ BHMIPIOBaHHS CIHUHTWIALIMHAX Ta ONTHYHUX

BJIACTUBOCTEM.

B po3zaini 3 onucyroThesa METOUKN BUPOILYBaHHS MOHOKPUCTAIIYHUX BOJIOKOH
Ha ocHOBI YAG Tta GAGG MeTo10M MIKpPO BUTSTYBaHHS Ta iX BIUIMB Ha ONTHUYHI Ta
CIUHTHJISIIHI BJACTUBOCTI KPUCTAJIIB, @ TAKOX Ha 1X JeeKTHY CTpyKTypy. [lepimm
KpOKOM OyB BHOIp ONTUMAaJIbHOT CHPOBUHHM JIJIs1 BUpOIIyBaHHs BookoH YAG. byma
BHPOIIEHA Cepis BOJIOKOH i3 BHKOPUCTAHHAM criedeHuX mopoikiB Y,03; Tta Al,Os,
3MIIIAHUX Yy CTEXIOMETPUYHOMY CHiBBiHOIIEHHI. OTpUMaH1 BOJOKHA MaJld BEJIUKY
KUIBKICTh CTPYKTYPHUX A€(EKTIB, 1110 IPU3BOAMIIO JI0 X PO3TpicKyBaHHs. [[puunHoIO
I[bOTO € TOM (akT, MO METOIU, Taki, ik EFG Ta Mikpo BUTATYBaHHS, 1€ KpUCTaJi3alis
BIIOYBA€ETHCS 3 TOHKOTO MEHICKY pO3IUIaBy 1 HEMa€ BIATHCHEHHS JOMIIIOK 0
OCHOBHOI'O 00’€My PO3IUIABA, € OUIBII YyTIMBUMHU JI0 YUCTOTH CUPOBUHH Ta 3CYBY

CKJIaJy PO3IUIaBy Bij CTeX10METPii B 01K OJTHOTO 3 KOMIIOHEHTIB.

B HacTynmHuX ekcrepuMeHTaxX y sIKOCTI CHPOBUHM OyJid BUKOPHCTaHI yJIaMKU
kpuctaniB YAG ta YAG:Ce, BupomeHnux merogoM Yoxpanbcbkoro B IHCTUTYTI
criuHTWIIHHUX MatepianiB HAH VYkpainu. Bupomieni Takum MeTOI0M BOJIOKHA
MaJjil MEHITY KiJTbKICTh BUIUMUX Je(hEKTIB, ajie TOBKUHA 1X MOTJIMHAHHS CTaHOBUJIA
MeHe HeoOximHux 20 cm. Ile Oyno nmoB’si3aHo 3 nedexTaMu, siKi BUHUKAIOTh MPH
BUpOIIlyBaHi, a came 3 HecTauero Al,Os, skuii BUITAPOBYETHCS B IIPOLIECI BUPOIILY BAHHS
yepe3 BUILLMHI TUCK Horo napu y nopiBHsHHI 3 Y203. BinnosinHo, OyJia BUpoIieHa cepis
BOJIOKOH 3 HaaiuimkoM Al,O3 Hag cTexioMeTpUYHHUM CIIBBIIHOIICHHSM y PO3ILIABI.
JloBX1HA TTOTJIMHAHHSA TaKUX BOJIOKOH CKJaja /10 17 cM, oJHaK TMOTJIMHAHHS B3IOBXK

BOJIOKOH HE 0YyJIO OJTHOPITHUM.



Amnanizytoun ¢opMy KpHUBHUX MOTJIMHAHHS, a TaKOXK IMOBEPXHIO BOJIOKOH, iX
YMOBHO MO>KHA PO3AUTUTH Ha 2 30HH — MepIlia 3 HUX, JOBKHUHA KO 3MEHIITyBaJach 3i
30impmenasM Haummky Al,Os, Mana rmaakinry moBepXHIO i TOBXKUHY TOTJIMHAHHS
no 27 cMm, a Jpyra YacTMHA Maja MIOPCTKIIIy IMOBEPXHIO Ta MEHIIY JOBXHUHY
noriauHaHHA. HacTymHuUM KpoKoM OyJi0 BHPOIYBaHHSI BOJOKOH OUIBIIOLI JOBKHUHU
37151 30UIBIICHHS MPO30poi YacTwHU 110 >20 cM. B onTuMizoBaHUX TEIJIOBUX
pexxumax Oyia BupoineHa cepisi 40-caHTUMETpOBUX BOJOKOH 3 HajumkoMm Al,Oz B

pO3ILIaBI.

JIoB’)KMHA TIOTJIMHAHHS BOJIOKHA JOBXHHOIO 22 CM, BHpPi3aHOi 3 YMOBHO
MPO30PUX YACTHH JOBTUX KPUCTAIIYHUX BOJIOKOH, 3HAYHO 30UIbiniack. HaitOubiry
JIOBXXKUHY TMOTJIMHAHHS TPOJEMOHCTPYBAIO BOJIOKHO 13 HammmmkoMm 120 ppm Al,Os3

HaJl CTEX10METPIEI0 TPaHary.

JUist 3MEHILIeHHs] Yacy 3aracaHHs MO ONTHMI30BaHIM METOAMII OYyJIM BUPOLIEH]
BOJIOKHa cojonioBaHi M. CononyBaHHS JAiBaJ€HTHUMHU 10HaMH, TakuMu sk Mg abo
Ca, € omguuM 3 HaWepEKTHBHIIIUX METOMIB 3MECHIICHHS 4Yacy 3aracaHHs B
CLHMHTUIIATOPAX, aKTUBOBaHUX HepieM. ComonyBaHHs Npu3BOaMTh 10 nepexomy Ce3*
y 4-BaJleHTHUM CTaH 3aB/SKH KOMIIEHCAIlll HAJJIMITKOBOTO HETaTUBHOTO 3apsiay MpH
samimenni Y3" giBageHTHMMM ioHamMH. Pe3ynbTaroM € NPMIIBUIALIEHHS 4acy
3aracaHHsl CIUHTHJISAIIN, OCKUIBKH JJII BUIPOMIHEHHS Mepmioro ()OTOHY IEHTPOM
Ce*" HeoOXiHO TIIEKH 3aXOIMTH €JIEKTPOH, OMHMHAIOYM CTail0 3aXOILICHHS IipKH.
KoHnnentpariss marsiro y po3sruiaBi BapiroBanack Big 20 ppm go 40 ppm Bifg
KoHleHTparii Y. Halikpamuii pe3ynprat OyB MpoJAeMOHCTPOBaHUI Ha BOJIOKHI 3 40
ppm Mg micns TepMiuyHOI 0O0poOKHM: 4yac 3aracaHHsi ckiaB 80 HC MpU JTOBXKHUHI
nornuHaHHsA 36 cM. OmHaK, HA BOJOKHAX COJOTOBAHMX MArHi€EM MPU OJHOYACHOMY
nojgaBanHi HajuikoBoro Al,O3 TeHmeHIls 3MiHM JOBXHHHM IOTJIMHAHHSA Oyja
3BOPOTHOIO: BOHA Briayia 110 4-6 cM. [loai0Ha moBeniHKa CBiAYUTH Mpo Te, o Mg B
rpatii Moxke obiiiMatu micue AlPY, i mogankue 36iIbIEeHHS OT0 KOHLIEHTpALlii MOKe

NPU3BECTH TUILKH JIO MOSBU JOJAATKOBUX aHTUBY3eIbHUX Aly nedekTis.



BpaxoByroun BiaMiHHI CHUHTWIALINHI mapametpu kpucrtainiB GAGG:Ce
OMHCaHI B JITepaTypi, HACTYITHUM KPOKOM OyJI0 OTPUMaHHs KPUCTAJIYHUX BOJIOKOH
GAGG. IIpu BupoIyBaHi BOJIOKOH BUHHKJIAa TpoOsieM BunapoByBaHHs Ga 3 moBepxHi
pO3ILIaBy, IO MPU3BOAWIO g0 HecTadi Ga B KpucTaii 1, BIJAMOBIAHO, YTBOPEHHS
aHTHBY3€JIbHUX JNe(EKTIB, a TaKOXK 10 (IyKTyalii (opMu Ta TOBIIMHU MEHICKY i
yac 3arpaBieHHsA. He pauBnsuuce Ha Te, MO BHUPOLIYBaHHA BiAOyBaloCh Yy
KHCHEBMICHIM atMocdepi 1 po3IiaB 130J1F0BaBCs BiJ 30BHINMIHBOI aTMochepu 3ais
MiHIMI3alii BunapoByBanHs Ga, OTprMaHi BOJIOKHA MICTUIIN TPIIIMHU Ta MaJld HU3BKY
IIPO30PICTh, TOXK BiJ 1J1e1 BUPOIIYBaHHs 3MimaHuX (Ga-BMICHUX KPUCTAJB METOIOM

MleO BUTATYBAHHA OOBCIIOCH BiIIMOBI/ITI/ICL.

[lomanpuil exkcnepuMeHTH, omucaHli B po3aunl 4, OynM CHpsSMOBaHI Ha
OTPUMaHHA 3MIIIaHUX PIAKICHO3EMEJIbHUX TpaHaTiB METOAOM YOoXpalbChbKOro i3
JeneBux BobGpamMoBuX THUTIIB. OJHUMH 13 TEPCHEKTUBHUX BapiaHTIB TaKOTro
matepiany Oymu kpuctanu LUYAG:Ce, ockibKy BOHU HE MaH B cCBoeMy ckiami Ga,
0 YHEMOKJIMBIIOBAJIO O X BUpPOIIyBaHHA 3 BOJb()pPaMOBUX THUTIIB. TakoX iCHY€E
MO>KJIMBICTh TOKPAIICHHS CHMHTWIALIMHUX XapaKTePUCTUK Yy 3MIMIAHUX KpUCTalax

BIJTHOCHO CBOIX KOMIIOHEHTIB.

JJis1 KOpEeKTHOTO MOPIBHSAHHS BIacTUBOCTEH 3Mmimanux kpuctainiBe LUYAG:Ce
croyatky OyJi0 BHU3HAQYEHO ONTHUMAabHY KOHIICHTpAIllI0 akTUBAaTOpy. OCKIIbKU
KoHIeHTpalliss B Matpuili YAG BioMa 3 JiTepaTypHUX [DKEpes, A BH3HAUYCHHS
OoNnTUMaJIbHOI KOHIeHTpalii Ce B TBEpAOMYy pO3uWHI OyJia JOCITIIKEHA 3aJIeKHICTh
ONTHUYHHUX Ta CIUHTWIALIMHUX BlacTuBocTel KpuctaniB LUAG:Ce Bix KoHIEHTpaIii

aKTUBATOPY.

{00 yHUKHYTH BUKOPUCTAHHS YUCICHHHUX 3aTPABOYHUX KPUCTATIB IS Pi3HOTO
CKJIaJy MAaTpWIll Ta pI3HUX KOHIEHTpAIliil akTUBaTopy, OyB po3poOJeHud Ta
BUTOTOBJICHUW TPUCTPINA JUIsl 3aTpaBiEHHS 3 KamuigpoMm, a TakKoX, po3polieHa
METOJIMKa 3aTPaBIIEHHS 3a JOMOMOTOI0 IHOTO MPHUCTPOO. 3arajoM, Oyid OTpUMaHi

kpuctanu LUAG:Ce, koHIIeHTpaIlisl akTUBaTOpy B sSKUX BapitoBanacs Big 0 1o 1,5%.



CeitnoBuii Buxig kpuctamiB LUAG:Ce cknaB 26500 ¢otonis/MeB, s
KOHIIEHTpaIlii aktuBaropy 1%, 10 Ha CHOTOIHINIHIA IEHb € HAWBUIIMM 3HAYCHHSIM
cepen OmyOIiKOBaHUX JUIsl 1IboTO MaTepiany. [loganpire 301MbIIeHAS] KOHIIEHTpAITii
aKTUBATOpPy TPHU3BEIO IO 3MEHIICHHS CBITJIOBOTO BHUXOMY, IO BHKJIUKAHE
NEePenoTITMHAHHIM JIIOMiHECIeHIIii B 00’ eM1 KpucTany. TakuM YWHOM, ONITUMATBHOIO
koHneHTpariero Ce B po3miasi LUAG € 1%, 1, OCKIJIBKH 1151 KOHIIEHTpAITisl aKTUBATOPY
CHiBHajae 3 HOro ONTUMalIbHOI KOHIEHTpaliew y Marpuii YAG, Bigomoro 3
JITEpaTypH, Ta K caMa KOHIICHTpaIlisl akTuBaTtopa Oyia BUOpaHa MpW BHPOIIYBaHHI

smimanux kpucraiiB LUYAG:Ce.

HariiBumuii cBitinoBuit Buxin 27700 ¢poronis/MeB cepen BUpOIIEHUX 3MIIIAHUX
KpucTaiiB croctepiraBcst y LuUozsY225Als012:1% Ce. Yac 3aracamns y LuAG:Ce
CTAHOBUTH 62 HC 13 HASBHICTIO MOBUILHOTO KOMIIOHEHTY 13 YacoM 3aracaHfs 1 mc.

Onnak, 4ac 3aracadus crnoBuUIbHIOETHCS 40 100—150 He 3 nogaBaHHsIM Y .

Takum 4ruHOM, PO3POOIECHUM METOJ JI03BOJISIE BUPOIYBATH 3MIIIaH1 KPUCTATIH
LuYAG:Ce 3 pizaum criBBigHomeHasM LUAG/YAG, 1110 1ae MOXITHBICTD MiaioOpaTu
CKJIaJl 3 TICBHHUMH XapaKTePUCTUKaMH (CBITJIOBUM BHIX1J, T'YCTHHA, CICKTPaJIbHHUMA

Jiana3oH JTIOMIHECIIEHIIT, Yac 3aracaHHsi).
HaykoBa HOBH3HA 0/Iep:KAHUX Pe3yJIbTATIB MOJISITA€ B HACTYITHOMY:

o [lokazana MOXIUBICTb OTPUMAHHS METOJIOM MIKPO BUTSATYBaHHS JOBTUX
(6impmre 20 cM) BosokoH YAG:Ce 3 J0oBXKMHOIO IOTVIMHAHHSA 38 CM 3aBISKU
nonaBanHio Hammumky 120 ppm Al,O3; Hag CTEXiOMETPHYHHM CKJIaJ0M

kpucrany YAG.

e JloBeneHo, mo Tepmiuna o6podka npu 1200 °C npotsarom 48 roauH MOKparye
TOBXKWHY TorjivHaHHs st BojiokoH YAG:Ce, comonmoBanux M(. 3okpema,
BiznasneHi BosiokHa 3 40 ppm Mg manu nosxuny noriuHanHsa 38.5 ¢cM Ta 4ac

3aracanus 80 HC.



e Po3po0iieHnit mpUCTpiid, 110 JO3BOJISIE YHUKHYTH BUKOPUCTAHHS KPUCTAIIYHOTO
3apoJIKy B YMOBax pI3HOTO CKJaay Ta TEMIEpATypU IUIABJIECHHS PO3ILIABIB
KPUCTAIIIB TBEpAUX po34yuHIB. [IpHCTpiii BUKOPUCTOBYE KamiIsipHUN €(eKT

iAoMYy po3IuIaBy 1 3abe3rnedye HajiiHe KPITIJICHHS BUPOIIYBAHOTO KPHUCTAITY.

e Otpumani kpucramu LUAG:Ce Ta LUYAG:Ce noBxuHOIO A0 6 cM 3

BOJIb()paMOBUX THUTJIIB Y BiHOBIIOBANBHINA atMochepi Ar+CO.

e 3HaiifieHa ONTUMAalIbHA KOHIIEHTpallisa akTuBatopy B Kpuctanax LUAG:Ce, axa
cknana 1% Ce B posmnasi. Otpumani kpuctanu LUAG:Ce micns Bianaity Ha
noBiTpl npu Temneparypi 1300 °C mpotsirom 48 roauH MpoAEeMOHCTPYBAIH

ciTioBui Buxia 26500 ¢oronis/MeB.

e 3aBasgKM oONTHMMI3alii criBBigHOmEHHs LU/Y, CBITJIOBHI BHUXIJ OTPHUMaHHUX

kpucTaii (LUg25Y075)3Als012:Ce csirae 27700 potonis/MeB.
IpakTHyHe 3HAYEHHS OJIEPsKAHUX Pe3yJIbTATIB MOJIATA€ y HACTYITHOMY:

Po3pobnenuii mpucTpiii Juisi 3aTpaBiICHHS 3 KamasgpoM, a TaKOoX METOJI
3aTpaBlIeHHS 3 WOr0 BHUKOPWUCTAHHSM, JO3BOJIIE OTPUMYBATH MOHOKpHCTaIU 0e3
BUKOPUCTAHHS KPUCTATIYHOI 3aTPaBKH Ta (HOPMYBaHHS IIUUKU KPUCTAITY JIJISt BITOOPY
3apOJKY JUTIsl BUPOIIYBAaHHS MOHOKpHCTATy. HaykoBO-TeXHIUHE PIllICHHS 3aXHUIICHO
JBOMa TIaTeHTaMd Ha KopucHy wmojenb Nel45280 «Cnoci®O BHpOITyBaHHS
MoHokpucTaniBy Big 25.11.2020 ta Nel145281 «[lpuctpiit ans 3aTpaBieHHs Mij 4ac

BUPOIIYBaHHS MOHOKpHUCTamiBy Big 25.11.2020;

MeTtonoM MIKpO BUTATYBaHHS y IHEPTHIM aTMocdepl 3 BUKOPUCTAHHSAM Ir TUTITIB
orpuMani JoBri (> 40 cm) BosokHa Y AG, JOBXHHA MOTJIMHAHHS MPO30POi YaCTUHU

sakux carae 40 cm.

Po3pobiiena MeToaKKa BUPOIYBaHHS KPUCTAJIB TBEPAUX PO3YMHIB HA OCHOBI
LUYAG:Ce 3 pemeBux BOJAb(OPaAMOBUX TWUIJIB Yy BIJHOBIIOBaIBHINA aTtMocdepi

JTIO3BOJISIE OTPUMYBATH KPUCTAJHU 13 KOHTPOJHOBAHUMHU BJIACTUBOCTSIMU (CBITJIIOBHI



BUX1JI, TIOJIO)KEHHSI MaKHCyMy JIFOMIHECILICHI[li, TYCTUHA Ta 1H.) HEOOXITHUMH IS

KOHKPETHHX 3aCTOCYBaHb 3aB/SIKHA BapilOBaHHIO CITiBBIIHOIICHHS KOMIOHEHTIB LU/Y,

PesynpTaT JoCHiKeHB, MPOBEACHI B pPOOOTI, € TMEPCICKTUBHUMU JIJIS

3aCTOCYBaHHS y TIPOMHUCIIOBOCTI Ta B HAYKOBIH JISITHHOCTI.

KarouoBi ciaoBa: wMonokpucrtan, rpaHat, YAG, LUAG, LUYAG, weron
YoxpallbChKOTO, METOJ, MIKpO BHUTATYBAaHHS, TBEPAUH PpPO3YMH, JCTEKTOP,

COUHTHIIATOD.



SUMMARY

D. Kofanov. Obtaining crystals of rare-earth garnets from melt in reducing and

inert environments. - Qualification scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy in the specialty 102 "Materials
Science."” - Institute for Scintillation Materials of the National Academy of Sciences of
Ukraine, Kharkiv, 2023.

The dissertation is dedicated to the development of fabrication methods and
characterizing crystals of mixed garnets grown from melt in reducing and inert
environments for the next generation of granular particle detectors. A method for
obtaining long YAG:Ce fibers with improved attenuation length grown by the pu-PD
method in an inert atmosphere has been developed, as well as crystals of solid solutions
Lu,Y3xAlsO1, with improved characteristics were grown by the Czochralski method

in a reducing atmosphere using cheap tungsten crucibles.

To date, the search for new types of detectors for the next generation of
experiments in high-energy physics remains a relevant problem. One promising option
for such a detector is a granular detector, which consists of a large number of fibers,
signals from which are recorded separately. Fibers in such a detector are divided into
2 types - activated scintillating fibers for registering scintillation light, and non-
activated fibers for registering Cherenkov radiation. While non-activated fibers only
need to be transparent in the sensitivity range of the photodetector and the Cherenkov
light spectrum, the requirements for activated scintillating fibers are much more
stringent: they must have a length of more than 20 cm, a sufficiently large light output
(> 15000 photons/MeV), and an attenuation length (a measure of the optical
transparency of the fiber) of over 20 cm. The first prototypes of granular detectors
based on LusAlsO;; fibers grown by the u-PD method and Gd;GasAl,O,; fibers cut
from boules grown by the Czochralski method were tested but did not yield the desired
results. Therefore, the search for the optimal scintillating material that will serve as the

basis for a new type of high-energy physics detectors was continued.
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In Chapter 1, the analysis of publications suggests that scintillating crystals such
as bismuth germanate (BGO) and lead tungstate (PWO) have been used for a long time
in particle accelerator detectors, including at CERN. The development of tomography
detectors and the increase in particle collision frequency at accelerators lead to the need
for new scintillating materials with controlled parameters. This task is addressed by
controlling the energy structure of crystals to prevent the formation of charge carrier

traps and to control their transport to luminescent centers (intrinsic or dopant).

Within this concept, crystals such as Gds;Al,Gaz01,:Ce with a light output of
50000-60000 photons/MeV, Y3Al,Gaz0i,:Ce with a decay time of 20 ns,
(Lu,Y),SiOs:Ce, and other materials with improved properties were developed. It was
concluded that to develop a material that would meet the necessary requirements of
high-energy physics experiments, attention should be focused on crystals based on
Y3Als0;, and LusAlsO;,, and accordingly, on a solid solution of them - (Lu,Y)3AlsO;,,
taking into account the possibility of growing them by several methods, namely the p-
PD method for obtaining fibers, or the Czochralski method using inexpensive W
crucibles. These works were carried out at the Institute for Scintillation Materials of
the National Academy of Sciences of Ukraine in collaboration with the Institute of
Light and Matter, CNRS, Lyon, France, and CERN.

In the second chapter, detailed descriptions of the experimental procedures for
raw material preparation, features of growth chamber construction, growth monitoring
methods, and post-growth processing of crystals for both u-PD and Czochralski
methods are provided. The chapter also outlines the methods of fabricating
experimental samples and the characterization procedures of their scintillation and

optical properties.

In Chapter 3, the methodologies for growing single-crystal YAG and GAGG
fibers by the u-PD method and their impact on the optical and scintillation properties

of the crystals, as well as their defect structure, are described in detail.
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The first step was the selection of optimal raw materials for growing YAG fibers.
A series of fibers was grown using sintered Y,03; and Al,O3; powders mixed in a
stoichiometric ratio. The obtained fibers had a significant number of structural defects,
leading to their cracking. This was attributed to the feature of EFG and p-PD methods
where crystallization occurs from a thin melt meniscus and there is no segregation of
impurities into the main melt volume. Such methods are more sensitive to the purity of
the raw material and deviation of the melt composition from stoichiometry towards one

of the components.

In subsequent experiments, fragments of YAG and YAG:Ce crystals grown by
the Czochralski method at the Institute of Scintillation Materials for the National
Academy of Sciences of Ukraine were used as raw materials. The fibers grown in this
way contained less defects, but their attenuation length was below the required
threshold of 20 cm. This was attributed to defects in crystals, specifically to the loss of
Al,O3, which evaporated during the growth process due to the higher vapor pressure
of its vapors compared to Y,03 ones. Accordingly, a series of fibers with an excess of
Al,O3 above stoichiometric ratio in the melt was grown. The attenuation length of such

fibers reached 17 cm, but their form of their attenuation spectra curves was not uniform.

Analyzing the light attenuation curves and the fiber surfaces, fiber can be
roughly divided into two zones. The first zone, whose length decreased with Al,O3
excess, had a smoother surface and an attenuation length of up to 27 cm. The second
part had a rougher surface and a shorter attenuation length. The next step was the
growth  of longer fibers to increase the transparent part to
> 20 cm. With optimized thermal regimes, a series of 40-centimeter-long fibers was

grown with an excess of Al,O3 in the melt.

The attenuation length of the more transparent portion of long crystalline fibers
with a length of 22 cm significantly increased. The fiber with a 120 ppm Al,O3 excess

of above garnet stoichiometry demonstrated the highest absorption length.
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To reduce the scintillation decay time, fibers were co-doped with Mg. Co-doping
with divalent ions such as Mg or Ca is one of the most effective methods for reducing
the decay time in scintillators activated with cerium. Co-doping leads to the conversion
of Ce®" into a 4-valent state by compensating for the excess negative charge when
replacing Y3* or AI¥* with divalent ions. This accelerates the scintillation decay time,
as only the capture of an electron is required for the emission of the first photon by the
Ce** center. The concentration of magnesium in the melt ranged from 20 ppm to 40
ppm. The best result was demonstrated by the fiber with 40 ppm Mg after thermal
treatment: the decay time was 80 ns with an attenuation length of 36 cm. However, on
fibers co-doped with magnesium and grown from the melt with excess Al,O3, the trend
in the change of the decay length was reversed: the attenuation length dropped to 4-6
cm. This behavior indicates that Mg occupies the Al sites in the lattice, and further
increasing its concentration can only lead to the appearance of additional anti-site Aly

defects.

Considering the excellent scintillation properties of GAGG:Ce crystals, the next
step was to obtain GAGG crystalline fibers. During the growth of fibers, there was an
issue with the evaporation of Ga from the melt surface, leading to a deficiency of Ga
in the crystal and, consequently, the formation of anti-site defects. The second issue
was fluctuations in the meniscus thickness and shape during crystallization. Despite
the growth taking place in an oxygen-containing atmosphere and the melt isolation
from the external atmosphere to minimize Ga evaporation, the obtained fibers
contained cracks and had low transparency. Thus, the method of growing mixed Ga-

containing crystals by the u-PD method appeared to be inefficient.

Further experiments described in Chapter 4 aimed at obtaining mixed rare-earth
garnets using the Czochralski method with inexpensive tungsten crucibles. LUYAG:Ce
crystals were of particular interest as they did not contain Ga in their composition,
which would allow them to be grown from tungsten crucibles. Additionally, there was
a potential for improving the scintillation characteristics in mixed crystals compared to
their individual components.
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To correctly compare the properties of mixed LuY AG:Ce crystals in dependence
on the host composition, the optimal activator concentration was determined first.
Since the Ce concentration in YAG matrix is known from literature sources, to
determine the optimal Ce concentration in the solid solution, the dependence of optical
and scintillation properties of LUAG:Ce crystals on the activator concentration was
studied.

To avoid using numerous seed crystals for different matrix compositions and
different activator concentrations, a device with a capillary for seeding was developed
and manufactured, along with a seeding method using this device. LUAG:Ce crystals

with activator concentrations ranging from 0 to 1.5% were obtained using this method.

The light yield of LUAG:Ce crystals reached up to 26,500 photons/MeV for a
1% activator concentration, which is the highest value reported for this material to date.
Further increasing the activator concentration led to a decrease in light output due to
concentration quenching of luminescence. Therefore, the optimal Ce concentration in
LUAG matrix was found to be 1%, which coincides with the optimal activator
concentration in YAG matrix known from literature. The same activator concentration

was selected for the growth of mixed LuYAG:Ce crystals.

The highest light yield of 27,700 photons/MeV among the grown mixed crystals
was observed in Lug75Y225A15012:1% Ce. The decay time in LUAG:Ce was 62 ns with
the presence of a slow component of 1 ms. However, the decay time slowed down to
100-150 ns with the addition of Y.

In conclusion, the developed method enabled the growth of mixed LuYAG:Ce
crystals with varying LUAG/YAG ratios, providing the possibility to select a
composition with specific characteristics (light yield, density, luminescence band,

decay time).
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The scientific novelty of the obtained results is as follows:

 The possibility of obtaining long (over 20 cm) YAG:Ce fibers with an attenuation
length of 38 cm using the u-PD method has been demonstrated by adding an excess of

120 ppm Al,O3 above the stoichiometric composition of the YAG crystal.

« It has been proven that thermal treatment at 1200 °C for 48 hours improves the
attenuation length of Mg-doped YAG:Ce fibers. Specifically, annealed fibers with 40
ppm Mg had a light attenuation length of 38.5 cm and a luminescence decay time of
80 ns.

* A device for seeding has been developed to avoid the use of crystalline seeds under
conditions of varying composition and melting temperature of solid solution crystal
melts. This device utilizes the capillary effect to lift the melt and provides secure

attachment for the grown crystal.

* Crystals of LuUAG:Ce and LuYAG:Ce, up to 6 cm in length, have been obtained from

tungsten crucibles in a reducing atmosphere of Ar+CO.

» The optimal concentration of the activator at growth of LUAG:Ce crystals has been
found to be 1% Ce in the melt. LUAG:Ce crystals obtained after annealing in air at a
temperature of 1300°C for 48 hours demonstrated a light output of up to 26,500
photons/MeV.

* Through the optimization of the Lu/Y ratio, the light output of the obtained
(Luo25Y0.75)3Als012:Ce crystals reached 27,700 photons/MeV.

The practical significance of the obtained results is as follows:

- The developed device for seed-free crystal growth using capillary seeding, along with
the associated method, enables the production of single crystals without the need for
single crystalline seeds and the formation of a crystal neck for selecting the seed for
crystal growth. This scientific and technical solution has been protected by two utility

model patents: No. 145280 "Method for Growing Single Crystals" dated November 25,
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2020, and No. 145281 "Device for Seeding During Single Crystal Growth" dated
November 25, 2020.

- Long (> 40 cm) YAG fibers with an attenuation length of up to 40 cm have been
obtained using the u-PD method from melts grown in an inert atmosphere using Ir

crucibles.

- A method for growing solid solution crystals based on LuYAG:Ce from inexpensive
tungsten crucibles in a reducing atmosphere has been developed. This method allows
to produce crystals with controlled properties (light yield, luminescence peak, density,

etc.) tailored to specific applications by varying the ratio of Lu/Y in the host.

The research results presented in this work are promising for industrial and scientific

applications.

Keywords: single crystal, garnet, YAG, LuAG, LuYAG, Czochralski method, u-PD

method, solid solution, detector, scintillator.
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