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HE

K57 - Wr JE i 5 (Positron emission tomography: PET)%EE Cid, tHEF .0 HEEN D12
LMo TR V~BIZy v F L —RICEDICART L, TOMRT o ~BOZEX T 72
E ORI X0 22M A REEN AT D, S FIALE B H (Depth-of-interaction: DO
431 PET 2@ OB 0% oMy fRe % m EXw 5872 FETh 5, DOl fick
W, BNEEFE ORI D28 O T L—2 & HW\=, Wb D phoswich i HER 135
EOWEZE > T TE D20, EofEEE DO as % BT 25 7= DICE AW 72 850 ¢
oD —H T, IHEA o~ BRORB R ZE 2RI L 72 AT R A#AT (Time of flight: TOF) (%
PET & D15 5 M5t (signal to noise: S/IN) %A ES ¥ 2GR FETHD, ZNET
\Zkk % 72 PET H DOI B8R 23 BH%E S C & 7223, TOF & DOI %[RRI SEEL T X 2 s
RIS STy, 5%, TOF & DOI # [RIIFICEB CE 2 OERDBEEDL b
D ETFREND, AFEOHBIL, REFFE I LTV, DOI & TOF % [FIFHZEHR T %
PET MEH#RZHET 52 L Th D,

IR, @R EDPOENTREMRE LR D, B ERMHORERL L FL—2Tho
GFAG & GAGG MBFs s #lz, Zivb ZfiAaGid 2 2 & T PET Al TOF-DOI #itids &
FEHTEXHAREMENH D Z L& R L. GFAG & GAGG Z#lAdHHE T, DOI & TOF %
[FRFICFEBLT 5 PET Al e OB 23747,

AWFFETITE T GFAG & GAGG OB D FAMERES LUV GFAG & GAGG ## A& bt
7z phoswich ¥ > F L —% &7 BV O EAMERRZE L1z, HIE L7oRERERRIT 2.9X
2.9X10mm3 ® GFAG & GAGG TZILZ4 66ns & 103ns T, < OREIFMZEIT 3Tns T
bot, TFNAX—SMERIZZNZEN 5.7% FWHM & 4.7% FWHM Tb - 7=, T %
A\ 7= phoswich DA TILFEVIEE THBITE, GFAG & GAGG OF MR IR 2
T TEREATIZ 0 72T 5 2 & DR T & 72, Si-PM & #4572 phoswich ¥ > F L
— X 7 v ORI fREEIX GFAG % EEICECE L 72K T 466ps 23f% 5,
TOF-PET (ZFH vJRE/R s 0 fifeE 2 92 Z L BN L 2o Tz,

WIZ, 0.9%X0.9X7.5mm3 D GFAG & GAGG % Ei 24X24 ~ b U 7 RTHAGD
HCHEE L, Si-PM 7 LA ERFHREAT D 2 & TR fi#HE phoswich 7' 1 v 7 i tHas D BH %
ATV, MEREZ R L7, v o F L—& O LT & AN Z 72 2 O phoswich 7' 1 v 7
HER ISR L. Na-22 #E 5 0 511keV O >~ 4 G U CHIE L7z 2 RothiE e A b
7T LIRS RN TR E 7 L E2 B CE o, WIBMT 2 W A2 br
TIXR4F72 PV (peak to valley) lb DE2MS S, BI%E L7z @ /0 fi#6E phoswich 7' & v 7 i
PRI RBIARETH D Z LR L N E o7z,

LW FL—FThb GFAG %2 GAGG L#lAadbtsZ LT PET Mmoo fifhe



TOF-DOI #ritigs 2 5% L7z, Bi%E L7omtidnid PET 2LE OB GBS T D 22 M FRE D
gL, Wi SIN o ER#IfFIh D,



Study on TOF-DOI-PET detector based on pulse shape analysis

In PET systems, as the distance from the center of the field of view (FOV) increase,
annihilation gamma photons can incident the scintillators at an angle. These gamma
photons penetrate the scintillator and the spatial resolution of the PET system
consequently degrades. Depth-of-interaction (DOI) detection is a useful method for
improving the spatial resolution at the edge of the FOV. Phoswich technique using
multiple scintillators with different decay time is a practical approach to realize a high
resolution DOI detector because it can simplify the DOI detector structures. The
time-of-flight (TOF) technique is also useful method for improving the signal-to-noise
(S/N) of the PET images. Although many detectors for DOI PET system were previously
developed, no detector to simultaneously realize TOF and DOI has been reported.
Recently, GFAG and GAGG with different decay time, which have high light output and
high timing resolution, were developed. By utilizing these scintillators, it may be
possible to realize a TOF-DOI PET detector. The purpose of this study is developing a
TOF-DOI PET detector composed of GFAG and GAGG.

First, in this study, we evaluated the basic performance of GFAG and GAGG, along
with performance of phoswich pixel detector composed of GFAG and GAGG. Measured
decay times of GFAG and GAGG with 2.9 x 2.9 x 10mm?3 were 66ns and 103ns,
respectively. The decay time difference of these scintillators was 37ns. The energy
spectra of GFAG and GAGG showed good energy resolution with 5.7% FWHM and 4.7%
FWHM, respectively. From the pulse shape spectra for phoswich scintillators by pulse
shape analysis, the two types of scintillators could be clearly resolved. The decay time
difference between GFAG and GAGG was adequate to acquire DOI information by pulse
shape analysis. The timing resolution of GFAG/GAGG, which is the configuration where
the GFAG is stacked on top of the GAGG, coupled to Si-PM was 466ps. The result
indicates that the GFAG/GAGG has sufficient timing resolution for the use in TOF-PET
systems.

Then, we developed a Si-PM based phoswich DOI block detector of GFAG and GAGG
with 2.9 x 2.9 x 7.5mm3 coupled in depth direction and were arranged into 24 x 24
matrix. We conducted the performance evaluation for two types of configurations,
GFAG/GAGG and GAGG/GFAG. From the result of two dimensional position histogram
of these block detectors for 511keV gamma photons, most of the pixels in both block
detectors could be resolved except around the edges. Pulse shape spectra of two types of
phoswich block detectors were clearly resolved by pulse shape analysis.

We could develop a high resolution TOF-DOI PET detector composed of GFAG and



GAGG. The developed detector is promising for improving the spatial resolution at the
edge of the FOV and the S/N of the PET image.
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bt 2z 2 AARICIBW T, EEEE () ORI JORIC L D THITF~
AL Tk DV EOZWCIRRIIERBIGICRB T 2 HBE L o TWD, BB ittt
FECTH 25 18F Z =i L 7= 18F-Fluoro Deoxy Glucose(FDG) % i\ 7-B5E 1 Wi g ik 5
(Positron emission tomography: PET)i%, ¥ O HIF2Wr-CIRBN T HIE . MU RIBH E T
RECAHTHY, BEOEZIFRICBN TR ZEDTERWVREETH S 29, PET AT
X, IO BN EFE ML 0 BIERICR D Z 2R LT, 7 R BEEEL o
HEITH D FDG 2 HEA/E 575 Z & TREMIEOIEEINEIZS U TRV IAEE 5, FEHllaicE
ViAEilz FDG [ZEHE D7 ROk L By fhiRistEdie 2 L 2 <MNICE £ Y. FDG
(AR S A7z 18F AN IZ IV T BHEARE . HIERT o~ A i3 %, PET EE 3%
DR TBICEE SN oE42 LT Y . ARSI S D 1 KOTHEET o~ ##
Z[FARFIZEHT 5 2 & T FDG OIRWN ARG & fiftr 3 2, PET OB CIEIEET
VR EFRIREEH LT 2 2D Y U F L —Z &R SEMR I (Line of response: LOR)D £ Z
NCHRIERFEIET 2 b0 & L TEEETT O,

PET #EEORHGRZICHNOND T L—X L, BEZEODLTOITES FRICEWVE
FEROARE £ > TS, ZORIRD=D, PET HEE Cli#ig 8 (Field of view: FOV) D
FLNSEEN DI TH U ~BN Y v F L —Z T L CRDICAFT 2 EER K& X
V. LORDBIREFF>TLE D, TOHRTLY | PET HEE CIIALEr L5 T2 0 fRae )
b5 9, TESALEMHR R (Depth of interaction: DODMHZHITEE DL > F L — X B
SHMNCHEES 5 2 & T FOV Wi COZEMBRREDH Lzt T 2 il Th 5 1012, 1
DBV DY FL—=FDORSFRORS LT 5 LT, LOR DIERY 217235
LR TE D, DOI MR CTIEIRS HIANLE Z T 2 BN & 508, ZHIVE TICHEAx O
FENEREINTE 2 318, AEFFETILY v F L—Z OHOCHER R ZE 2R L CIlEm7
Hr %47 5 phoswich #i i8R 2 T o, ZOJVEIT, MHHEROMEIEDR > o 7 W TE DR ED
HD,

OO EODEA L LT, PET B O/ A ANRKEVEDBZET b5, PET i
Tl BT DHERBICHNDS S 2 b, HAERF RO D7D, FERICHWV 55 %
FHIRES TERWIGENR L, S HITEHBRFHERICE Y . DRVEHEITERS 2 it
HEF IR S, PET B O SIN LS DI 5, RATREMAENT (Time of flight: TOF)
. MR ICIEBET  ~ N BET D £ TORFRIZEAZ G L, A REHCE OB #RE H
% Z L THROSIN ZUET 28 Td Do Z DA L 0 B ORGE /) A X& D S8,
SIN Z[a) b3 2% Z LR TE DB ZDTDITIEm VR MERE L AT DR ALETH D,

ZHIVETIZN L 25D phoswich fRHHERDRR SN T E 2RISR RN H o 1o, H2 D
CeiREED GSO % fiAHH 72 phoswich (X EMEAT 2 - TR S MO FRBIATRE CTd o



7203, WM ERE I iR & < 7o 72(~860ps FWHM)19, #72% Ce #2E D LGSO %
FH 7= phoswich (2L 7= BREE 0 fi#HE & 7~ L7223 (~300ps FWHM), > F L — & O
RN S S EWVREE DR S F R OFRBIN TE R0 o72 20, F72 LYSO O L 5 12
TR fiRAE 22 7R L7223 B 1 (~200ps FWHM). phoswich & L C#lZsflAasbdons v
FUL—EPFELRNBDOLHD 2V, ZHETIZ DOI & TOF ZFFFICERTE S
phoswich [ZBAFE STV 720,

WA, B3RO ERFEREZ FFD. Ce ZTRM L 7= GdsGasAl:012(GFAG) v > F L —
2 DBAFE E iz 22, GFAG 1% Ce Z i1 L72 GdsAl:Gas012(GAGG) & P/ 2R b, 38
IR N R > T D, 25 OFF T phoswich B HEHICHAADEDL VU FL—&
ELTOZRMZEMT- LTV D AREMEN & 5, GFAG & GAGG 1L, HARSREIZE £ 7 2920
WfRIE 7200 2029, X512 GFAG B LWV GAGG DY > F L — X OREKFERIZ, vV av
7 4 kv (Silicon Photomultipliers : Si-PM) ¢ g F-felk & L& > TR D 22,
Si-PM L #AEDE D Z & TENTRRIDMENSEOND Z LR SN D,

1.2 WHEDOHB

AHFFED B HE, R THIH T DOI & TOF % [FFFC L T X 5 phoswich # i #3 % B%E
THZELThHD, TOHMERERT H7-DI12, GFAG & GAGG ##4&h¥7- PET Mk
AR DB & D,

1.3 AGw S OHERL

KL 4 DR LT, KETHD, & 1 ETIIMIEOERBIOHEN & K
DR Z IR 5, 5 2 BETIX GFAG & GAGG OHEAMEL IR ING ZHAGDET
phoswich O FEAMEREZHIE L, DOI 3 X O TOF BAEBFEENE I EFHME LTz, & 3 &
TlX GFAG & GAGG %A Ao 7- phoswich D7 v v 7 K tHgs 2 B3 L. @0 fifse PET
Mgtas & U COSHATREDNZ R L7z, 5 4 B CIEARR X ORFhER KOs m A 1R~ 5,



28  GFAG B XU GAGG DOEAMREHIE

2.1 =

Ce RN L7= GAGG XN & & ki) m W E 4 F D PET 2@ A oMt & LTl
FFENDY U TFL—FTHD 29, GAGG 1T Al & Gd DEREZ (L S5 2 & THOLEER
MORRD o TF L —2 B ERT 5 Z EAHET, GdsAlz6Ga24012(GAGG-S) L fLAA D
w52 L TRofERE PET M phoswich fH# 3B AIEETH 72, LarL GAGG &
GAGG-S Z#7AoH 7= phoswich Mg, FHZ GAGG-S DR IERFERFRI A =0,
Z ORFfEFEMEIL TOF-PET HIZ & L TIEA+0ThH o7z 303D, JEHER Iz GFAG 1%
GAGG &t #i7p o572 Al & Gd DT Mg ZiNT 25 Z & T.GAGG U7 E Z D20
DR ERFRE A2 R LIz T L—HF Th 5 22, GFAG & GAGG 1% TOF-DOI phoswich
RS EEHT L FL—FOAEDEE LTHIfFTEx 5, PEEDY > FL—%
DHRAE DL phoswich ([ZBWN TV DOFLERH D, FBNHENPITW L I3FEET S 2
DDV FL—HEDITRNLNFXF—T 4 R % 1225 & TUr TV BRKIZ T X
UF L AR ERMESEEIL TV A Z L, BT O U F L —F N TORILD
WBLZR LD AN D D, & 512 GFAG & GAGG DI ERFED m R R 2 F o
Si-PM O BRI & A > TV D Z &b, Si-PM AR DEDL Z & TRl
X—DH7eHT, RERFEICK LT EW IR TE 2,

TOF RIS %2 v F L—Z T o~ BB S5 £ TORMZE 2@+ %
Z L CHAEREBRO SIN #8ET D RIETHY . H o~ ICEImET 2 R 22k
FEREET D20, BN MEEORMEABEIC R D, B~ el
BT DEEFZED LN Y 2R ARAE L 'Y, PET OMHRERIED —o L > T 5, el
JE% o, MHERORRHI S EEZ AT &2 LGEFOMEBUSORIERE © Ax XL FoXT
KbDHZ LB TED,

Ax = c- AT/2

B FERERR OB, Ax OFPHIZ DG A2 EE AT Z L CTHEBOFHMET 2 S+ 2 20
T& 5, EEOBEEN D OBFA . TOF #0052 12k 5 SIN o FIZUL FoXTEH 2
SY IR

D

S/Nincrease = E

AWFFETIE, £9. GFAG & GAGG DYEREAIIE L7z, &KIZ, GFAG & GAGG D>~
FL—2 7%y, TOF-DOI #3328 rlRE )7l L 72,



2.2 WFFEHE

2.2.1 GFAG V> F L —# L GAGG v > F L —¥

AR THWZ GFAG IFHAERFTHRIEINTH LW o F L—F T, FERMERIT
Kamada X° Lee H1Z X > THAE I T\ 5 239, GFAG OHE#% Fig. 2-1 12, E72MEEx
Table 2-1 12779, F7=, AR5 T GFAG L AEbE7- GAGG OFH% Fig. 2-1 12, &
72MERE A Table 2-1 12”3, GAGG O EEZ2MAEICEI L CiX, Kamada 5 K> T &
NTN5 29, GFAG & GAGG 3R NEEZBRNTE L OMRENERITH Y . phoswich it
L LTOMAEOHEIZHE L TVD,

GFAG GAGG

Fig. 2-1 Photograph of GFAG and GAGG

Table 2-1 Major properties of GFAG and GAGG

GFAG GAGG
Composition Ce-GdsGasAl2012 Ce-GdsGa2Al13012
(Mg 1000ppm)

Effective atomic number 53.4 53.4
Density (g/cms3) 6.63 6.63
Wave length (nm) 520 520

Light output (Photon/MeV) 46000 56000

GFAG ¥ > F L —# % 2.9X2.9X2.9mm3, 2.9X2.9X10mm3, 2.9X2.9X20mm3 ¢ 3
OV A X &R L, 20 29mm, 10mm, 20mm |$¥ > F L —F OFE S
BT D, YoFL—ZIE @mIDNNIWIEERNDERERFOBF RN D72 < Sk
BT DWFREINIADS 0 23D < I BTz, WM MFRED A 9%, £ 2T, GFAG B&H D
BT & D e O FFRE 2 3 T~ 2 72012, | S O/ S0y, 2.9X2.9X2.9mm3 D v > F
L— & Z W, 2.9X2.9X20mm3 DY A XD F L—2 %, RO PET #E 12 v
7o 55 B ORE YR EE % R 9~ 5 72 DICHIE L7z 2920, 2.9X2.9X10mms DA XD > F
L —# %, phoswich #HE 2T 5 72DV, R U A 2D GAGG EfABbET



FE L THW-, F£72 2.9X2.9X10mm3 DY A XD GFAG & GAGG IXER I HRERIE &
177, ALY FL—FDY A X% Table 2-2 12 F &5,

Table 2-2 Dimensions of GFAG and GAGG

Size (mm)
GFAG 2.9x2.9%x2.9, 2.9x2.9x10, 2.9%x2.9%x20
GAGG 2.9%2.9%10

VUTFL—E OFT R TORMEIIEMAHIE S, BREERELFREGT 2mbiMNItE
i ES® 57Dl 7nr7r—7 o, BFEHEICIEv ) araa(@Gley ay,
KE-420)Z{# 1 L 7=, phoswich #iHi#81% 2.9X2.9X 10mm3 D% 1 XD GFAG & GAGG %
KFREATHZ ETIER L7z, L2>L. phoswich ODMEREIZMAEDOED 2 OO F L —
ZOREIZL>THET oD, B E T2 ANEZ 2 MAE/ERk LT, 2 FoD
phoswich BHZFOFEO4 & LT, GFAG/GAGG %, GFAG % GAGG O (& H 20> 5 B
NIATENCEE L7 b O, GAGG/GFAG %, LT AN X T GAGG % FHIChLE L7
HLOELT, ZOmMXEBLTHNWSZ L ET D, v F L—XOREIZ L 5 R o fifhe
DEAIZONWTIE, P FL—F DO EETHEIG LTI, FTETRIELIZE S LD b
MFFREDN R D 2T ENMESN TN D 30, v F L—F OEEARMERREEH & LT,
PR fRRE, =R VX —FplE, AT hvEs KO S ffEe 2 514 L 7=,

2.2.2 Si-PM

VT L—F LA A DY DM E LR ERERHERSI-PM) Th S iR b=
7 241510 Multi-Pixel Photon Counter(MPPC) % 4R L 7=, Si-PM |Z[&(RE L L EDOWiFE
JEZEUNS 52 & T, WA N—F— RTEMET DT NI v =75 N AF4— FAPD) % 2
WOLIZRLE L2 ERtgs Th 0 | LB 7165 %E (Photomultiplier Tube : PMT)IZ VL3 % |
105~108 [ DGR EFFDH Z L3 TE 5, Si-PM I HEAROMIEHE A PMT LY $i#i<
REFEIRFEDS BN 2 &0 TOF-PET MMEMHERE L CHEWHREA GO D Z L hHE SN T
VN5 2034087 F - B AR E < BRI RS @V S DR A Z T IZ WO B FIETH D,

2.2.3  FEPIREIIR LONL B BN 0 BRI AT

2.9%2.9X10mm3 D% A XD GFAG 1 LTV GAGG % PMT (#efards k=2 24E8, R9779)
RS A L. Cs-137 #RIE S D 662keV DA >~ #pZ& WS L7z, FCHEERHIE T
B#E & LT Si-PM T722< PMT Z3&8R L7- D%, BRENRKE WV Si-PM L, BN E Y
A 72 38 YRR R R E S R 72 720 T 5, PMT 225 O HJE 513 50Q D ATHKHLOT
VHENA T a R a—7(fEriE R, DLM2052: ik K7 U 7 L— | 500MHz, 2.5GSals)
WAL, BlE LT, ZDOEFIE 400ps METYH 7 7L, N=YFrarta—4



THEHT LTz, FOCHERFRIED 7 1 v 7 M % Fig. 2-2 (TR,

Cs-137
l 662keV gamma

H Scintillator

PMT

Digital
oscilloscope

Fig. 2-2 Schematic diagram of decay time measurement

BONT R EMBREREF R L2 & & OERB O REBROXZ KD B L LT DK
LA,

FoZOXIFEZOREL t IZB 52 NEET 2RI LU TOXE XN T 5,

I=1Iy-e7¥/"

ZORITBNWT t 1FFBRIFH TH 2, FHEED LIET 52 L T, BLIFTOX b5k
BRIFE, t ZRODHENTE D,

—t/T=—-b-x
t=1/b

2.2.4 TFRNLF—ALT hILEH

%A XD GFAG B LN GAGG %, 50um D7 /P A X T 3mm X 3mm DA EH
AR Si-PMGEAA b =2 248, S12572-050C) 1235454 L, Cs-137 FRIEN D D
662keV W vfiE L FL—F D EFNPLRFN L TR F =27 MLEIE LT,
GFAG/GAGG ¥ X ' GAGG/GFAG @ phoswich 2o F L— &% LT b [RERICIIE 2170,
EDLIEENENDOV L F L —FONBEY — 7 R T D7 OIME D T~ B L
THIE L, Si-PM 25O MEEIINIM ¥ =2 — /L THIlR S, v /LFF ¥ o RIATF
7 A % (Multi-Channel Analyzer : MCA)( 7 V 7L 248 ADC model 1125P)I(Z3% V) 7F



fili L7z, =R AF—2AT MAHED T vy 7 X% Fig. 2-3 127,

Cs-137
l 662keV gamma

Scintillator
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amplifier

MCA

Fig. 2-3 Schematic diagram of energy spectra measurement

T RILF—SIREEIIS DN TR T — AT MV EIRTT 5 Z L2k k7=, Fig. 2-4
WRTEIICT, ZTHXAF—ZAT FLDOE—I F v RV P L E— 7 HIEOEEIEAP @

B D, LUFORL Y =3 L ¥ =i R 2ok,

R = AP/P
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Fig. 2-4 Schematic drawing of energy resolution evaluation

2.2.5 AT FILVEEM

phoswich ¥ > F L —X({ZBIF 5, 2 O L F L—Z RFRHARED

ZFHY 5 BT,

W AT FIVEFENT LTz, WIBEART MAVRIED 7 v v 7 X% Fig. 2-5 (27, HIE
Cs-137 #IRH5 D 662keV H v~ i Si-PMEMRA k=7 2418, MPPC, S11064-050P)
WICHFEREE LTIy v FL—2 0 L X OMImE o BE L TiTo72,



Cs-137
l 662keV gamma

Phoswich scintillator

Dual
integration

———>| A-D converter

Fig. 2-5 Schematic diagram of pulse shape spectra measurement

Si-PM M6 DIEZFIET T s - 59 % L2 #k% (Analog to Digital converter: A-D
converter) |25 H AL, 15 D ILIZ I O/ FE 5 FifE] (Partial integration time: PI) & 2545y
R[] (Full integration time: FD)® 2 Fi EOFE R OFEMEDO A FHH 35 Z & T A
7 MVERDT-, Z0FHHL dual integration % & FEZAVLLERAO R S (RS FE O R
FRMTNCTE D FIETH D,

Fig. 2-6 |2, FLBRKFH O 5 2 FHDOIITKT %, dual integration 1EIZ X 5
TEMHT OBEEX %2777, dual integration £ ClE, 2 DO OJERRNIZX L oIl &
WA FI, £ 20 bRV A PL & L CRET D, AHIE TR A7 |k
VD2 ODE— 7 ZREEE R < 4B T X DFE I &2 BRIk D PI % 150ns. FI % 310ns
LT,

— fast decay time

— slow decay time

Voltage

Time

Pl

FI

Fig. 2-6 Schematic drawing of pulse shape analysis for two types of scintillators with

different decay time
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bR AR,
R = PI/FI

HEHEOITN T T L—FFRIZBNT FI BEVMEE & 5 OISk L, PT OEITR R
RRH DV VIE EREVME L 2 572 FEHERRE P EN Y o F L—2 DIE 5 R IFKRE
<725, phoswich & HZRIZ% L TlX, dual integration i%(Z L B ETEMATICEL U, R D5
fiakRDDHZET2O00OE =7 ZFFOWRE AT bABELND,

W AT SV OEEK % Fig. 2-7 1277, FEEBERKR OB W F L—Z TRIIK
XL RDBTEDEDE— 7 PNEGEHEF DN o F L —F | FEDE— 7 PNECIHR R
DRV FL—F R, 2 008 —7 OMICERBEARET 22 L T2OOY F
L— & &R TE D, M ORIIMERIZ, 2 DD U FL—F DAY fMLE—7
DE & (Peak 1,Peak 2: P1,P2) L A& & (Valley: V&AWL FOX K-> THLND PIV
tt(Peak to Valley ratio :P/V) Cilflid 5 Z E N TE 5,

P/V = (P1+P2)/V

M

Fig. 2-7 Schematic drawing of pulse shape spectra

Count

R

2.2.6 SR aEHlE

R fRREl €D 7 v v 7 X% Fig. 2-8 (2”7, FEEDMEEIISA Y FL—F %
Si-PM@efars b =27 248, S12572-050C, 50 um E 7 B/ HEFHREAS L CRIE Lz,
GFAG 5 L GAGG #HitH#am 2 fH & %fm L CRRiE L, ZORMICHE it a il E L <
HIE Lz,



Phoswich scintillator

[ m T

Si-PM
{:I:I «~—O0—— I:I:}
:7 S511keV gamma
Amplifier
Digital
oscilloscope

Fig. 2-8 Schematic diagram of timing resolution measurement

BoeE A & L C 0.25mm 200 Na-22 #iz ., Mgt oMICiRE Lz, 2 DO
A OMHET 3em FRE L Lz, SiPM6DEGFIETEERF NI A E—=F AT T
(Mini circuit 4%, TB-408-3+) THIlE L, FRFICEZ V| BEZBEZEROHE2T VX
A v A a2 —7(Agilent Technology #1:%2, DSO-9104A, 1GHz, 20MSa/s)IZHL Y A A T2,
BonizTYELF T n R a—TOWIEO—F% Fig. 2-9 (TR T,

Fig. 2-9 Example of waveforms of Si-PM detector signals measured by digital

oscilloscope

TUHNF R A=Y IANTEESOT — 2B x, MATLAB =MW TiT-7,
BoNEBIIOEQ@THY, ZNODWEEEZ 20FIIER L b ORQLE@OTHL, @k
@ODNH ENVERIZENEN 15 ET OO R Y TV EFRELT, —HFO R T L~
EEELTH Y —HZ8End 2 & T22580 OH BNV R Z%E KD 7=, Fig. 2710 IX,
1B O, 1 OBEICHT S, 25 B0 RZESmO—FTh v . PET &2k i)
L A ~7 kb (Timing spectrum) [ZFH249 %, _@H%Ef'ﬁﬂf\7 MVE T XTORE

DA DRI L TRD, EEZFHN L, T Of/IMEZEFE T2 2 & TR fRRE
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Kz 2, B FRERIE L, phoswich MHERICB L THATWV, > FL—FDLETEA
1V 2 72 GFAG/GAGG & GAGG/GFAG @ 2 FEFAIZ DWW CHIE L7z,

B0 07— ———
ltlax-hmxmmw-wwm
J2dS kN0 RAL-QA 0B om E:JBG”D
Figurel *|
|
[ - [
2 ’
/
20 ‘ |
| 1
£ |
§ 0 |
| |
} 1
00 | X |
%) Gl |
\
{
L\
M-—--—v‘----h—--*“l‘h.—h—'&_“.’.v“ ----------- .n
1500 1000 o 1500 2000
Time derence [sa]

Fig. 2-10 Example of timing spectrum for pair of scintillation detectors measured by

timing resolution evaluation system

2.3 R
2.3.1 FENPERE B L ONLH B30 R HE

FTUHNA v Aa—TTHLNZ GFAG & GAGG OFi% Fig. 2-11 1279, 2250
T L—H O D GFAG OfF 5 DHEN GAGG £ 0 FZ & 3BT E 7=, W,
513 N7 FIEEER 4 Table 2-3 (TR d, FEILBEEFHEITZ £ GFAG 7% 66ns,
GAGG 73 103ns TH Y, GFAG & GAGG DOIFBEIFMEIL 3Tns Th o712,

1
w— GFAG

—GAGG

01

Relativepulseheight

0.01
0 100 200 300

Time [ns]

400 500

Fig. 2-11 Pulse shape of GFAG and GAGG

Table 2-3 Decay time and Rising time of GFAG and GAGG

GFAG GAGG
Decay time (ns) 66 103
Rise time (10~90%) (ns) 7.6 16.0

11




WIEAT SV DSED BRS04y % Fig. 2-12 (R T, b ER VSO H be— 7 il
D 10% 55 90% £ TORERM AT+ 25 2 &L T b ERN VM &25-, ZONH ERD
REfEIZ v TF =2 BHDOHDOSES BBV PERETIER < PMT OS5 B3 Y KEESEMERE
LELHRETH D, b ENVEEMIL. GFAG 28 7.6ns. GAGG 7% 16ns T GFAG D%
MEREWFER L 7o o7z, B B30 BF Of% R % Table 2-3 12777,

" i Pl

0.8

0.7

0.6

—GFAG
0.5 |

= GAGG
0.4

Relative pulse height

0.3
0.2

0.1

0
40 45 50 55 60 65 70

Time [ns]

Fig. 2-12 Rise time of GFAG and GAGG

2.3.2 TRNLF—ART MLVHIE

MCA TH o7z 3 2O A XD GFAG £ LU GAGG D =R /)LF—A~7 [L % Fig.
2-13 IR, THRAF =AY ML TEHZRLF—E—7 F ¥ U RANPKEVITEFHIL&E
MRENWZ LEZRTZEND, GAGG OFLED GFAG LV b REWVWZ LR TE T,
HBIp DA XD GFAG THET DL, VU FL—FOREINVRELIRDIFIEE—TF ¥
FNWINEL 72 DRI EN VLl IpoT-, KV FL—FDZR LT —AXT MLDOE—
7 NLE RS JOWEAT L 7o =R )V X — 3 fifiE % Table 2-4 (2",

2 - ——GAGG 3*3*10
1.8 —GFAG 3¥3%3
1.6 1 GFAG 3*3*10
a 1.4 —GFAG 3*3*20
512 -
o
gt
]
8 0.8
=
0.6 - L ~
0.4
0.2 - \
0 T : T 1
0 100 200 300 400
Channnel number

Fig. 2-13 Energy spectra of GFAG and GAGG
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Table 2-4 Energy resolution of GFAG and GAGG

GFAG GAGG
2.9mm length 10mm length 20mm length 10mm length

Peak position

(ch)

312 265 219 344

Ener
&y 4.7 5.7 5.7 4.9

resolution (%)

GFAG/GAGG 35 X U8 GAGG/GFAG ® phoswich #: HHE2IC I 187> B H o ~ i 4 Ha
L= R ¥ — 27 fL% Fig. 2-14(@) E DICENEHRT, 2503 v FL—FDE—
TN X VR TE T, WIBRBZEITO Z LT, K77 70HFDOE—7 (KREWT v
FV) D GAGG, EDOE—7 (hEWF v x) BGFAG ThHZ L a2l Lz, v
FL—2DLETEZANNEZDZ L TE—=IMENREN L, GAGG/GFAG DIE 9 H, B —7
IR/ NE L 72D 2 E N hoTz,

2 2
18 ——GFAG/GAGG 3*3*20 8 ——GAGG/GFAG 3*3*20
1.6 16
o 14 14
2 2
g 12 s 12
S S
g1 g1
508 Bos
& &
0.6 0.6
0.4 0.4
0.2 0.2
o = 0 =t
0 100 200 300 400 0 100 200 300 400
Channel number Channel number
(a) (b)

Fig. 2-14 Energy spectra of GFAG/GAGG (a) and GAGG/GFAG (b) irradiated from side

GFAG/GAGG 3 £ ' GAGG/GFAG @ phoswich i H#RIZ F 572 6 4w~ #j A& BRET L CHl
E LTV F— AT ML%E Fig, 2-15@ B LOOICENZEILRT, Yo FL—FDETF
EANNEZX D L TE—ILENZE LT, £7- phoswich T (&R IZTV D (2hD
BLEV U FL—HOE—T T FRRE LD LTz,

2 2
18 ——GFAG/GAGG 3%3%20 1.8 ——GAGG/GFAG 3*3*20

16 16

2 14
E

1.2
g
g 1
B
=208
]

0.6

«
0.4

VIS

Relative counts.

oo o o
N R oo

0.2

o
0 100 200 300 400 0 100 200 300 400
Channel number Chennel number

(a) (b)
Fig. 2-15 Energy spectra of GFAG/GAGG (a) and GAGG/GFAG (b) irradiated from top

°
I
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2.3.3 WA T FARIER TR

GFAG/GAGG $ £ X GAGG/GFAG ® phoswich ¥ > F L — & [ 7 1) B 662keV D
=i BE LT AT MLvEZENE N Fig. 2-16(a) & WIZRT, HOE—27 B35
WERIFE OB GFAG, /D B — 27 B NBEEIFF O EV GAGG IZZ2nEhuxticd 5, 2
DDV T L—H DY — 7 [T EEL TR Y R L7 PV iZ GFAG/GAGG T 28.3,
GAGG/GFAG T 23.9 Th -7,

" 0 w = W 50 ] n i W we

(a) (b)
Fig. 2-16 Pulse shape spectra of GFAG/GAGG (a) and GAGG/GFAG (b) irradiated from

side

Fig. 2-17(a) & (b)IZ GFAG/GAGG 1 X 8 GAGG/GFAG phoswich > F L — X |2 L)
5 662keV O H o~ #RE RH L CTRIE LTI AR MLy EEnEiurd, Bfos T
—Z CREGOH o ~BPREEREZEZ T2 LICLY, THOYFL—FDE—7 N0
KL 7pnlz, 20D U FL—FDE—7XF-> &0 LS TEY ., @i Lz PIV tbix
GFAG/GAGG & GAGG/GFAG TZ# <41 57.0 £ 36.3 Th -7,

-

(a) (b)
Fig. 2-17 Pulse shape spectra of GFAG/GAGG (a) and GAGG/GFAG (b) irradiated from
top

2.3.4  IRpfE Sy R RE I E K

Si-PM & flAAHETZ 3 DDV A XD GFAG @, 511keV DIEIRA >~ % 5 R
IFRRERIERE B %A Fig. 2-18 B X W' Table 2-5 [Z/R"T, o FL—X DV A AR DI
B THRRIREED A L L. 2.9mm & & O GFAG 23 b BRI/ REENR B 72 o 7=,
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uGFAG
500

400 |

300 |

200 |

100 |

Timing resolution [ps FWHM]

3*3*3mm3 3*3*10mm3 3*3*20mm3

Fig. 2-18 Timing resolution of GFAG with different crystal size coupled to Si-PM

Table 2-5 Timing resolutions of the three GFAG elements coupled to Si-PM

GFAG
2.9mm length 10mm length 20mm length
Timing resolution
210=£5 321£20 455+27
(ps FWHM)

Fig. 2-19 12 GAGG/GFAG i & U GFAG/GAGG # Si-PM & A4 >t 7= phoswich & H
ZROWEE /7 MERER EAE R % 7R3, phoswich ZH#Ei7 % 10mm & & @ GFAG ¥ XU GAGG
U F =2 OEBOR R ERERIER R SR L. 2 b OfE% Table 2-6 ITF &7z,
GFAG/GAGG phoswich DEEE 73 fi#HEIL GAGG/GFAG phoswich ORI ARREL D & LW
AR L 720 466ps FWHM CTh o 7=,

900
800 -
700 -~
600 -~

500 -

400 ~

300 -~

200 -~

100
0

GFAG10mm GAGG10mm GAGG/GFAG20mm GFAG/GAGG20mm

Timing resolution [ps FWHM]

Fig. 2-19 Timing resolution of GAGG/GFAG and GFAG/GAGG phoswich detectors of
20mm in length compared to 10mm long GFAG and GAGG
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Table 2-6 Timing resolution of GAGG/GFAG and GFAG/GAGG phoswich detectors of
20mm in length compared to 10mm long GFAG and GAGG

GFAG GAGG GAGG/GFAG GFAG/GAGG
10mm length | 10mm length | 20mm length 20mm length

Timing resolution
(ps FWHM)

321%20 4169 80326 46618

2.4 B

LB SN v F L—F THD GFAG DIEAMAEZIIE L, GAGG OPERE & L
L7z, F£72. GFAG & GAGG % #lAA 7= phoswich #Higs D FEAMREZHIE L=, 2.9
X 2.9X10mm3 %A XD GFAG FEABEERFH & 326 B2 0 REfiX, GAGG LV < (Fig.
2-11, 2-12), GFAG & GAGG DR 221% 36.6ns Th o 7o, WIHMHTORERN G
GFAG & GAGG # A &> 7= phoswich f&HER DI AT NI+ 73 70 KG B TorBEC
& Tk (Fig. 2-16, 2-17), PV L b EWMEZ R LTz, ZOEEARZ MLOFRRIRRIZZ
F TICHE N TWD phoswich v F L —HXDflAELE LKL THEN-HERETH
o7z 200303839 Z 5 DOFERA S GFAG & GAGG @ 36.6ns &\ ) #OEERI 21X
phoswich |Z X AR HFHFFHNZ 0 7ETH D Z L3 mhoT-,

EEINS = BB L7 & & O phoswich MHZED T /L F— 27 hLEs KO
FEAT MVORIERERI G, TEICEE SN2 T L —F OFEN EEICEE S
VU FL—2 L0 b7 o =(Fig. 2-15, 2-17), ZHUT EHOY v F L—& T, K&
DA< BPBHEEINTZT2DTHD, 2D Enh, EED v v F L —% OMEREMD phoswich
MRHZROMRICKRESEET 2D LB R bND,

phoswich ¥ > F L —Z DT X)X —AXT MLORIERENS, B e THor T
— 2D ANEZ - L ZICo XX —E— 7 OfLENE(L LT (Fig. 2-14, 2-15), i
1%, phoswich & HZHZ B TIE SI-PM IZIEW FEBICELE L7 v v F L — X 3OS
BREL, MESOOEEN EICEE L7 T L—FOZ NS NWzd EE 2B
5o

2.9X2.9X20mm3 %1 X GFAG/GAGG phoswich 1 Hi#s D FFE /3 fREEIX 466ps & 721 |
Bk, BIRICHW STV D TOF-PET &L TH 7B TH D L 52 5 2020, £
72=. GFAG & GAGG %A G ot 7= phoswich # g T TEMENTIZ LV . @ S FRFpsIn
A[RE ChH 7= Z &0 DOI et & L TR Cx, PET #@&EICH WA Z & THERI&EICE
T e iREE A ] ETTE S 101D b OFERD D | ARBFSETR%E L7 Si-PM & -
GFAG/GAGG phoswich #Hi#51%. TOF-DOI-PET &~ AN MRS 5,

25 F&®
ARWFFE TITAOEIBER R O Ry GFAG O BAMERE 2 HIE L U7 ERE 2 7> GAGG & i

16




HEHESHZ LT TOF-DOI-PET (ZHIA T 2700 L7z, 2.9X2.9X20mm3 %1 XD
GFAG/GAGG phoswich 1% &5 D R 73 fEREIT 466ps TH Y . WM 2 HWT 2 >D v
VT L= REWEETCHBECE -, 2D OFE RS GFAG & GAGG % H\ 7= phoswich
AL TOF & DOI Z[FRFICEBTE D Z LW BN E o T,

17



BIE  WHENTE VRS HIAMLERHER 2##E DOI 7' v v 7 &S
PAZE

3.1 =
%2 EOMIETIL. GFAG & GAGG % iV 7= phoswich &7 /L i85 % B % LIEGE

AT U 7= W EARHT 2 JHV N 72 phoswich O TEFRRNITEV EEE CHBERTRE TH v . RERI iR
AEIE 20mm D5 & D phoswich £ 7 BV HIZR T 466ps & W I FERNH LI, Zb D
FER S GFAG & GAGG & #lAA 7= phoswich #2313 DOI & X OV TOF % [R]HFIZ 5
BCTEHZENHLMNCRoT-, LML PETEEAKRHEE LTHWS DI T L
—H BN ET VAR N7 vy 7 RHESROBRENLETH S, ZNETICERD
IR O GAGG % MV 72 phoswich @ iERE 7 v v 7 HHER OBIFEICEEI L TR Y 31,
GAGG & GFAG LifiAE 7z phoswich S fifaE 7 = v 7 BiHes OB b AREL B2 5
NDPRIZER SN TR, £ 2T, AR TIX GFAG & GAGG Z A& bt 7z @ 4 fig
HE phoswich 7' v 7 fEHas OB 21T 9, Bi%E L 7= phoswich 7' 1 v 7 & H#s DO VERE & 7F
fii L. PET & 2fi#fE TOF-DOI 7 7+ 7 phoswich ff %8 D B AT REME 2 R - 7=,

3.2 WHgEJTIE

GFAG/GAGG phoswich 7' & v 7 frHigs3 L UV GAGG/GFAG phoswich 7' & v 7 f i g5
ZPHFE L, £ O ORI AT o7, HEHBIX 2 Wi A M7 T A, =R )LF—
AT B WRANT R & LT,

3.2.1 GFAG % F\\ 7= phoswich DOI 7 & v 7 fr s D B F

phoswich DOI 7' & v 7 i H#s D BRFIZH W 2 GFAG B L OGAGG O v > F L—F 1Lk
AV E Dm0 DR O @R b B F & 5, o F L—&Z YA XL Imm DL
ToEafitiex BFE L. GFAG & GAGG 312 0.9X0.9X7.5 mm?3 & L7z, phoswich DOI
Ty 7 BB ORIA % Fig. 3-1 105,

___ GFAG (GAGG)

GAGG (GFAG)

—
_\\ Light guide
Si-PM

Fig. 3-1 Schematic drawing of GFAG/GAGG phoswich block detector

GFAG BLUGAGG Oy v FL—EZ I L EZEZNFNUAEME LT 0.1mm JEE O
N U 7 A(BaSO4) Z A AT, 24X24 <~ FU 7 AICHAEDOETL LV FL—X Ty
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7L LTz AE LT GFAG & GAGG D> v F L —E 7y 7 A RS HFRNIFET 5 2
& Tphoswich v > F L —% 71 v 7 & LIz, phoswich v > F L —4 711w/ OEH% Fig.
32IRT, YU FL—HT a7 DOV A XL 24X24X 15 mm3 Th D,

Fig. 3-2 Photograph of phoswich scintillator block made of GFAG and GAGG

B LTy FL—27nuvy 7L S PM7 LA IZ. 1mmESOT7T 7 U AT 4 KA R
BRI LTI A EIT o7, FBAEMIIZT ) a2 TAME—T Y =2, KE-420)% A
7o HERA L7 Si-PM 7L A% 4 D Si-PM 7 LA (GEfAA b =27 248, MPPC
S11064-050P)% 2X2 ~ h U 7 AIZEdE L= b D& iz, Si-PM OHE% Fig. 3-3 |12
T T D ENFEND Si-PM 7 LA 1% 4X4 O Si-PM F v > /L (R EFES 3mm X 3mm)

DEESH FEHLZ SI-PM 7 LA 2L LT 8X8 F v L r/L T, ALNEEMEKIL 26mm
X26mm ToHh 5,

Fig. 3-3 Photograph of Si-PM array

BA%E L7c phoswich 7' 1 v 7 HER DG H% Fig. 3-4 IInd, Y orFLb—F7a v 7k
Si-PM 7 LA OHDICEE L, MR & OBEGHUNE KN E L TT e T —7CF

19



572, phoswich 7 1 v 7 HHERII T v F L—F O L T Z AV 2 72 2 TSI DV CHl
E%?‘TO 7::0

Fig. 3-4 Photograph of the complete phoswich block detector

3.2.2 2WITfiE L A F 7T LAl

Fig. 3-5 12 2RTTALE L A N7 T AJIEDT vy 7 KERT, 2IRTALEL A NT T LD
HIE 1T Na-22 #R 2 v, BHgsRE 2> D 3em ONLEICALE L7-, Na-22 #IRIZHE T
R TH 0 511keV OWFEAY > ~Hit% DOL 7' v v 7 SIS L CRIE 21T - 7=,
Si-PM OEF % > FANLOT Fa 75 51E 1m OFE S OfflFEh 7 — 7L Clalg~2% 5
. RSN, ITEHOZFNEFNIZOWTEAFITIMEIND, EAMITNE S
72{8 51X 100MHz ® A-D BRI EONT VHXNEFIERmEIND, TV X VT &
N =5%, 222 TRE/R 7 — F 7 L A (field programmable gate array: FPGA) CH [
HEMTDIL, Yo FL—2ORNMELHELY X ME— FTRESND, VA ME—
RT—H B35 2 L T 512X512~% h U 7 ZAD 2L A 7T LEdHHE Lz,

Na-22
l 511keV gamma

Phoswich scintillator block
Si-PM array
Weighted A-D & Dual R .| 2D position
> > >
summing boad integration FPGA histogram

Fig. 3-5 Schematic diagram of 2D position histogram measurement
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3.2.3 T RILF—A7 FLIEH

fENT L7z 2ITENEEE A R T MXTE Yy MESOZ RV X —IFHREZF L TNDH I &
5. ATE OBLE (Region of interest ‘RODFRET 2 2 LIC LV . ZOFPADOT R LF
=AY MAERDDH T LR TE by TRAF—RARY MU, £7 0 7 RO R
il &30k ROT 7% E L, £ 2 L7z,

3.2.4 WA Y NIVEH

W AT bIVIET O HNVER I NI E SR E FPGA T42fi5 Rt (full integration
time ‘F/DFE L OER 857 FEE (partial integration time :P/I) T4y L 72l tE(PI/FI) % 3k
5 Z & T dual integration VEIZ X DURTEMEIT 21T > 7=, AR RFE I OB/ 53 IR fH
T EBRAICRGEE 23R, £ EH 310ns & 150ns & L7z, HH AT ML= R F—
AR MV ETARR, 2 RICALEE A R 7T A LIEE O ROL #5ET 5 2 & Crlliss vl g
ThbHILNbET 1y 7 RO & UBATIC ROL Z5%E L, £ S L
77

3.3 R

3.3.1 2WIhiE L A~ T ARIERR

HIE U= AT 217 9 51D GAGG/GFAG phoswich 7' & v 7 f gD 2 IRTTLE & A
K77 L% Fig. 3-6 (@IZRT, HUOMIE & UBRANTICITEAN B SN0, WERO—H
ERODTIIITTRTCOE 7 B ARG TE =, Fig. 3-6 (0)IZ. GAGG/GFAG (ZIR AT %2
1TV, IV L7 GAGG 71 > 7 @ 2RIEfLiEE A N7 T KEoRd, BV A X3
FRIFTL D b OT NS e odz, WRFARIATE RIBRIC UL LA TICE AL
BRENTN, WFEO—HEBROWTIRET X TOE 7 RS TE =, Fig. 3-6 () 12,
GAGG/GFAG ([ZHE TN ATV B0 H L7 GFAG 7 v v 7 @ 2IRTTNLIEE A N7 T L%
R, BEROT A RIFEHRETL 0 bbb TNk E <oz, AT L OBRAT
DEMTLIEFHATL D 72 oz,
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(a)

(b) (c)
Fig. 3-6 Two dimensional position histogram of GAGG/GFAG block detector without

pulse shape discrimination (a) discriminated for upper layer (GAGG) (b) and
discriminated for lower layer (GFAG) (c)

GAGG/GFAG phoswich 7 & - 7 5 (HER O W77 Bl Al O HE B 5 [A) 36 K OVKSE S5 M 00 7 1
77 A% Fig. 3-7 (@ LI, TNTIURT, 707 7 A5 24X24 7 BLDT L
ANCHKIIET D B — 7 BRI Z RV TSN TV D 2 & i & 7=, GAGG/GFAG
AT 21T 0 H L7- GAGG 7' 1 v 7 ORE B LUK ERRO T a7 7 A Vi
Fig. 3-7 @ L (@icEnEhrd, £72. Fig. 3-7 (@) £ (DIC, GFAG 7'u v 7 OEE ST HF
FOUKEF BT 7 7 4 vERT, GAGG 71 v 7 & GFAG 71 v 712250 T HIEER
BFETOT 77 7 A VL RIFRIC, BRSO E— 7 N5 HECE TND Z E PR TE 72,
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GAGG/GFAG vertical GAGG/GFAG horizontal
; :
Position (pixel) Position (pixel)
(a) (b)
GAGG (GAGG/GFAG upper layer) vertical GAGG (GAGG/GFAG upper layer) horizontal

Position (pixel) Position (pixel)
(b) (@
GFAG (GAGG/GFAG lower layer) vertical GFAG (GAGG/GFAG lower layer) horizontal
£ £
3 3
Position (pixel) Position (pixel)
(e) ®

Fig. 3-7 Profiles of GAGG/GFAG block detector without pulse shape discrimination
(vertical (A) and horizontal (B)), discriminated for upper layer (GAGG) (vertical (C) and
horizontal (D)) and lower layer (GFAG) (vertical (E) and horizontal (F))

GFAG/GAGG phoswich 7 7 » 7 i HER OB FARIRTO 2 WothiE e A b7 F A% Fig.
3-8 (I3, GAGG/GFAG & [RAlfk, HULAHE & BAHEITITE AN B SN, 0k
DO—EERNTURET R TCOE T BARGRTETZ, WS OPOE 7 BMI 2OV F
L—& 710y 7O s vARMEL SIEEE - & o IcBg SNz, GFAG/GAGG (2
TEfENT 24T W0 i L7- GFAG 71 v 7 ® 2 Rt 2 75 L% Fig. 3-8 ()i,
GAGG 71 v 7 D 2 RItfLiE e A b 7' F L% Fig. 3-8 (IR d, MIFFRIRT & FfkICH
O &IOS EAPBEE SR, WHEO—EHERVWTUZE TR TOE 7 BAR5
it C& 7=,
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(a)

TR R L I T EEE R
TR0 RNRE RPN

(b) (c)
Fig. 3-8 Two dimensional position histogram of GFAG/GAGG block detector without
pulse shape discrimination (a) discriminated for upper layer (GFAG) (b) and
discriminated for lower layer (GAGG) (c)

GFAG/GAGG phoswich 7 1 v 7 fH#R OB FRIRTOREE ST A3 L OUKFE S o 7 m
7 7 A V% Fig. 3-9 (@) E I ENTINRT, 24X24 B 7 B NLDOT LA HIET D E—27 M
WAL Z bR & 3B C & 72, GFAG/GAGG (2 FEMENT 21TV 8 L 72 D GFAG O E
FB L OKEH MO F a7 7 A L% Fig. 3-9 (¢) & (DIZFNZFr7d, Fig. 3-9 (e) & @iz
GFAG/GAGG %R L= T D GAGG DOIEE T AF LUK EF O T a7 7 A L%
T, WIEFRBIET L FRRIODBE 5 2 DL X FETRTOE— 7 By TE 72,
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GFAG/GAGG vertical GFAG/GAGG horizontal

Position (pixel) Position (pixel)
(a) (b)
GFAG (GFAG/GAGG upper layer) vertical GFAG (GFAG/GAGG upper layer) horizontal

i

—

Position (pixel) Position (pixel)
(b) (d)
GAGG (GFAG/GAGG lower layer) vertical GAGG (GFAG/GAGG lower layer) horizontal

Counts
Counts
g
B

Position (pixel) Position (pixel)
(e) ®
Fig. 3-9 Profiles of GAGG/GFAG block detector without pulse shape discrimination
(vertical (A) and horizontal (B)), discriminated for upper layer (GAGG) (vertical (C) and

horizontal (D)) and lower layer (GFAG) (vertical (E) and horizontal (F))

3.3.2 T RNLF—AT hLVHIERS R

511keV DO v ~#iZktd 2% GAGG/GFAG phoswich 7' & v 7 K g8 O F B R D H
DR X ORI O = R L F—2~7 [LE Fig. 3-10(a) £ DI ENZErd, 220
VUF LA DT R NF— =T [ THER - T 1 OIBE S 7=, Fig. 3-100) & (Diz. HIE
FR%ED GAGG 7 v v 7 OHUUMHEE L OUREDO =R F— AT ML &2 ZNEIR
T WEFRRIATE LS PTem R =27 PARGE LT, Fig. 3-10(e) & OIZHIE 3
%D GFAG 7' 1 v 7 HHE S L OWBAHTIC 1T 2 TR F— ALY ML & ZNZITR
T, GAGG 7 u v 7 IZBIF 5= /VX—AX7 MUV EHPOWE IS LT, T LT
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GAGG 71 v 7 O X)X — 43R IT TP OMHT &0 TENLEN 20.9%FWHM,

24.0% FWHM & 72 > 7-, GFAG 7' 1 v 7 O )L — A1 BT & 388 TF
Fih 20.0% FWHM, 25.9% FWHM & 72 -7~
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Fig. 3-10 Energy spectra of GAGG/GFAG block detector without pulse shape

discrimination at central part (a) and edge (b), discriminated for upper layer (GAGG) at

central part (c) and edge (d), discriminated for lower layer (GFAG) at central part (e)
and edge (f)

511keV DA o~ #2325 GFAG/GAGG phoswich 7 & v 7 Wi HHER O A BIRTO H
DR X BT O = L ¥ — 27 kL% Fig. 3-11(a) £ DI NZHrT, GAGG
& GFAG IZx19° % 511keV H o wHROE— 7 BRENENRER TE 72, Fig. 3-11(c) & (DI
FEil% O GFAG 71 v 7 1281 2O E LOUBMEDO =X F—AT ML i %
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NEIWRT, ZOTRAF =AY MLVTERERAIRNCA O 2 2OE—27 0 ) K
WTF ¥ RNV DE— T ODHRDBHERTE =, Fig. 3-11(e) E D2, WERHIZD GAGG 7' v
ZIZBT AR LB EDO =R NVFE — AT N EZNENRT, ZOZRL
X— 2~ MLV TIERIERBIENCR LN 2 DOE—27 D5 bEWF ¥ VRO E—27 D
DNHER T I, fRHT L7= FI 0D GFAG O = 3 L — SR LT & BB AL TF R
Fi 12.9%FWHM, 14.0% FWHM & 72572, FED GAGG D= 3 /L —43fi

ZREIT O
I LD BAE TENFR 19.5% FWHM, 21.4% FWHM & 72 57,
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Fig. 3-11 Energy spectra of GFAG/GAGG block detector without pulse shape

discrimination at central part (a) and edge (b), discriminated for upper layer (GFAG) at

central part (c) and edge (d), discriminated for lower layer (GAGG) at central part (e)
and edge (f)
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3.3.3 WA T FAJIER T

GAGG/GFAG phoswich 7' & v 7 g O AT & BRI ORI A7 R V% Fig.
3-12 (@) L MIZZENTILRT 22D E—27 D 5 HATO E— 7 N SGRER R O FL y GFAG,
FEDE— 7 PSR O RV GAGG (ZXHGT 5, f#MT L7z PIV HRIE R OT & ik ft
MTENEI23 £ 5.6 720, FOMfHIED BURMFEDIZ I BRWFRE 25T,
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Fig. 3-12 Pulse shape spectra of GAGG/GFAG block at central area (a) and edge (b)

GFAG/GAGG phoswich 7 & v 7 fitH2s O FULTUT & 0BT D A~2 kL% Fig.
3-13 (@) L MITENTIVURT, HFOE—27 D GFAG, Z£DO Y —7 )8 GAGG ([ZxfI5T 5, fif
Hr U7z PIV BRI & fHETENEIL 34 & 5.3 £ 720D GAGG/GFAG & [FIERIC
FULAFE LD BB DIE D B L VFER L o7,
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Fig. 3-13 Pulse shape spectra of GFAG/GAGG block at central area (a) and edge (b)

GAGG/GFAG phoswich 7' = v 7 frHigs & GFAG/GAGG phoswich 7' & v 7 i gD
RELL#EZ Table 3-1 (2K &7z, 5 2 EOMFETHIE L 72K 5 %%@@*#%%%ﬁf
Table 3-1 (2773, GAGG/GFAG & GFAG/GAGG [XEl7=PERETH » 72728, GFAG/GAGG

DIE 5 7% GAGG/GFAG LV & = /L ¥ —53fifRe & R 0 fFRE C R WS R & 2o 72,

28



Table 3-1 Comparison of performance between GAGG/GFAG and GFAG/GAGG block

detector

GAGG/GFAG GFAG/GAGG

Separation of 2D position Most of pixels were Most of pixels were

histogram resolved resolved

Energy resolution
20.0—25.9 12.9—214
(% FWHM)
Pulse shape discrimination
2.3—5.6 3.4—5.3

(P/V ratio)

Timing resolution (20mm
) 803 466
length phoswich) (ps FWHM)

3.4 BEE

Imm L FOH A XD GFAG & GAGG % Si-PM L #lAA b T GFAG/GAGG &
GAGG/GFAG @ 2 #E%i? phoswich DOI 7' =1 v 7 #2285 L=, 2RICiiEE A b7
T LOWRIEFER S . ZNLE 0 phoswich 7' 1 v 7 BHEE TRE/S DO 7 BILNGEECE
7o, WA EO—HIXEAIZ LY+ 3BT X 72y o 7= (barrel distortion), Z 4Ui%
Si-PM 7 LA O A ZXR o FL—27 1y 7O A Xk LTHBIZRELS ol 2

WWERT B2 rFL—F7 8y 7 24mm X 24mm, Si-PM: 26mm X
26mm), DX I IRWTIE, o FL—FT a7 DFEHRORENETILSIPM 7 LA O
AN B I NN T, T U T—HENERIZITO R 20 . BEgESHNRAICHRS
NTLEH, TORE., 725D E I (barrel distortion) ZFFOMEEIZ2 5, ZOBRILE
DHEZATORNT V= AT THHEIE SN D 10,

WIEMAATET O GAGG/GFAG phoswich 7 & v 7 gD =R )L F— AT KL T2 OD
VFL—HDOE—7131 O LR TE 2o 72 (Fig. 3-10), Ziuid GAGG & GFAG ©
HEE—IZMENIEF L THDH Z L E7T, GAGG 1T GFAG LY 3 tEN KX < (Fig.
2-13), AKIFZZ R F =227 FIZBWTE—ZZE) GFAG LV b E<L 2513 TH
%, GAGG/GFAG 711 v 7 g2 BV T GAGG 1& Si-PM 7 & B 7= A7 & 2Bl iE S T
BO . BRI E %a‘é FTEV T LN TRET D2 Z LIRS
NWEFID/NE L 72D, AT GFAG 13 Si-PM IZ VM EIZALE SALTWVWAD Z &b RE
HT-DWRDEEN L2 2D, THHEDIENLTFNLX—ANT LD 2 DOV F
L= DY — 7 AENEDE, RFEORMETIIMERER > THEINT- LB BND,
BHEISNDIENDIFIR L THD v F L —& & 7= phoswich gL, = F/L¥F—F
OB ZNZENDO Y FL—F I L TERINX =T 4V RV ERETHZ &R 1 D
DEZFNF—7 4 FURETHLHER D 5,

KA MARIERRICBN T, GAGG B XU GFAG @ P/V thix GFAG/GAGG &
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GAGG/GFAG TEH O & LI ATBA T & 0 BOER & 72 5 72 (Fig. 3-12, 3-13), 2
E, PR TR B oY T L— 2 THAEERZEZ Lo o~ BBEDE 2 T o >~
YFL—ZTHMRHEND ZLICL DB OND, ZORRTIE EHOY T L—%
DFIF & TEDY o F L —Z OFOEF B RIFICHR I S 4L, 2 DOWRIENEL - T BER
B2 D, ZORNIL, WM T 2 2OV FL—FDOE—7 OROEE Y | HF
AT MCBWT 20D v FL—HDE— T OREPDH 7 FEsedZ Lo b,
ZORER, FMFET PV MRS ol bZE2x bbb, TR LTI FL—47my
7 DIPFFAHE T o~ ROAFHIX LT, Efov > F L —2 THAEEREZRZ Li2#
Gt Ry FLr—27ay 7N D ATREEDS m W T D FUMFE D K 5 72 PIV Lo
KFREXIZ<WEEBZDLND,

3.5 £&®

B L BF SNz 0.9X0.9X 7.5mm3 ¥ XD GFAG % GAGG & #lA 4T PET %
E MO 2 FiFHO phoswich DOI 7' v 7 g 2 BH¥E L7z, FEBRIZ K> TH L 2 ot
Lt A b7 T AI@mVHEETHEETE . BB AT PLORBb AIRETH -T2, B
s L7 2 E OB MNER D 5 B GFAG/GAGG [XRs[#] /3 fEREDY TOF TRIH TE 2 MEEEZ A L

TWe, ZhHOFERND GFAG % EEIZELE L T GAGG &L flAAa bt 5 GFAG/GAGG
T PET A& fi#HE phoswich TOF-DOI 7' & v 7 KitHERDOBAR N AIHETH D Z L 23H 5
Lotz
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HATE  FERR

GFAG & GAGG OHEAMEREAZMNE L, 25 ZfAE T PET A& fi#HE phoswich
DOI 7 v v 7 fthias 2 B Uic, AW TIILL T OMFIERC R 2 1572,

1. GFAG & GAGG DFEARMERE, B L GFAG & GAGG % #lA A H7- phoswich B2
YL DOFEEAMVEREANE LT-, 2O v F L—H %, WM CRE DB R LT- 2
LB GFAG & GAGG D IR 22 (B Tns) | XL TEMRIT IO+ 2 T 2 =
LN RoTc, 72 GFAG % ¥, GAGG % THNUIELE L7 GFAG/GAGG
phoswich O/ fEREIT 466ps TH VW, TOF-PET (2o TX 2 A[REMED H D Z &N

AIEYY

2. GFAG & GAGG %\ /= phoswich > F L —& 71 v 7 % Si-PM 7 LA LAHED
W TR f#ERE phoswich 7' 1 v 7 iR 2 B L7z, 0.9X0.9X7.56mm3 &5 7 3
VYA XDy T L—H EflAEDE T phoswich 7 1 v 7 HEZRIZE T 2 RIThL
BE A NSTLONBEE WIEMT 2 AW 2ROy o F L—F 71 v 7 D4 BN ATHE
ThoT,

INHORERNG, Fi-lcfig S 47z GFAG % GAGG &#lAEDE S Z L2k DOI
& TOF Z#RIFHCEB L., S bil@Enfifiez A9 2% PET M@ fiFse TOF-DOI # Hizk OB
FNARETH H Z ENH LN E o7, TOF & DOI Z[FIRFIZHEH S 5 Z & THRENIZ TO
ZEfE i RE S b O U & TOF IZ X 2B D SIN Dl L& RIRFICER TE 2D EE X B
Do
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