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Abstract: Recent research progress of lutetium aluminum garnet( Lu;Al;O,,, LuAG) based scintil-
lation ceramics is introduced. The crystal structure, physical and chemical properties, fabrication
methods and structural defects of LuAG-based scintillation ceramics, as well as the novel results in
the design of LuAG-based scintillation materials through composition engineering and theory calcula-
tion, are summarized in detail. Among those, fruitful progress have been made in Ce’* and Pr’”
doped LuAG scintillation ceramics, better scintillation properties than their single crystal analogous
have been achieved in some ceramic components. The devices assembling were developed corre-
spondingly. Herein, Ce: LuAG ceramics are considered as the candidate materials for the new gener-
ation of electromagnetic calorimeters in high energy physics field due to their high luminescence effi-
ciency and excellent radiation hardness performance. Pr: LuAG has fast decay time and high temper-

ature luminescence thermal stability, showing potential applications in nuclear medicine PET
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imaging and well-logging. Based on the idea of defect engineering and band gap engineering, break-

through has been achieved on their scintillation properties improvement through Mg>* and Y** co-

doping. Based on transparent ceramic technology, LuAG-based scintillation ceramics with high opti-

cal quality show important application prospect and development potential.
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Fig. 1 A sketch of the scintillator conversion mechanism in a

wide band-gap single crystal solid state. The process

is divided into three consecutive stages of conversion,

transport and luminescence " .
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Fig.2  Crystal structure diagram of LuAG, green ball repre-

sents 8 coordination number site, gray ball and red

ball represents 6 and 4 coordination number site, re-

spectively "
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2017 4E, Hu 25 2308 T AR S8 3 1 4 Pre:
LuAG [NRRFE R AR T 22 72 DL AN 405 (R
Al PrO,, \Lu,0, Fl a-AL O, Bk Ay J50RE, LU K
SWFEEA B, ZE R AP ER S 12 b, TRA KL 70
°C 5 25 200 H G 0 38 i il B HH T Bl e g 28

Besbmk iR, Wik 3(a) ~ (o) BioR, RO AR
FEIRIAR >3 um, —SE R AR B AR R AR 2y
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B 3(d) Bz, RIABURLRE 6 9 58 70 B ie , I 1L 2]
MIRAE AR . KRR A B A F TR 26/
ESINI R IRy TR e

K3 FlEA a-ALO, (a) \Lu,05(b) Pr,0,, (c) FIEREE
JE FIRMARIR A9 (d) B35 & 51 49 4% o 8% ( FESEM )
BAESIES

Fig.3 FESEM micrographs of the commercial powders a-

Al,O,(a), Lu,0,(b), Pr,O,,(c¢) and powder mix-
ture after ball milling(d) ™.

WARSLIORE 2 R 8 I AE Lu AL A 4R
VR N I IE ) (— FBCA K e AR S %)
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B g e i o2 W P

K4 Ce: LuAG MMATEL 000 °C TS 2 b Ji A i i L%
(TEM) JE S, (a) J& HPC; (b) #5 M 0. 8%
HPCH

Fig.4 Transmission electron microscope ( TEM ) morpholo-

gies of the Ce: LuAG powders calcined at 1 000 °C
for 2 h. (a) Without HPC. (b) With 0. 8%
HPC',
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i TR R B0 B TR, AL R B S iR
RS T BZE DR %, KPR R Ha 5%
PF T bedd | lad T 20 R MR TE SRR 1 R 58 4
BEAE RN SFL APt R T AR g P e 1 B0
DA, ARk, B PR B A be 4 il A%
LuAG FENMRF & 0 TAEHE £ 2 Wi T iR
S R BRI RERR SR T T R IR
SN DLACBE gE BT L E PR L, H AR A
(Konoshima ) fb2E2A A 56 [ i SR K2F ( Clem-
son University )™ JEESFEITH] 31 5K 5 08 %
(Lawrence Livermore National Laboratory) ™' A%
BT E T O A AE TAEHRGE

2005 4F, Li % R R ARIE T Ce: LuAG Fi %
(R EIAF S N, B4 e il o5, e 250 1 770 C-10
h, 7510, 5% (it A 43 ko) TEOS Sh B 45 B 7l
2007 4F, Cherepy 255 F| FIVRARE H % Ce: LuAG
RS & LA BE5 45 T Ce: LuAG F%, B i
TR T RE=%0 21 870 pho/MeV, 2013 4F,
Xu 5517 SR FHROA T € 25 45 49K Ce: LuAG
R A, I EAT L 2s e 4 25 B K, R TR Inbe 4

FAEBARIREE T (1 750 °C-10 h) 23 T @EsF
it Ce: LuAG i% W BH % A9 il 5, 2020 4F, Shi
25 0TS FH A B2 I LA R A ik 46 T — RAIA
[F] Ce’* BAHE (0,0.1% ,0.3% ,0.5% ) (JiiF
H L) 9 LuAG INMRREZE ) RSN R 5 R,
TS I A e 45 Bl R 42 (0. 03% (T i H 43
Fb) MgO) , M 10* Pa JLZS R, Begh i B &
iK1 800 °C LA AR 10 h AL s /3 B 1k

A . il i i e b i s s o]

15 SR P A R B 2028 Be s i bl A (R ] Ce 18 2k B
(1) LuAG AR BURTHBYE 1.0 mm &

Fig. 5 LuAG scintillator ceramics with different Ce doping
concentrations were prepared by solid-state reaction
and vacuum sintering. The ceramics were double-si-

ded polished with a thickness of 1.0 mm""’.

2009 4F, Zhao %7 [ IRRIE T Pr: LuAG 2
B T A A ReS b Shil* F1 Yanagida
OV ARIRGE T A R Pr: LuAG B B9 1
25 Bed il £ LA Pt BB IR BE RN (0. 5% ~ 5%
(JETFESH) P K 6) (0.2% ~1% (J5F 4
EL) ), AR 3 ) SR FE YRR T 35 AR [ A6 52 1oz 25 ol
%o Hob | Yanagida %51% 5% IO DT TE 5 i £ 19
kK LuAG By 2K 4% 200 nm , 45579 3% il Al
FIEZSBEZE (1 700 °C-10 h) 350 0. 25% (JET

o@o Pr:LuAG

Bl 6 RIS RN B s Be 4 ikl 4 1) (Pr.Lu, ), AL O,
PZE A v =0.5% ,1.0% ,5.0% (J& T H 43 ),
XE L @14 mm x2.0 mm™

Fig.6  (Color online) Photograph of (Pr Lu,_, ),ALO,, trans-

parent ceramics, x =0.5% , 1.0% , 5.0% (atom frac-

tion) , respectively. Double face polished, @14 mm x

2.0 mm™’.
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B 080 T 24 BB T 5 L (A5 P e iy DR b
RETR AT, (EL [ AR 520 32 7 B S 1 R R STt i
il 28 5 A BRI E

SPS Jre 2 i — T 1) FH ik vfr el 900 B S R AR
P besh ko B EA IS T
PR BREE T EE AR AR O B v AR AR Gl TR
SR MRL BRI ThREM B &R AR B AR
PE R RE SR SPS AT SEELELZS B AU be 4, T
PIBEBERREE U, A 18 AT B AR S i B0%
k. SPS Be4hHE 244 H AR KRR 2= (LuAG
BEZE I Bu: LuAG P ) g B Tk 2% 4
TERFEBE YRR 5T BT, LA B B EE AR B A 4F 5 AL
F %5 (Cet LuAG P % * %) F1 Th: LuAG Fi#s'o))

2016 4E, Pejchal 25 438 T 7E 1 600 °C FlI
1 700 °C E5 5 SPS 545 Ce: LuAG P& iy T
1o JroRb (AR T8 5t 10 (radiation: synthe-
sis) il 5 , FRAF B MR AE 30 ~ 50 nm , NENHE
ZEBNF , Begs i B b i 100 MPa JE 3 {5 A% &
4 ~45 min, K 7 i, 38150 Ce: LuAG B &
S FIARE SR (O, IR, X SRR T, BTl
1 Ce: LuAG P& HAT LUHL o B S 1Y B

UAG:Ce,SC

N

Y

7  N[A SPS BEZEIRIE (1 600,1 700 °C) F il £ Ce:
LuAG Fi% 4> 51275 4 NN1600 1 NN1700, LuAG:
Ce SC /R
Fig.7 Ce: LuAG ceramic bodies sintered at different temper-
atures(1 600, 1 700 °C) by SPS!®’

SRR P S i NER Y PON NN (A =]
F TG R T L FE , S SPS besh 07 BRAR (1 )5
BT AL, BRSPS M be st £ AR T IR A5 4k
Getonn RS B (R H TR B A am Y Ol
2R R TE, 30T RE R T P B AR R ST Y
YRALNE LA B A B A EL o | N (ARl % P 46 )t
i A A IR ARG

ARG — AR e L sl A %
b il A S SAE R SRR RS T R
A RE G bR 45 A Rl S A A P A S T Y
b2k, ARG E WM &G T L4 60 4F
8, H GE /A F] Coble {8 -4 7 [# Py iy fp Rl
B LV ek PR ER I 5 T S A S A R BT R AT
T AR K220 Zhou 25 B T IRA
SIPAE 1800 CHRIE 6 h MRS HA R 6245
WITERY Ce, Pr: LuAG [NRRFEEE A anEl 8 iR,
AN, 5T e B SRS W] i LuAG 355 BH P 2
RARE (291 ~2 um) 7, HIG# R BT
SPS B4t g K B s | 3k xR 5 g s bt 5 3k
320 it 5k Ak A SR Y B s R T — BT BB 1Y
W (EFHRAB

Y2 0.2at%Ce, 0.25at%Pr:LuAG [ v2 ]

Y3 0.3at%Ce, 0.25at%Pr:LuAG Y3

I8 1800 CATHEL 6 h il Ce/Pr: LuAG %'
Fig.8 Ce/Pr: LuAG ceramics sintered in flowing H, atmos-
phere at 1 800 °C for 6 h'®!

4.3 MEHLIE

LuAG BNk B % 7F 25 be 45 Fl A e 46 i
i, BT R R A MECE S R ER, 2
Ay RS DL FE RN N 45 | 2RI i 2
INKRIERE , PR AT D ZE AT Je B2 AKb B, #AKE 2R
O3 F BRSSO A TR Kb B
1B IR — AR TR 45 TR 300 ~ 500 °C

—SBRF YR, 23 AR KA BT ARG e
rY R S 7 S50 B VA TR R g, AT 8 3 AR it D'
ST AR ETERE S L (AR N R R
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42 4

T2 T HAB A5 R 09 M 25 A8 T S5 ) B IR
KRR F L2 RER RS, #11n,2017 4F Hu
2R Mg 3EB 1 0.2% Pr: LuAG Fi % A3
TRREVEAT T R GSE . W2 Ay [ AR S 1 2 B 4
RS, WK 9 By E i Rw i R 7
700 ~900 °C it FE 1 il 25 AR KA R T BR
S, P RDGAE I R A TR KGR BE R T 1000
C I, 0 U U B3 113 2oL R I Bl T o, R B i
W LXIHFEF PO Pt AR A R R R
W, X SR A RS INIRRCR N LR R I, 1
B AR JCHR B AL BR S, BRSO B Pt R
W, A B P i) Pt AR 7= AR Y LT BR AT (CT) o
PR, FET PO Sd4f BRI Y K OGR
JRE s A AER AT A 8 A DRV JOR P RE T %

80
70+
60
§ —— As-sintered
é’ 50 —700 C
2 40 —900 C
*é —1 100 C
£ 30 —1 300 °C
g —1 500 C
F 20 b As-sintered 00°C 200°C s
10 ulu.m.J g . i m.'ngm P !L‘—‘imm-
0

T T T T T
200 300 400 500 600 700
A/nm

B0 RIFR KGRI Pr LuAG BIZEAY 12 3 % 6 )
Sh R F B g IR
Fig.9 In-line transmittance of Pr: LuAG ceramics, as-sin-

tered and annealed at different temperatures. The in-

set shows their corresponding photographs''’.

2018 4F, Chen 457" ifF— A5 %of [ 4 52 0 B 2
BRLEH Ce, Mgt LuAG B B AT T 140 Y 1B kA%
NEFFEE . 1B KGR BELE 1 000 ~ 1 450 °CyulH , i fa]
10 h, XF& 10 Fr7R 69 SEM {045 ¥ 23 b 2 0, %t
A2 v AR K TR A SR i A AL T AR B B
A —MAT H, EDS (Energy dispersive X-ray
spectra) JLE 7T R WA AT i 12 AL O, M. AN
S5 A A R R R S RGBT Ce’ T R/Bk
Mg * PIHE R 7= A B AL oA 5, BB AE y R (7 Cs)
FRAFT Ik o v R R B DA R 7 2 B R R B
FhiE M2 W45 55, 1 450 °C 8 ny B KR,
%X — 5 Hu Z7F Pr: LuAG P&t ™ th iy 45
RN, Xl g FiRAZEN P BT 5
Ce' " B FXF LuAG P e DN R RE 14 52 il VE FH AL ER
NI B, Lin B0 2 FE Cet LuAG 1,

Mg® " IV SRR, 2 3E Ce* ™ 0] Ce® ™ B4k, AT
2 Ce: LuAG BYICT= 8, H bR € Jai I 18] 1t
Mg 82Xt Pr: LuAG i) A %2 AT TR BE DG AE ) 28
R TR BIHL LA A R IR ARG

K10 1000(a),1 150(b),1300(c),1 450(d) Cikk
JE I Ce: LuAG K EE B 1 SEM 1% (o)
PR R bR 55 ARG BT
SEM images of thermally etched surfaces of LuAG
ceramics air annealed at 1 000 (a), 1 150(b),
1300(c), 1 450(d) °C. White circles refer to

Fig. 10

secondary phase in (¢)™.

2018 4F, Zhou “5'8 IR IE T A BELE ) Ce:
LuAG Fl Pr: LuAG B % 3B KR, BF5E 45 R &2
BT 5 A be gl W % 52 A AN Rl B, 7E 1100
C AR K 16 h VUG, & B % N FRTERE S 1L,
JEHJE Pr: LuAG B& , MEF R X — 3G 0 TR
A I T R AN

A Fr e (Hot isostatic pressing sintering,
HIP) & —Ff 75 w5 Tk = T [ B F T I8 3 Wl 2 3
WALHIBELE T2, MORHEE I A [w] st D ] 22 31 1
SIRRMRE DT B S TR 538
I, REFRIERELE T2 4 AW, (1) Mk
PR A R 2 I R S A S T b A
RI12E HIP; (2) H P B A R iU, Be 2 I P-4 44
R fE bR, RIS E HIP, TEE HIP £%
FHF R4 A i AR B 4009 e 235 1A b i 3R A <
AL, AP LA R B b 45 . e B R A BT
PEAE R IEA R JF LA AL, B L8 B b 43k
FIFHISE N 92% V) I,

2011 4F, Rhodes %5 ™ {23 T Pr: LuAG [ &
) HIP Ji5 bR 5T . P& S84 He +5% H, SURF
1 650 °C Hilke 4 h, 345 ) B % 3509 B R (95. 09 +
0.57) % (BT KAL) o SR 5 ¥ W e IR 7E
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AL O, A RS HIP 5440 1 675 CF 4 h, K]
210 MPa,, fiff P %5 35085 B 42 5 3 (99. 71 £0.36) %
WE 11 iz, B HIP 3815 8 Pr: LuAG P& N
R R TR R rh = 2 T A1t
WA Z2E . 1450 CaA5RIB K 4 h BB
Je2FiB i R T R HIP J5 , EF RS 4T,
SEM &5 #9431 2 B, HIP Ji5 b B i B A 1 P
ZEpigR o b 0y AL RST R a ; SR, Bl S 7R
1 450 C&= R KE , FRARTILA RS K, I
WEER iR KA SR, RBOGF &
R MK HIP J5IERR T X883 FL, ik R
PRGBS 51 R I 07 B fa M b 2= 3T 2 R
B UTE 1250 CAIGIRER & 4 h o] DL R, HARNSZ IR
SerpE G 11(b) ((d) i,

(¢) )

(a)‘ (bm F‘J . (e)m

EI11 G KR HAb L) Pr: LuAG FESM I, (a) B
HIP(RIE ) 5 (b)1 250 C 2R K ;5 (¢)1 450 C
23R G (d) 1450 “CIB KR FRR HIP; (e) PR
HIP J5 FEAE 1 250 C 25 B k. HIP Z&fF:210
MPa,1 675 °C, i B 45 3073, IR EJ5
L el

Fig. 11 Visual appearance of Pr: LuAG specimens subjected

to various post-fabrication heat treatment. (a) As
HIPed(not treated). (b) Annealed in air at 1 250
C. (c)Annealed in air at 1 450 °C. (d)ReHIPed
after 1 450 °C anneal. (e) Annealed in air at 1 250
°C after re-HIP. HIPing conditions 210 MPa, 1 675
°C. Specimens are shown in direct contact with

text, and illuminated from above ™.

PR, — S8 TAEIRGE T Ert YAG BB W]
W% ) SPS B 45 Fl HIP J& 4b B Mn®* : Mg-
AION % 't 175 W B & 19 <040 e 45 F HIP J5 4k
HUO Ce: GGAG NP % 75 S obe 4l Al HIP Ji5 kb
TS LuAG 35 R B S 0 A R S Ak B
TAEGEREDS Y A R IRANSE

5 LuAG RN EE P s
He 4
R 6 BB T A e

Ayl U B 10 ~° G I G B A A T
REXT IR RE 7™ A= W] 2 AR 0, AT, ke 1) et

SRR R ST T B K HE F2 8, A, X Bk 1Y
FERZRAEA AT X 2O LB R R A a5 1 2
% It R INSRERE LA SR BB TR |

LuAG 5 PR R Bl 2 1) o WL G2 AL R AEROR 32
FA X HHEATST (XRD) (SEM (EDS 4§, FI T #AF
Wi e A B9 A 20 B ORI B R T 3R 0 A 55
BEE BIFFERY TR | — SE3T 1Y 56 7 R AE T AR B W 1
IR AR 5 XS4 i1 W RS ( X-ray ab-
sorption near edge structure, XANES) | HF H Jig 3t
&1 ( Electron spin resonance, ESR ) Fl #4483k
( Thermally stimulated luminescence , TSL) %5

XANES J&—Ff X ST A S5 , J2 R IL
GG Y — T LS54, R R G L T 28 LT
M2 B, B T W5 A L B
B st (0 JUART I B LB e 1 Bk SR A o 2
K ARES T IR RE 7 1) L T 25254, D g BT 5
BERSYBA TR ESR EZ TR
PR TG 2% s 1 (W AR T 1% ), inad 3%
JUER BT HIRG LOCR B TR RS & e A -
TCIF A5 N s 2 FUR) SO0 B4 5 3 m] T
WF9E 5 AR B A DG Y L 728 P B 2R A U
JE PEBRAESC . TSL H G E 20N N KRB R A
WFFE R )2 A A — T i b oo A 3B, e
B2 21 N ORI B AR, 7 A i 725 X
X HEA AT S AL A 7 A RO, BUE #b
B RIBE BRI LERE B2 B 5 2% BT R A
HIE U SRR B Al AT AR TP R LT R
BMEREZL, TT LA AN AR A7 L 1, ki 1 H
SRR N R 71 (B i = A EESIRG S e FR
UL AT A RO, BUE FRR BB BRI, B
PRI B TRl B A PO S BT AR R &
O, FRAIE, I ARG TE T L2 Hr ke 1Y
We B B AR St P B AR G BN DL L R AE
T-BOR W N KR 2 b 5520 A Bk B v
RSB A YA TR

WEAI, A4 A0 4R A3 P RE 5 N T A A 2
PR e S DIAR DG, mT HI oK Sz A Ak A 0 1) e s 1
O T T RTSSAE A kS o5 L SR WESE T B 2245
BN HT, T — 2B A PR LuAG & [N 5B
e TR B (R L) RN T 1 A 2 43
WA AT FE RS A0 45 R S A s 2 — A 3 SR AT
FEIT 1),
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5.1 RHkPE

LuAG FE AR B 25 v 0 o BB 32 B AL 36 S Aor
BEERFE FAE O (RS B L A
AAfr) RSN, HEES 5X B T
AR, BN RO e AR A BE R 40K | BEAIRIN
PRRCR BB R T A A A A R
AT R A Rl R R A AR R Y R
La® " HEAE] AP (N TE AR AIE K Y 8% Ly, 2
(AR

Hu 25 58T Al A R i {3 8
AR FE R s LA, 25 SRR WY, S o7 8 e i A VAR B2
Wi ] A8 TR 178 T v TR, SIE ST B ) A TR A
AR TR A E GG IREE  HeAh, TR R,
& Lu AUTEOL AR T4 s BB, ARk 2 53
POHREE TS, Lin 200 64 T AR
Lt Ce: LuAG F&EIFHEAT T INMRMERERFSY , N SEES |
Bk T LA BT EE R,

2015 4F, Hu 25 %] ESR FiARMZE T Mg, Ce:
LuAG B zs 7O i T 1Y Ak, % TARE
ESR IESE T AME T Mg”* il F B A ik
(O™ ) I, RINRR & AR B R T 5256
#2016 4F, Liu 255 F1) F [A) 25 48 55 XANES %f
Ce: Mg: LuAG F&EHRY Ce B TFMAIAT 7401, %
THEUFSE T Ce** 1 Ce: LuAG HNAETE, I KPS
Mg’ HABZi N, Ce* * XIS EnR 4 Mg®*

Ce* Ce*

—=Ce0,
--0--Cels

1.0F ./\/
0.5 \_/_\

‘/; @)

o -=W=L.1%
, -y

concentration
= 0
. 0
0.5 o, e 06%
(b)

0l

N | |
5700 5720 5740 5760 5780
Energy/eV

Bl12  Ce Ly i(5 723 eV) (9% i XANES JliK, (a)
Ce* i Ce** FRAERE S+ (b) I M ™ S5 21
10.3% Ce: LuAG Pt

Room-temperature XANES measurements on the Ce-

—o

Normalized XANES amplitude

Fig. 12

rium Ly -edge (5 723 eV) spectral region of Ce’*
and Ce** reference samples(a) and as-sintered Lu-
AG:0.3% Ce ceramics with different Mg”* co-dop-

ant concentrations(b) P,

BB ET 0.3% M, Ce** Yo BEHM, %X —
RINT B Mg?* X%} Ce: LuAG [RRRE BESY i 1
PN AL T EZ S, iRl 12 Fs

Nikl 255 2 LA 5T T Ce: LuAG P B i
PBOLIE (10 ~320 K) , IF 58S T Xt e, BF
58 % B AR S 5] 45 ) Ce: LuAG P (0C1 )
PROCRE 7 T 143,165,187 K AbAY S A B Bl
FENEDGE T 2 100 B T W Y2 AP X Bt A 0 o 2 Ao
BRI 5 TR 8 O 355 WRORE 5 ) 45 1) Ce: LuAG B &
(0C2) i FARVEATIE KA HE, 7 235 K A1 280 K
A WA 55 B — SR R0 B A R T
R 1 S S R

2019 4F , Hu 5" 38 T (Pr,Lu, _, ),ALO,, F
¥ (x=0,0.1% ,0.2% ,0.3% ,0.5% ,0.75% ,1.0% ) i
PRI (77 ~350 K) , HEMAE 77 KIEE R4 X
SRR 10 min, DL 0. 15 K/s 13 BE B T}
M. G 13 B, 115 K B A 0BG I Sk I8 T
23 7RG 5150 K AR 5 I A6 B B A G,
IR BV 1 i J3E B 2 95 2 Ve %) it o T R AT
TXCURAA Pr 25 1] LA il S Ao 5k B X 20 1
FFIRTEH

S I
o w

o
=

TSL amplitude/a. u.

(=)
1

T T T T T
100 150 200 250 300 350
T/K

13 75 240 ~ 800 nm 305 FFI A O FRUSM -5 4R TSL
2 B ECTE Pt B R

Fig. 13 TSL glow curves obtained by integration of wave-
length resolved TSL. measurements from 240 nm to
800 nm"*"’

5.2 @&

Fif I s B T R e T Y TR R 2R T R
A AN E S b (L S R TRy RS 4
J LuAG IR B 8e v 4 e 18 e 9l E D I 2
— o AP AR AR A AR R B A5 A Ok i
DX, AR 18 JT ST R G 1 25 1 PR R T g 5 2L
TEFE TR L ) B8 T R i 25 A A A A
Lo TERBFAL B ROR BRAKR GRS, DL R 2R B
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THBURCE T RIS ] BE 2 2R B N AR
PERERIPEAR . {H H TG/ 0T P B i B 5 AR
MRESCRMARGEWIST, B TEM HRTEM™ #0t
SRR AR A L R SR AE B AR
VAN ONTESYp S W AR SN = W R SRS G
FE,
53 ZEBT

AR IR T T AL UL SN 5 A S T
(W Fe** (Fe'* 45) FIBEZE BN B 1, AR BN vk il
BV RR E U INERERR L1 (CgH,, 0,81,
TEOS) Fil/ 5% MgO VE Rkl B, He4h Bh 7l i
TR PR BRI SRR A (H2
B AR A 7 B L USR5, 23 X6 )
FRVERE P A 5200

Shen % 5T T Pri LuAG Fi % (1 be 45 BY
FUVERR, R LG T AW i A ke 25 B 7010 (0. 2%
TEOS +0.01% MgO) M % ()62 FIN KRPERE . T
TBEZE BRI Pre LuAG P & 1 2% 35 ok S8 W I
FETE AE 2 AR B DR PR 7 B S AR, 3 0T A
FRMBIFRIE T (M Si*") P2 A R RE G i
XS F R FK, FBE, P LuAG B2 7E Co
TET 4R IR Ot e 2R e IR AL 2 < 10°
Gy JFIHEE 1 x 10* Gy/h FWEL3] T 1 2 A 48
TR NG, I Pr: LuAG AOBLER IR 5 M g 10
AT,

2019 4, EENHEE T 2% BE Zha ' 35 H Aok
1% e BB IR 1 B BE A K AR SZ I I AR AT 179 1 ) o
AR BEGR A 3K 340 MGy, i F AR ik 3 x
10" proton/cm’ . #H4FZ5F L FHT LA T AT
TCHILIN R A4 1 22 )2 B 8 4544 ( Shashlik sampling
calorimeter) , 1Hd X} Ce: LuAG P& % (1Pt 4 BR 45
ik e PE Al 7E B8 BEGRI A 0. 022 MGy & 800
MeV JiEF A EE 2.9 x 10" proton/cm” , 1t I
T HAE Ry B — A BE W 3 R P RE TN R A R
e ) 0 R R WY B B h iR AR —
(18 A Ak, Shi %P0 R IE TR BESS B
R B Ce: LuAG B % 1E45 MeV Jit 758 IR T
SNER AN R E iR ccaii- RyEE 1 x 10" proton/
em’ G5 R E B Ce: LuAG P % 76 48 B HT 5 1)
375 3 W WSO A B AR AL ] T R R Y
Ui IR RE 1 .

6 LuAG AWM EHA»%itSE
X IR E

2009 4F, Nikl 255 55 L 4G T Ce: LuAG
B 2 () N BRI B, v YEURISE 6= A4k 4 818
pho/MeV, 2011 4F, Yanagida 5" %} Ce: LuAG
P EEFN Ce: LuAG R SHEEAT 1R HUAHSE Hor Ce:
LuAG B % Ry #it 5 Ak 24 20 &) il &, O 7 &l
(14 800 £1 500) pho/MeV , I HF[E] 37 ns, PEAE
BRI TF Ce: LuAG H5, ((12 000 +1 200)
pho/MeV ,46 ns) . {HJ& 5 #1535 {H (60 000
pho/MeV) M LL A R ZERE [, FL I E Y
Pr: LuAG P 8 AR A7 76 't 2 0 i £ 35 31 5 51 0 A
M AESE PP BUE A AR A AR 385 29°8 Pr: LuAG
Hh30% ~50% 07 HLAEAE R RE R
43 A W 1 B A Ak 45 iR R ik e 11 ) B2, 6]
W, Pre LuAG B v PR A A7 B B 5 U
TEUR AR A 2 BN RO LAY (KT 50% )
it AR IR PERE T4k | [ N A1 B B 5 A
BARE LuAG 420 43 R I JR 17 K a1 o 3 o 2 43
ke ARME AT L R SE R IR T AR, JF R T
Hfa TR FIREH TR0 AR,
6.1 AMEItS5HEEEERETE

e A 2 AR 5T 0 v e AN 4 o B
BT A RHRIE e 34 fy Sk J A (%) ) R, 3 1) 5 2
KRR I S ik, B AT
A UL A M RHRE P B RS R R L
o A Al | AR AR K AT 25 ( Micro-pul-
ling down method , uPD ) ""®' VAT Db i ] £ 22 41
SO BEL AR S 0 F R I R v 3 ek 4 3 0 B 1
AT HZ—, HERFE S ER A E— bk
R ARACFNIH TR T, B TS
TR 5 AR TR RERL 2 Z 1) i — iR
PRSI Ty, T AR RN 14 PR,

Zhang %" SR FH LA b1 BHRE 5 2 2 R 0
T (Y, Lu,_ )AL O, Cey I3 R4 365 nm ik
BT G AR R ICLL I N (Yo, Lty g ) 5-
ALO,,: Ceplyeo Su ZEV G E T (Lu,_, Gd,),-
ALOy,: Cey 2155 MR 447 nm UK 95001
X PRSI, 0 e R 4538 L, ;-
Gdy 5 AL0 7 Cey s o PRI IR SRAT 10 550 & 40
Ay RESCEE P, X8 T LuAG INMRFE & /Y 40 5
MPEREC LA T HESH K,
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Pulse generator,

amplifier and feedback

]

Computer with
a programmed
inject system

I, Adjustable
support frame

Micro-reactors Inkjet head

i Sul)sll'i]lf'\
(Al ]
-
I
i

Bl 14 T YLuAG: Ce FE il i il 4 (9 00 1 AR 42 I
iR
Fig. 14  Schematic diagram of the drop-on-demand inkjet de-

livery system for YLuAG: Ce library preparation'®’

K FHSE 56 T B db A7 20 43 Ui 1 , 2845 1 B4 B
RESZ M 35 S5 AR 1 B 52 el 5 B4 R E B8R DL AR
Sk BRFZH 3 AR T 1R Y AR S5 A RN RE AT 45 1 A Ak
SEHEATALALL , DT DA S 1 X A Rk B P R R A T 9
SRR ARSS & 2 AR B RIS B
BT Z—

2011 4F, Fasoli 251" % 12 pR&F — 1 J B
RIS GO MBS MR T Ga’* 7
A4S RE,ALO,, (RE RER LB 1) iy
BRSO, RS RRY], Ga’ BATE A PR
IR BE I B, T2 R AR5l T 350 RE S ik
B, Ul D 38 1 1 A SR JL R, BT 4 8 TR R
B, X—TAEHES) T Ga’* fE A 1A 45/ TN Kk
MR G T T2 B9, HFAE Cet GGAGH™
TR B N ERAD R BE DL A6 7 T A U i

2013 4, Brgoch LElOUIRSE T Ab Initio 11E
Ce™ " mRUR R B MBI 98 AR, il 1H AR W],
Ce’* R IER A 32 L BT BL B B84 8 B2 B, RIS
FEIRE ( Debye temperature , @) L[]/ FH 5200
BRI EREASA Ce’* 1Y 5d RERASBI I, 1hi 45
I EFER R RS Ce’ fA7E TR Y i K
SEF R AT LASE I 88RO s (H R TS R I
(8 RIS oy P IR AR X SHE A, 3 Ay T 2 5 3
14 28 5 o A R T B B O T A AE Y
ik,

2015 4F, Yadav %51 SR 55 — P R B 44
BISET RALO,, (R R0 - F) 1 T 86
17 PRUFN 2% 46 %% B 77 PR PR32 (Hybrid density-func-

tional theory, HDFT) ARG8T W N4 5 R 51
(1) Luy,B;0,,, " B 5 Ga.In As Fl Sb; (2)
RSAISOIZ,,E\:':F‘ R & Lu.Gd Dy fl Er, 115845
TR B 22 AN A Al i (R AL
PRI 25 I 358 W BB HF 2544, Ga A1 In 2 31| [
RSP PR, T As A1 Sh R M T, X —
P54t RN R i e X L P25 P A R IR ) 4 2%
B IR B 4B 0T AT bR ST R B s
TR A 2 O BB SR T AR
6.2 LuAG EAKEENHRETIRE

RS TR — M A e e Bl B LR B AR AR
WO A A R T R S BT AL R RE Y 9
1002015 4R, Liu 8517 3 TG E TR
727 Mg® 43828 Ce: LuAG FIE, WA 15 AR,
W% B G450 21 900 pho/MeV (1756 1 us) , Gt
ORI o ORI B2 55, LY (1 ps) /LY (10
ps) (% )ik 79% & M HREE Y e, X — T
YRS T Me?™ (Ca®" \Mg®* ,Sr® ") 48 B 1%
DR B B i 4 £ e 10 B T AR Z 20
TR, B T 2 o Y Bl B TR B A R
ZEP AR R 3] Ce: GGAG!'!  Pr: LuAG'™ 4 Z A4~
K&, 2019 4, BT Ca®* BB 412 Wk 5l
AE| Ce: LuAG [N % (9 PE REAR AL AR 52 | OF
WU R B8R, AR A N BR 6 7™ &5 A 24 100 pho/
MeV (19 1 ps) . [FA4E, Chen 251" JLFHEH T

—=—LuAG:Ce 129 (a)

4 ——TuAG:Ce, Mg ﬁ” 0.8
£ 04
3r 0

T T T
200 240 280 320

A/nm
2 (b)

5 :Ce %1'
1 e%lC
3 S.r~ CTEPAC

With Mg

Absorbance

Without Mg

0 T T T T T
200 300 400 500 600 700 800
A/nm

Bl 15 HZ5ha4h Cet LuAG 1 Ce, Mgt LuAG P i ) IR 0
il HEE A TR 2 mm A LuAG: Ce I
LuAG: Ce,Mg P& 7E 200 ~ 340 nm 78 Bl P A9 A [
W FHE 7

Absorption spectra of vacuum sintered Ce: LuAG

Fig. 15
and Ce, Mg: LuAG ceramics. In the inset the
difference absorption spectrum in 200 — 340 nm re-
gion and the photograph of L.uAG: Ce and Ce,Mg:

LuAG ceramics of 2 mm thickness are given'”!.
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