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Performance evaluation of YAP(Ce) scintillator and application for development of

high-resolution X-ray camera

Abstract
Introduction

Alpha-emitting radionuclides are promising for radionuclide therapy. Most radionuclides also emit 80 ~
90 keV characteristic X-rays, so in-vivo imaging of radionuclides is carried out with a clinical scintillation
camera system in a preclinical study. However, high-resolution imaging of the distribution of radionuclides
in small animals is difficult because the spatial resolution of the clinical scintillation camera system for
low-energy X-rays is low. Consequently, a high-resolution scintillation camera for low-energy X-rays is
desired.

YAIO;:Ce (YAP(Ce)) is a promising scintillator for the development of a high-resolution low-energy X-
ray camera because YAP(Ce) has a high intrinsic spatial resolution for low-energy X-rays. On the other
hand, the physical properties of YAP(Ce) depend on the concentration of Ce in YAP, so YAP(Ce) with the
optimum concentration of Ce is needed for the development of a high-resolution imaging detector. However,
the optimum concentration of Ce in a high-resolution imaging detector for low-energy X-rays has not been
clarified. One purpose of this study is to clarify the optimum concentration of Ce for the development of a
high-resolution imaging detector for low-energy X-rays. The other purposes of this study are the
development of a high-resolution YAP(Ce) camera for low-energy X-rays and the high-resolution imaging

of small animals administered with At-211, which is a promising alpha emitter for radionuclide therapy.

Materials and methods

To evaluate the performance of YAP(Ce), we used three types of YAP(Ce) plates with different Ce
concentrations: 0.05% Ce, 1% Ce, and 2% Ce. All of the YAP(Ce) plates were 10 mm x 10 mm X 0.5 mm.
Each YAP(Ce) plate was placed at the center of a high-quantum-efficiency photomultiplier tube (PMT). We
irradiated the YAP(Ce) plates with 662 keV, 122 keV, 60 keV, and 32 ~ 35 keV photons to measure the
energy spectra. The light output, energy resolution, and non-proportionality were evaluated with the energy
spectra. Furthermore, we measured the pulse shapes to estimate the decay times of the YAP(Ce)s with
different Ce concentrations. The pulse shapes for the gamma photons of 60 keV were measured by feeding
the signal of fast PMT to a digital oscilloscope. The decay times were calculated from the pulse shapes.

Using the YAP plate with the optimum concentration of Ce, as clarified by our evaluation, we developed
an imaging detector. We used a 38 mm x 38 mm x 1 mm-thick YAP(Ce) plate, which was optically coupled
to a 2-in square position-sensitive PMT (PSPMT) to configure the imaging detector. The imaging detector
was encased in a tungsten shield. A pinhole collimator or a parallel hole collimator could be attached to the
head of the tungsten shield, so we developed a YAP(Ce) camera whose collimators could be changed in

accordance with the targeted subject for imaging. With the developed YAP(Ce) camera for low-energy X-



rays, we conducted imaging of a mouse that had been administered 1 MBq of At-211-NaAt. We measured
a whole-body image of the mouse using the developed camera with a 5-mm-thick parallel hole collimator
and a measurement time of 15 minutes. In addition, we changed the camera’s parallel hole collimator to a
I-mm-diameter pinhole collimator and thus acquired magnified images of a mouse’s thyroid gland with

measurement times of 20 and 60 minutes.

Results

The light output of YAP had a positive correlation with the Ce concentrations. For the 60 keV gamma
photons, the energy resolutions of YAPs with 0.05% Ce, 1% Ce, and 2% Ce were 24.4 % FWHM, 20.8 %
FWHM, and 18.4 % FWHM, respectively, i.e. the energy resolutions had a negative correlation with the
Ce concentrations. The non-proportionality of the YAP(Ce) with 2% Ce was slightly larger than the other
two Ce concentrations. The decay time had a negative correlation with Ce concentration. The decay times
of YAPs with 0.05% Ce, 1% Ce, and 2% Ce were 46.3 ns, 39.6 ns, and 33.2 ns.

The YAP(Ce) with 2% Ce had the optimum physical properties for an imaging detector for low-energy
X-rays, so we used this YAP for the development of a high-resolution imaging detector. The energy
resolution and intrinsic spatial resolution of the developed imaging detector were 22 % FWHM and 1.2
mm FWHM for 60-keV gamma photons. The system spatial resolution and sensitivity of the developed
YAP(Ce) camera with a 5-mm-thick parallel hole collimator were 3.8 mm FWHM and 8 x 10 at 10 mm
from the surface of the collimator. The system spatial resolution and sensitivity of the developed YAP(Ce)
camera with a 1-mm-diameter pinhole collimator were 1.8 mm FWHM and 3.5 x 10 at 10 mm from the
surface of the collimator.

We also succeeded in high-resolution imaging for the distribution measurements of At-211-NaAt in a
mouse with the developed YAP(Ce) camera. In a whole-body image of mouse administered At-211, we
could observe low-level accumulations that were not observable in mouse images measured by a clinical
scintillation camera system. Moreover, we successfully observed the shape of a mouse’s thyroid gland in a

magnified image measured using a pinhole collimator.

Conclusion

We measured and compared the basic performances of YAP(Ce)s with different Ce concentrations. The
YAP(Ce) with 2% Ce had the optimum physical properties for an imaging detector suitable for low-energy
X-rays and gamma photons. Using YAP with 2% Ce, we developed a high-resolution low-energy X-ray
camera. Furthermore, we succeeded in high-resolution in-vivo imaging of At-211 with the developed
YAP(Ce) camera. We concluded that YAP at 2% Ce is promising for the development of a high-resolution

radiation imaging detector.
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BTE, BRI ClEziis X AR B CRURHRA K v o Tl ) | Uk oA
WITHWICTE B, BREZEE CIIBUH R O L 22 Al 2 B ick G352 Lic k)
ST RIS K DS 7 & ORI TN T3, 20X 5 A ERA 2 %59 3R
BRI T A Y b =T HHABED LFFENTA Y b =7HELIFEINTE Y, TETIET
V7 7 BRHLAE 2 7B T 4 Y b — TR (Targeted alpha therapy: TAT) 287 H % 5§
HTWD [13], TA7 7RI — 2LV BEGE T AV F — {15 (Liner energy
transfer: LET) #HA L CE Y. TAT TIRRIERD R — 2 EEX W2 ENT AV =7
BEIDDECIEESRZEONS Z EXMFIN TS [4][5], L22L. TAT IZJGHTE
ZHREMEDS B 2 L SN TV AT HERE L »2FEE T, 2ohChERICHI N Tw 3
ifElx 737 L0223 (Ra-223) DA T, Z DD 77 7 MEHHAZHE 13 ER AR S < G iF g
D3ED H TV B B TH 5[5][6]. ABTRIEFIHF TR A4 7 a b oy ciiEfExR
TAZF V211 (At-211) BEFEHINTH Y, END 5 sk ciE I N Tw 5([7], /NEYE
Bt At211 2% 5-3 25 2 LI X 2B/ IR PR I N TEB V8], T AT vl %
F o 72 BRI 0 ¥ i & D H T 5[9][10],

TN 7 7 RHEIED % < 13 80 ~ 90 keV IR OFFET v 7 A DT 2720 FRET
v 7 AR T 5 2 L THRERNOERES A2 BT 2 EBTE, T 7 7B
a7/ N ERCIEERAY v FL—2a v A ATICX VBT Yy 7 24 A=
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MO T ANF —DFEEZT, PV FL—ZORABEMNGZALF DB E L
TRT LI RBERE 2 2[18][19], 2D LI %Ry v FL— 2Dkt % [JEMIEIE] LI
KDYV FL—REIffEZANLF-PET T2 M5 ALF -5 R E
HE/MeV) bIHPT 2720, KT A0 F—EHR I L CEN B ZROEEEE T 5
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— T IR N S G2 AN F—DE T I 5z A X572 ) OFNE
DWY BN Y F L =R FEET S, Z2DXI BTy FL—20REN D DB
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AA=Y VI L7z Ce IREIXRSZHL i TN T,
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ZEHME L,
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%, % 3 ETIE YAP(Ce)Z HW TR L 2Kz A v ¥ —x v 7 A E 5 ZRIREEH £ T
KD WTHRRT2 %, H A 7 OWEREFHIl % 1T - 72 AR Y At-211-NaAt %% 5 L 7o~ 7 X &[]
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Fig. 2-1 Photo of YAP plates with different Ce concentr:
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Fig. 2-2 Schematic drawing of experimental setup to measure energy spectra of gamma photons from

Am-241 (A), gamma photons from Cs-137 and Co-57 (B)
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v 7 Afk (Fig.2-2(B))s 223V }-57 (Co-57) 2 b &5 122keV 4V < #it (Fig. 2-2(B))
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V— 27 F v v AADED B YAP(Ce) v F L — X DIERIGNE % 51l L 7=, FERRIEME IR L
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Peak channel for gamma photons [ch]/Energy of gamma photons [MeV] (1)

Non-proportionality =
prop y Peak channel for 0.662—MeV gamma photons [ch]/0.662 [MeV]
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A b =2 2D 2 4 v FEEHEIGE PMT R9779 Ty v F L — X DN
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Fig. 2-3 Energy spectra of YAP(Ce) for 60 keV gamma photons
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TN 2% Ce Wl YAP @ 60 keV 7 ¥ =HRICH 4 % T 30 ¥ — S REEIZ # W F 1L,
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Fig. 2-4 Correlation between Ce concentration of YAP(Ce) and peak channel (A) and that between Ce

concentration and energy resolution (B)
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Fig. 2-5 Non-proportionalities for YAP(Ce) with 2% Ce, 1% Ce, and 0.05% Ce
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Fig. 2-6 Decay curves of YAP(Ce) plates with different Ce concentrations for 60 keV gamma photons
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Fig. 2-7 Decay times of YAP(Ce) plates with different Ce concentrations as function of Ce
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AR TIIERT 2 Ce IRED 0.05%. 1%Ce KU 2%Ce TH % YAP ¥ v F L — X OIERE
Pl & 2 S OHRELLE R O Ce B & MRE D AHBEBIR DRI 2 1T - 72, YAP(Ce) D R
& Ce IEORICIZIEDOHBEBR2H V. Ce IERRWVIZEZ AN —DFRENR 1 5
PRSI N, 2, RN ER L Ce IREOMICIZADHBEN S - 72, KRS CHE
fii L 72 YAP(Ce)DH T iZ 2%Ce FNll YAP 23@ W HE R, ORI ERE K O EN 7z = 1
NX—REER A L Ch 0 BEHRBRE SR D U IEHRA A =Y v 7B Hw 5y v 7
L—&XLLTCHELTWAZEARBINT,

AAFFETH 72 YAP(Ce)ld Ce IRFEDIK & W g EEHE MK L 7o 720 BIHEME WY v
FL—=ZHNTRY Y FL—>a VHERBRINE NS 20 FAEIWD L T 4 F = IREEN
PTBZLBH B, LBLAWIETIE YAP Y FL—2D Ce IBERKEVIZEEOF
KB R PENT T AN F = FREE R Lz, 2 OFEFRIE 0.5 mm JE & 5 v YAP(Ce) % 14
RERHii ICH Wz 2 LIGRRIL Tw 3 EE X b5, L7235 T YAP(Ce) D B\ g LA iERH
BIEILEByvFL—va VILORESBPHEICR S & TREINS,

AWIFETIE Ce IREDB K E {72 212 EIEMIBIEDR R E K e o723, Ce IREEDZALICHES
JEREEDZELIZ DT TH o727, 2D &5 2%Ce T YAP . 1%Ce 701 YAP K OF
0.05 %Ce I YAP DIERTEN: L ta D ENIFRIEEEZ A L T2 2 & 3L 2T 7x
277,

Ce IREDVRE L2 2513L YAP(Ce)DFEHINERFENIF o7z TOREERD L Ce IRE
D3R Z > YAP(Ce)ld PET FIRRINER D X 5 @GBS M E A X — ¥ v GBI L T
52 EDIRE I NIz, EBRIT, YAP(Ce)DFEEIEIFH A3 F 2 & ZFIH L 72 YAP(Ce)X —



2NNV S RRE PET o~ A 7 LS 3 2 G 2372 S 10T\ 5[27-29], /NEIYIR PET + &
7Lt P OBEEH PET v A7 L7 & O/NUPET v A7 L3EHER Y v 72N L, B
HIERIC % < DR AR 32 72 0 FHEBEE A L 370 & W 5 R METE T 5 23[30-
31 2D X 5 /N PET & 27 LT YAP(Ce)D & 9 R NMERH A Wy v FL—% %
vz Z b TR 2z 5 Z L TE 5[31],

AT T L 2 FOEWERFII D 7 — T I X O ME I N TV BEL Y DT IR
WE & 72 5 72[32][33] FEEIRERFEIER D JH K D —2 & L CHI IR RFE o BI5E 7716 5358
IR L B3 T L BT b5, SEITHIZE T single photon counting method & MEIEIL %
FHWERFFAE D T — L F R X v X — b &I NT 03 HETHE X T 5 2332][33].
AT TV 2ty a Ra—7 & PMT 2 L CRGIRERER % HE L 72, Riffko
HEETIEIPMT & TV A AA v Ra—THICHBERENELTCLE ) 20, ZOHER
EAFRKN TR EREPERE L C L > 28R D 5, T/, MR GAEET 5> v
F L — X CRFENRERR PR 725 T 2 PME STV 2 729[34], YAP(Ce) D HliG i fE
TY v FL—ZAERPICRIESAE T TL v, 2 ORGSR 23 R R L R o 5 K i
o TCWRHAREED EZ b5,

AT CTHRELLIL %2 1T 5 72 YAP O Tl Ce IREED R D K & > 2%Ce NI YAP 233U
ARA=D Vv 7EBICHVWE Y v FL—2 e LTHELTWIHEEEZG L Tz, L L, fid
DBEY Ce BENPKEL RBIBELYFL—RIIANEWICAR VW IEFIEEDRKEL o Tz
B, 2%Ce LW KER Ce IREAXHT S YAP DHUHHRA A =Y v 7B ICH L Tw b L
I EHAMICT RICII I LR IMAELALETH 5,

25 L

EBHET 5 Ce IBENRER D YAP v v F L — 2B CHRERKA T 72, KT ALF—H v
VML Y 7 ZAFICHTT B YAP & v F L — X ORNE, T 40X —DREER R
IRl IE Ce AL & TR WAHBARAR A L T\ iz, T 72, Ce IREDZLT % T & TIEIE S
FTHICEL L7228, KERBWIREL b o7z, KRBIZETIE 2%Ce I YAP 238 72 F
B, T3 X —EE. FNEERBZAE LB, BRI A L F—F =M R T v 7 24}
AAXA—V VI vy FL—va VIRHEIGEL Tw3d 2 & 2L A L,



B3E TARZF V211 (AL211) FBLH/NEYEIGALD 72 D O E S ERE YAP(Ce) = v 7 A
fH X7 DRI

3.1 S

BRI T A Y b — ZIRE ISR % LD SA DR A IS LRI R RF & 2729,
R PENESS O filfEl 7 & IR RiGEETHh D L I NT WD [4], (k. BT 4 Y +—7
BEAEANIC T = 7 H#E-131 T-13D)°4 v U 7 2290 (Y-90) 7 & D~ — 2 il IR % f 58k
L7=2b oI NTERL, LaL, 205 DD O & 3~ — 2 5o MR PIRER 1%
Bomm BRETH 5720, R— X X SMENGARLELOEFMMICDELTLE S
EVO MR H 5 72[4), LTzddo T, FETIHT A7 7 R EZ W72 87 4
I — 7VA#% (Targeted Alpha Therapy : TAT) 235 EH I T3, 77 7 MR I HERE M
FREE 50~100 um FREDO T A7 7 #E T 5 72®, TAT TR LEFWICHE%
G35 2 Epcx, AMOIEFEMM~OMEMNG2Z/NS KA 2L TE B[1-3], 7.
TANT7 7S S XN T 7 751 4 ~ 8 MeV BREOEVEEB I A L X —%
HLTED, AL F—{F5 (liner energy transfer : LET) 13— X ##®D LET & b #5513
ERERMMEE 2B 7-0[4][5]s TAT TIIfERD~N— 2 HEEZ A2l 74V =7
B LD IR BAIR SRR TR 5,

BTE, TAT ~DJGHRET S T 201 10 FEFEIZ & L 27 < [5][6] ERRIGH X v T
W 5 I%fE T Ra-223 DA T, Z O 7 7 7 R 12 ERARICH I [/ D IFZE 08D & 1L
TV BERETH B[5][6], % DEERIFEDED b T 3 KEoh cHYE ARG L ThTwn
5 b ORI 7.2 O 7 v 7 7 BUHEEGHE At211 TH 5, At211 FETHF TR Y
A 7arnoycERETH D [7]. FHZ AL ¥ —6.8MeV, 14 LET 100 keV/ pum F2EE D
TA7 7R ERHT 2500 TAT AGEE L CHEH I Tw 5, RN Z2ET T 2 Bk
T-® LET 2% 100 ~ 200 keV/um T 5 DNA “AFEUINT A4 U 2Rk b @<L b7
D, At-211 DT V7 7kl DNA AU 2 SR el 2 32 L 23T & 5[4-6], 72, At-
211 DIRERER v =7 2211 (Po-211) (X 80keV FEE DR v 7 AT 2720, &
DIy I AMEMHE LA VERA A=V v 7 %{TH 28T, HERND At-211 EE i %
W32 Z EHAEETH 5 rih TAT FRLFH L LT At211 258 L T 5 5 TH 5[35].

At211 DEFRIGHIC T 72/ N R CIERRH Y v FLr—vavh A 72w T At
211 DA VY ERA XA =2 v 73 fThbTwB[11][12], At211 25 L~y 2% Hwizdk
TR CEBERHAY v FL—va v h XA T TIRGB LT 7 F—18%FH T percent of
injected dose “CHFH-HUETREHIAR 72 & 2 B L | At-211 D~ 7 Z{AN M6 % EBFHM L T 5
[11]e L2 LEERAY v FL— 3 vh X 7 3EEZEBSREIMEL . v AT K22/ fEhRE
X 1em BREICA>TLE ) 20/ % EEMOMECRERT 2 L IIREETH 2
[13][14], ¥ ¥ F L — a v AT OEEFZERSHREIIRBERCH ATy v FL—
ZOEIDOHEEZT 50, @mEMSHELZERT 2 1 EEey vy FL—2 2 Hv 54
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ELHRH b, MEAA Y vFL—vavhA3marF—Hrefdmticx s X5 IcE
T lem BEDE W Nal(T)Y v FL—2BHubhTEh, YV FL—2HNOY vy FL—
2 VHDILD Y BRE WO REEERSRESMEL RoTLE ) T, v v FL—vav
B gs D EG R RREIL > v T L — 2RO OED R T, RO VIR A
5729, Po211 OFET v 7 AR X 5 RIKZ AL F—xT v 7 ZFROWBRITIT YAP(Ce)D
X5 RIERIBMED N ET e v F L — 225 LT 3[20], M ED 2 & A S ARWFSE Tl
YAP(Ce)> v F L — X Z T At-211 %45 L 72/ W% & 2o fgae ic imiigfb 3 % 72 ©
DIy 7 AT AT DR T -7z KETIE, TR L2 v 2 R H A 7 ORI E
BHL. 2 0% A X 7 OEHREKR Y 2 T LEREDFHTiFE R 2. X 51T At-211-NaAt %5
L7z~ ZDEGRILDFERICOVWT H kR 3,

32 Jik
32.1 YAP(Ce) T v 7 ZfpH A T DS
Fig. 3-1 IC YAP(Ce)Z FHWTRHIF L7z 4 A=Y v 7BRHESHROMKN%Z/Rd, 1 mm ED 7T
Z7IONET A HAL F%EALT 1 mm J§E YAP(Ce) 7' L — + %Al A READGE 755
(position-sensitive photomultiplier: PSPMT) IS LA XA = v 7R 2 BF L 72,
s YAP(Ce) % 2 % & & TR B o [ F EM A RRER Ex2 K> 72, 72, BIF L 2B ER
DRI RIZ Po-211 DR AL X =Rz v 7 R TH 5720, FHr v FL—22HNn
%2 I X BRREE T IZEARMEICIT R SR\, PSPMT ICIIEETER (IRE 7L vy
a2 v{:# OPTON-1.5NA) 2> & @ @BESHIM X 41, PSPMT 26055k 7e v bz v
FRE(Z ARy 77 A by 27 L4508 kb s,

YAP(Ce) plate

/ Light guide
l/

PSPMT

*

Signals HV

Fig. 3-1 Schematic drawing of developed YAP(Ce) imaging detector

Fig. 3-2(A)ICHAFE L 72 YAP(Ce)4 X —¥ v ZRHER OB EH %R 3, YAP(Ce)lZHILK¥T
HEINZ38mm *x38mmx I mm DbDEMHL 7=, EZEMSHEEEZFHIHT 272010 2
FEICTHOL IR o 7= fli7r Ce IR TH % 2%Ce ZH T 5 YAP(Ce)Z FH\ 27z, YAP(Ce)”
L—btZ2 2 4 VvFM64@x 8 Frvarr~wnrF T/ —F PSPMT (it b =27 =tk
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HI12700 MOD) ICH AT 3 2 & TA A=V v JRHE 2 L 72, Az ) =
vaL () av KE-420) BEERZMAL 2. HINEMERE BT % 0 icfthizsoR
METLVIZY LA T—TANLTEHR, ILICZDEPLEWT—FTES 2L TR
Has DN %2 1T 5 72,

FAF L 2SI Smm [ED & v 72T vy =V FICE ALz, 2V AT vy = Fid
Y FR—La ) A= X RN TLAFR—La) A —REREERICG TN TZEZL 2L
WTEBHIE Lz, 2 X—2 32 v 72T vASE MRSt v —u ) Db D%
fEH L 7zo Y7 Lk = a ) A — X ZHUY {1772 YAP(Ce) T v 7 AffA A 7 DEHE % Fig.
32B)CRT . ANTLAF =AY X=X | FOREIES5mm THY, 2JFEATHAT S
ZLTI0mmBEICTEIENTES, TONXTLAF—Lal) A —2iCit 0.6mmEDA
AT 48 x 48 flil, 0.9 mm [AIRE TR FIRICHCIE T T %, Fig. 3-2(0)IcE v F—1a Y
A—=Z %Y T 72 YAP(Ce) Tv 7 ZfiHA A T DERZRT, ¥vh—nral X —xicit
EEA05mm b L IZ Imm Db DEFHLAZ, 2 A —2OBNOERO AT 60 K, Bt
WEHEPOEYFR—La ) X—=2F CTOHHEL 50mm TH 5,

Parallel hole collimator

Pinhole collimator

(A) (B) ©)
Fig. 3-2 Photo of YAP(Ce) imaging detector (A) encased in tungsten shield attached to parallel hole
collimator (B), and to pinhole collimator (C)

64 Fx vV ANZLTFT /) —F PSPMT Ol x DT /) — ¥ oDf55 % ZNENT v 7T
BER OCEAFIMEL, 4 20T F v 755 X+, X-. Y+, Y-2EK L7z, 206055
% 100MHz D7 F v - TV ay A= TCTFP a2l LizobicEoL, 7vi—#
iz O AEEE I L 72, MMEEROMEIV A PE—FTavea—XIREL
Teo TNODMBIT Y= A ATHT —ZWEL AT L(Z ARy 7T R+ v AT Lt %
AL CITo7%. 7T —2WNEV AT LIIEDHHEE—FD LLRFHIEE—-FDEDL LA T
BET %, MOMEEE— FTIZ512x512~ ) 7 ROER%ERS L ATE, HROZ L
7ENMII28F ¥ v ALDIANF—EREAET S, L2 L, @afffet—FCfRs &
TE LI, P ER T A F—FIERMTb N\, —F CTHIIEE — F Cia]
IRDOHHIEDTDINTZ 50x50 ~ bV 7 A@REF L LB TE B, mafEiET— FixMHes
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DEA TR & . #iEE — FCHAT 2 20 offilE T — 2 INEICH W72, #ilEE— Fii=x

v 7 RRRA AT DY AT LERERHI & /NEIY) DIRGICRET L 7=,

Fig. 3-31C %7 L vdh—Na Y A—R 2G5 L2y 7 Afh X 0BT 5/NEWHA A
— VIV AT LADEERRT A mmED 7T AF v 2R/ Y F e LTERL,
YAP(Ce) T v 7 R A1 A ZIZ/NEWIFHR Y FOTICERIE L 72, YAP(Ce) T v 7 AfA X 7
DFICAR=Y —%FHE LNy Fe T L k=L a) X —2 DKM % AJHERIR
DED T Tze Ny FEa )X —2RKAEOKRE%Z 1 mm U TICd 2 2 & CREMIFRE M V&
FEom xR o7z, XTLAF—a ) A —2BEREDO T Y 7 2R H A T OHEFIE 38 mm
x38mm TH Y, vV ZADLH G - EORE TR S Z L IIHNEL -0, 2HBE21G2 I
Ty 7 AREA AT &KV (=7 ZOMEETIA) B2 LIEREIOIRER 21T 5 & TiRig
HiHZ AT D RERD o7z, L7zBo> Ty 7 ZAfH AT ONE % IKFEITIENISH - CTIEHE
BT 720 LA T Ty 7T VRS VO AT ARCEE L2 2D T v 7
TVFE:ﬁyyx%A%mwfﬁxiémﬁﬁﬁCE#L\@ﬁ@%@%ﬁﬁukfﬁ

{5 2 8 L /N O 2B R E L 72[36] .

Fig. 3-3 DAHICIEE Y F =12 Y A=A R ENTH 5, 2V A —=2DOFIFEZIE 55
TTITI) T ERABETH o7, ¥vd—Na ) X —2%2EEL TREZITIBIIAATD
TOAR=F—ZWYRE Yy F—a) A—2KumE/NEBYIHAXY FOlEHE% 10 mm 2
JEe LCTiRRL 72,

YAP(Ce) camera Spacer

Fig. 3-3 Photo of YAP(Ce) X-ray camera system and personal computer

3.2.2  VERERHih

YAP(Ce)4 A —v v ZiaitidR o B G HRERHfi 21T o 720 72, N7 LAk —nra ) A—
REVYFR—NAY R =2 EZTNETNEEL, Tv 7 RBH AT DY AT LERETHE D 1T
S72. At-211 DIREFETH 2 Po-211 13 FIC 77 keV KU 79 keV DFFMET v 7 Zfk % KU 3
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2 7-9[35]. MEEEHiCIZ o NS DFET v 7 R EFE VT AL F —%H TS Am-241 D
60 keV v = # 2R L7z, Am-241 BRIFICIZBEHTHED ) 2 MBq D b D %2 L 72,

3.22.1 YAP(Ce)f A — v ZkHigs o [EA M REFE

Y A= EEEFL T WIREEOMIERIC Am-241 O 7 v ~fi % 35— I TGS L3l
BRAETIFT 5 2 L TYAPCe)4 A —¥ v 7R O —1E & W —% LT 0 (4)
EFHWTEE L 72, Bt iR e b o o KlisEE & f/NBF#EE% v R 217
2770 —H WE—EIX 5 ¥ 7 e VAL CROKMIZRAE & B/NEIRE % ko —Ex B
L. BHYESRKICZ - 72 6iE O —EDE 2 M —1tk s L,

Maximum pixel value — Minimum pixel value

Uniformity (%) =

x 100  (4)

Maximum pixel value + Minimum pixel value

T, Y A - ZRIEEDIRECTHRHBRIANICAY v F 77 v F L%REREL, BRHERIC

Am-241 D77 v < # % E— WS 2 Z & TS 2R 2> O [ 22 Mo R D R S 1T o 72,

A ZE M RERHIIC R L 722 v b 77 v F ADBEE% Fig. 3-4 IR, AUy b7
7Y PAE2mmER Y IRAT VDS DEMHHL 72, Fig. 3-4 IR T XD IR Y v Mg
JEbDEHNb DD 2 AL, 2t o7 7 v b AEHCTIREET- 72, HIE
LEZVAPE=FT =425 512x512~< Y 7 ZOWEEIG L 7z, BUS L 2RO %
E72MF 128 F ¥ VAALDIANNF —IEREZA L T 5720, HGICBLEEZ 3E 5
5 LTIANF =AY FALERRLZANVX =BT 2T 572 TALF =50
fAEEIICEY — 7 DFfllEZ v —2F ¥ v A LTI 2 2 & TRHL 72,

Fig. 3-4 Photo of slit masks for measurement of intrinsic spatial resolution: wider slits (left) and
narrower slits (right)

3222 YAP(Ce)x v 7 AffA X T D v AT LPEREGHit

YAP(Ce)4 A — ¥ v Ziida O A HERERHL IS/ L 72 Am-241 #RIF13 SRR Cld 7 2

27272®, Fig.3-5 IR T X5 LI ImmBEOE YR —ArZ2HT 25 | mm JEHR%FEH
L Am-241 SRR DOVER % 1T - 72, 1B L 72 Am-241 HARIRIX YAP(Ce)T v 7 Zf{H X T

D ¥ A7 LERERHINIC A L 72,
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1-mm thick lead plate
Am-241

!

1-mm diameter

Fig. 3-5 Point source of Am-241 for evaluation of system performance

YAP(Ce)T v 7 ZFREA A FI1C 5mm EANXTLAF—La ) X —& | BriEg e, 2
JEEEHE U 7-BR 0 22 Mo fifRE & IRIE 2 HE L7z, s e 2 ) A — X2 KRAFOFEREIX 0 mm,
10mm, 20mm & L7z, ¥/, EF0Smm X 1mm O v E—Lal) A —XIERETY
[FIRR I 22 ] fiRBE & IR DWNE 21T o 7z MR & 2 U A — 2 KHE OB 0mm, 10 mm,
20mm, 30mm & L7z, $fR L7z IR0 7e 7 7 AV EBEL, /S5 Tmr 7 7 4L
KR LTRFEY 7 b tExcel CTCH IS T VT4 YT AV I "B {Tol2e 74T 4 VI
XOEH LAY o7 BB OEENE (full width at half maximum: FWHM) % ZE [ fiEHE D
e L7z,

FAFE L 72 YAP(Ce)T v 7 A A 7 DIKE O T3, Am-241 SRR 1< BE.DREIR % 3%
ELBLHEEN DR A Y v P REE L7, BIELZ2RA Y ¥ %2 Am-241 RURRIE O RS HE
9.2kBq & FIHEUREICBRr T 5 C & TRREZ KD 72,

3223  YAP(Ce)T v 7 AfgH X 7 iz~ v A D&t

AR LTy 7 2N A 72T AR 25 Lz~ y 2oL xfro7, ~7 &
DG TIMIEE— F 2R LE—E, SRS A F—HE%21T o7 50 x50 =
FY 2 ZDERETISFL 72, 2O OHIIEICIZ. Am-241 @ 60 keV 7 v < f CHFTICHIE
LCEBWEHIERT -2 2L 72,

Fig.3-6 (A) IC8F7 Lk —Lra ) X=X | EEEF LTy 7 AfjH X 71 X 2 &L
DT %S, AADICR w7 A (% 86, 1AHE 352 ¢) ITH) 1 MBq D At-211-NaAt %
FEfIRA b5 L. &5 2 R I E{R O HIE % Bl L 72, At-211-NaAt D58 IMBq i
~ 7 AR THHOONAETS 2[11], T X T OEERRIT KPR A E A5
MR R D HTA K I 4 VICHERL L T o7, 2D 78 b a viZ KIRKFERE GRS
RMEROBPYERBELSTHERINT VL, ~EORBE I~y RDLHBE2H2 L
T E IR\ Fz o 3 TR B AR AL E CHRIR & AT O IRIRHIPA % )L 7, 2T ho
frig < 5 IR 2T, 607 3OEGRZEE S 2 2 & T 1 o2 F R %57,

Fig.3-6 (B) I Imm B Y F—nNa V)V A= E2EEF LTy 7 A X 710X R
ftofkTarT, vvdh—nal) X—=2EfAuiFERTii~y ROFRROIRE % 1T -

15



720 WIERENE 20 9 X TV 60 53 & L7z,

RNTYVy I F ALYy 7 by 27 (Imagel) % Vv CHTFEHH %V CRIEER % 50 x
507U ZADB250x250 v b ) ZRICEBL AT v 7 4R (FHFEE4 7+
V) CEREEETTo 7

(A) (B)
Fig. 3-6 Photo during imaging of mouse At-211-NaAt study using parallel hole collimator (A) and
pinhole collimator (B)
33 R

33.1 YAP(Ce)f A — ¥ v 7t 8o [E 4 P RE 3T

YAP(Ce)4 A — ¥ v 7B CHIE L 72 Am-241 2> S E N2 HTHO T AL F — 2~
7 b V% Fig. 3-7 1R T, Am-241 25 T2 60 keV /7 v < HRONKE Y — 27 KT Am-
241 DIRIERE Np-237 22 b E N 2 Fitk o v 7 2o By — 7 MBI I Wiz, 60keV 7
VBT B T AL F = RAEIZ 22 %FWHM IC72 572, T b DREL S At-211 #E
RRZ T ALF =T A4V P U2 =210 L £50 %ICEEE L7z, At211 1% 76.7 ~ 92.4 keV O
BROFET y 7 2 E BT 2 7-0[35], TAAVF =T 4 v F 7 IZHIERNIA D OFEIC L
726

3000
2500
2000

1500

Counts

1000

500 -

0 20 40 60 80 100
Energy [keV]

Fig. 3-7 Energy spectrum for 60-keV gamma photons with YAP(Ce) imaging detector
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Fig. 3-8 2D flood image measured (A) and uniformity image in 50 x 50 mode with flood correction

(B) without collimator measured for 60-keV gamma photons
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Fig. 3-9 Image of slit masks for 60-keV gamma photons for wider slits (A) and narrower slits (B)

17



Counts

v

S50 60 70

0 10 20 30 4

Position (pixels)
(1) Profile for 0.6-mm slit

Counts

Position of profile

0 10 20 30 40 S0 &0 70

Position (pleels)

(3) Profile for 0.4-mm slit

Counts

0 10 20 30 40 50 60 70

Position (pixels)

(2) Profile for 0.5-mm slit

0 10 20 30 40 SO0 60 70

Position (pleels)

(4) Profile for 0.3-mm slit

Fig. 3-10 Profiles for 0.5-, 0.4-, and 0.3-mm, as well as 0.6-mm slits
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Fig. 3-11 Point source images measured with developed X-ray camera
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Fig. 3-13 Spatial resolution of developed camera for 60-keV gamma photons with parallel hole
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Fig. 3-14 Sensitivity of developed camera for 60-keV gamma photons with parallel hole collimator
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Fig. 3-15 Image of mouse administered with At-211-NaAt measured by YAP(Ce) X-ray camera

attached to 1-layer parallel hole collimator (head of mouse located left side of image)
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Fig. 3-16 Images of thyroid gland of mouse measured by YAP(Ce) X-ray camera attached to pinhole

collimator for 20 min (A) and 60 min (B) (head of mouse located upper side of each image)
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