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Abstract The performance of indirect X-ray detector (IXD) has been improved with the gradual improvement of
imaging requirements in medical diagnosis, industrial non-destructive testing, safety monitoring, and scientific
research, which promotes the further development of low radiation dose, high resolution, and fast real-time X-ray
imaging detection technology. As the core devices of IXD, scintillation screen and image sensor have developed
rapidly with the progress of scintillator materials, semiconductor manufacturing process, and integrated circuit
technology. In order to realize the effective transmission of image between scintillation screen and image sensor,
three coupling modes are usually adopted: fiber coupling, optical lens coupling, and direct coupling. This paper
mainly introduces the research progress of scintillation screen and image sensor, as well as the structure and
characteristics of the three coupling modes, and prospects the future development trend of IXD.
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Table 1 Basic characteristic parameters of several common scintillators

o Density / Effective atomic ~ Dominant wavelength ) Light yield /
Scintillator ) ) Decay time /ns
(geem *) number Z,; of luminescence /nm MeV !

CsI: Tl 4.51 54 550 1000 66000
GOS:Tb 7.34 59.5 545 5500 60000
YAG:Ce 4.56 32 550 90~100 30000

Lu,ALO,,: Ce 6. 67 63 530 55~65 25000

BGO 7.10 74 480 300 8600
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Fig. 2 Influence of pixel hole size on performance of scintillation screen. (a) Relationship between size of pixel hole and the light

emission of scintillation screen™™; (b) MTF curves of different pixel hole sizes
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Fig. 3 Influence of GOS: Tb scintillation screen thickness on performance of scintillation screen. (a) Relationship between

thickness of GOS: Tb scintillation screen and light emission; (b) MTF curve of different GOS: Th scintillation screen
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Fig. 7 Structure and principle of CMOS image sensor ™
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Table 2 Main performance comparison of different image
Sensors
Performance CCD CMOS sCMOS
index image sensor image sensor image sensor
Sensitivity High Medium High
SNR Medium High High
Quantum . ) .
. Medium High High
efficiency
Noise Small Medium Small
Power )
. High Low Low
consumption
Frame rate Slow Fast Fast
Dynamic range Medium Small Large

4 INKEBE S EIARAG A Z 8] AR &

77 3
4.1 XAWMEFR

HEFFRA T EAR AT 43 EF e (FOT) %
G h AL HE M (FOP) A . e
KEAAMARCRE HIE T 2R 5 45085 UK
PRFUINGE AR A5 AR ) B A7 A 5 4 5839 M 5 2 R
BT EERE B, X T X 5 R0, G 4F
R 7 AN E Ry 505 O 2 iR R G It T ik ok
D5 %8, ELYE 7 AR RN 28 ] 43 R 2 ) I T AR 4f
OE/T Ay S
4.1.1 FOT#4 % X

FOT HAEY M K NA B4 5, & nl DU 3
R B 40 /N PG B A o o el A8 e AR . an ] 8 BT
L FOT #G J7 AUn BEAR S5 0 2 B 4 )2 L IN R
Bt FOT F MR AL s S 4L o b il 4 DR JR 5 Y
DR A 0 TR A2 J% 4 3 5 4 0 3 R A v XU 4k
AL R R G GOS: Th IN MR Fl e R A
BE AR ) CCD BHRAL ES , FOT B HE B L —
TEL5:1F5: 120, RN EGEKFOT K.
/N 18] 43 ) 5 DR R o R PSS A SR AR AT R A R G
J22 356 FH 1 86 B )3 T SR i I s R

protective layer coupling layer

image sensor

X-ray

FOT

scintillator screen

B8 FOT A A2
Fig. 8 Structure of FOT coupling mode'"”’

HA FOT A 45 19 IXD £ T EIFe
W K ArF AR 28 R A W IR 2 iR A5 . FOT R A
AR e ) 2 th 26 [ A9 Fairchild 23 7 78 20 42 80 4F
A4 W4 FOT #8 A H R 32 8207 H F 0% il
GG ICCD G A% I8 100 2% 19 37 & | )5 ok 18
W E XS LR AR R I S A B Tz e bl
& INBRAR A B FOT B MR AL B 25 1 A B & e, 4
5 GOS: Tb J CsI: T1IN %k 4 il £ 4 A F0 1 68 A 48
F+ FOT il #& T 20 F i it (9 8038 LA & CCD B4 A%

0700003-8



TS TER R RST 43 3 R0 R W0RE 45 5 T 1 0k
IXD W PEREA W82 . #F5E A st FOT #5528
S5 A8 1 i 2 R B8 WA D T AT s — R R R R
492 W AT 6 700 v RO Y oKL i EMCCD
G AL AR AR CCD BIMGA% 145 35 1 % 3 5
i 14 SOk 2 TXD 9 24805 F DQE ; — & A 3
KA F A T B 2 S5 F 9 19 A5 AL B 3 e 13T
THEFOT BREFHE A 25 0 o S 80K T AU . 9,
HJ 4 THIXD s N g A R A SR
FOT #5472k BB L AR % mh )l 2 15 Bkl
&7 B IXD 0 52 R A B R, Wang
SO R A G 0 X B AR 8 R 28 1) FOT
A 7 XA EMCCD EHZ ML B2t & CCD &
RIRES M FOT MG X EAT TOHSE . S B R T
FURCAR L B A WA T T — BT i 0 Y R B 4
2X 2 FOT M5 F & 45 19 19 IXD, H AR m Ak
100 mm X 100 mm, fl i7 36 R F & 2 4k 25 49 19 [N Kk
Bttt — 4 TS R B

KM FOT #4577 MR 09 IXD B A 4 20%
AR T R R B A R R BN R
i) B 77 7E 2R 9 R TG VE 25 A5 MR e vk 22 Rk B
ARG T 22 REmENE, HDQE 5% M4 ¥R
ZRNVFLHEZW W, 0 FOT 22 {42 K/,
FOT #1225 CCD K& 1% B & 18 2 0 45 0 HE 51
FOTWHEE L MBS T AU K FOT %", N
E— 4 IXD Mg, 5 2 nl i@ ot $8 F+ FOT it
WA B EAE R R BE T m R
CMOS FE AL R 23 5 sCMOS [BI§ 4% 2% 2% 45 7 = it
F®F9E . HOAT, £ Bl Ak i X5 R A BL A H R A
FOT #i G H AR Sk 52 308 K1 L AZ 00 BT 488 g 19 B
BEfE. BEE FOT Hl & MEA T2 092 7 a5
FFOT A H AR 09 IXD K B A B K8 3 6
FHHT 5
4.1.2 FOP#&F X

FOP B A AL 2% & A B R /N A%
RAE T TE LA LA RE . FOP RS J7 X 52
B 1Ry AR AL L B A ROCR TR 7020 DL 1T
FOPHG ML S FOT MG I X g f 3k %
FHARL, FES A E 9 TR . £ FOP#EG I A 4544
Hh DR R R L A% A% R R 43 Ok i 1 RE Y
GOS: Th ., CsI: T1 A KR A& FEE K kA% 1w AR | Tt 4 S
1) CMOS FG A% s #6218 B 0% 2 42 50) 38
TR R e s e R

$£59% FT7H/2022F4F/HEXBFEHE

scintillator FOP

N/

image sensor

protective layer coupling layer

K9 FOPHES I ity ™
Fig. 9 Structure of FOP coupling mode"™’

HA FOP M4 45 49 i TXD 3 3507 T B2 2% %
8 Tl JE 5k TR XS R 2 B S T T I O
B 5 AR AL B 1Y K R, CMOS G £ IR 28 14 &
RUSE W 75 R 43 23R 4 5 T A5 2 B el o AR OR
SR TR G SEI= 87 SN T NG (1R =093 1 N £
CMOS EG AL 2 BUR R0 5 i CCD B % Ik
o AN, R A BE R A BRI PR BLE
AT TR 3 Ak S5 4L 14 TN B BE R FOP [ 51 45 #) 1F
Ak . fldn, 7 5 IXD #4943 ¥ %, Svenonius
SEOIRH CsT TN R MR ) 4515 22 4k 25 44 1) DN 05 o
HFOP#ATHE& IAE T m MERE MY IXD , 52 50 3R B b
T £ 1) IXD B9 23 8] 4 R 3k 23 1p/mm (5 22K 7]
B DX 0 ) BB P R T ) o S SEEAR A L A
BRI X 2R A% , Uesugi 2“4 % FH FOP #84 J7
A IXD 51 A X 284 BBt R4,
T XS ERBHUZ T iR . S gy &, flf]
ST K 9% (AT ik 200 nm) B 4 BE R EE L B
X ST v BEAR 1090 28 A7 o S S 3 K o BRUALAR
Thompson %38 13 # 112X 3 FOP Ff 51§ & 45 14
5 3TF & T — A AR T AR 3K 282 mm X
295 mm Y IXD.,

K H FOP #& J7 Ui /R rY IXD B AT 4540 1% |
MAME R TER R E RBUNL RIS T L%
SRR B S A B TR S A A AR T AR A N (A
TG M2 U R G 05 A R 8, FOP #R G 77 XU
SHERANE FOP L2 HRA X B 5 e mRE
H K, R AR 22 AR K O T AR
IXD 3 BERARAL ™ HeAh R A A 0t 2 X i
A Ch E— 20 4 IXD Pk GRS 2L AT aE
o5& T FOP B i AL AL A BR BE 1 FOP /YR B2 35 m

0700003-9



WA 22 B8 s 3 U )2 A O AT AR S . NS HE R
TRy & P BE /NI AE X BF R A ML, B R B FOP
G F AR BT I B AR E
4.2 REEEBEFR

S E B RN A 7 AN S5 A 2l I BRBE A
B R G N B R AR B AR A o AR, A5 R
P10 iR o oy ke B IS A% a4 52 380 o S 4, 3
OB S5Ke 3 2o IR B 4 XS 2 MO
BT BEA S AR AR IR A T N X4
LR ARG R T HRHEE R, N BEEMRS
J5 A B IXD 5w BA e R
THEAH T R R AR T A R Y [ P R ) X
L., —MEERHYAG:Ce .GOS: Th 1 CsI: Tl
A5 DR R A ) 2 TN R e, TR A Dt DU AR 48 AS [ iz
T SR IEBEAS ] 1) UG AL 1B 2%

image sensor
N

visible light

scintillator

X—ray < e

mirror

N —

optical lens system

BI10  Sb2#d Berl & U ghfy

Fig. 10 Structure of coupling mode of optical lens'™

FI 1996 4F LA, WF 58 N 51 75 [) A0 48 6 I L % e
T T AR S AROK RO T B P9 i 2 18] 20 B R
1 B AT G 38 SRR A A R 1 IXD 0 SR DG
“F3F R O U E 9 IXD )2 N B R T
AR FERER A7 B A AR B RS W A S, — B
PR E# DT TR B o AR, T 4% IXD Y
PERE , BFSE N A& A J7 | e AT 1 kit o e TN AR R
77 T, B A AR DA R B A JRE R L R f i B IR
AR BB (AN LuAG: Ce. GAGG: Ce LYSO: Ce,
CsPbBr, £ Bk 4 44 8} 25 ) o 2 ey H 20 B % NG fan
H A TRAR AT SRR AR T T, A AR L g R
A& I B A5 5 T AR SR, T R A B S A
St CMOS R A 125 B sSCMOS S A% 3% o 42
i IXD #Y R A (DQE | 73 Hf A5 MR8 5 S 25 7 ThI
MPERE" I B R R G T, — BB RS
G2 R A R0% g i R AR

] (3)
PN

$£59% FT7H/2022F4F/HEXBFEHE

b o ROl A R B B AL R MR
BEMBCREEGF REE S B8 RN M H %
F1(2NA). ()AL 7 55 1 B AL 42
B B G AR AR K BB R R A R AR
I, 38 H SR NS S R A T R B e R MG 22
135 B A & g0 1 5 2Ok 3 i IXD 1Y 43 3 32 RS
a7 IXD AR A AR
Xie % "f LuAG: Ce [N MR 4 il & 9 N Bk Bf A
SCMOS EMG Af 8% 5 41 G 2 i BEfl A 2548, At AT
Ik Ak O 2 08 B R A AR G O B R 42 R IXD Y
BOGAE A5 R R BIATTH A 1) IXD HR A SR 4 =
FT17% (A AR IXD B 565) . A T IXD
(453 BES, Tous 55 FH it A A X5 2 38 18 T v
(25 5~20 pm) 1) YAG: Ce [N SRA& FI CCD 5 1% &%
R C2 BB A T S T WAk 92 (0. 7 pm)
123 [ 3 BER I AR . O T SCB0 T w8 1 2 o X g
S A%, Shirasawa 2538 1o K FDC# B B G T7
KRIFE T —FZEHRIXD, TR AE 0. 5 ms
Iei) b5 A 00 28] 19 M A () 43 B RN 70 pum 1 4% 5 B
1% . Desjardins " R ADGEBEGEMA X F LT
FH PR XS 28 [ 25 Jon s 4 17 1 505 R 8% IXD .
IR 2 R AR B AR TR B,
fifF 9 2 B HL 25 (8] 43 98 R & 38 415 Ip/mm, 7] 1 F X
£ A 2 RS

R G273 SRR A 77 R 09 IXD B s s
6] 43 R o RS RGBT R G KN T
W ENA TIPS i Ry 8 (NSRS AN
mEBRKERE S Z BTSN, h(2)
AT LAE Y IXD Y 45 [] 43 9 0% 32 20 32 [N MR R
25 B RGN NA 6 7 G0 1 MR U % 22 55
F s, O HE— 54 IXD b BE , nl i i ok
BB AR R R RS IR B Bt R
NA FK T AE B 8 1 % 2% 38 85 & 40 % Oy X k17
4.3 HE#BEGHR

B A 7 A S B 11 B R R
B 5 ¥R T2 AR U [ R B U RLE
7 U [ 2 2% S B Bt TG Y I BR B (4n GOS: Th
IN KR Bt ) 5 TS A TR 2E AT LA o 42 (A AR &
JE R W ) 5 3 R A O 2 A 7 o L
BN A A A GBS AR RR A I B A8 R B
S5 PR R 23 3 G RE Y B %, BE TS MR IXD (19 43 B
B T TR A R 4 B ASORE R DA R A (A

0700003-10



F£59%5 FTH/2022 F4 B/ BAEBFFHE

X-ray

Lol

protective layer

coupling layer scintillator screen
image sensor

Bl BRSO ah i

Fig. 11  Structure of direct coupling mode™”

CsI: T B35 UURR 21 B 8% 45 10 06 B0IX 808 1
JBE o H T X RO A R A R A 0 S AR N B
Rk 2, FMEREH R /N, /B R & (1 E
M AR B e A . TE AR A NS
IXD i, — R F CsI: Tk GOS: Th R KR4 il % 1A
TR, R AL AR o e B CMOS EIMR AL IR .

HA HEMAEEMNIXD ZENHTE%E
W, Gn 28 B AL IR X S 2R . BRSSO IR
1 IXD A2 X 5 28 5 568 52 e 55, R i & FH e 6 S
B BT 4F 1) CMOS BUSR AL AT B CCD B AL B4
Bl R KSR R T (22, 5~100 pm) A CMOS
18 A% TR A A AR IE AR X A R 04 A o AR HL X [ B 25
PR L2 ] 4y . S T v IXDD B9 48 TR 4 3
Cha 25 DRAR ZALSEFI Y CsT: TUNMRBE 5 CMOS
BAG B AT HH AR A BRI TR A R
(6 Ip/mm) i IXD. T 7€ K RE k78 FRl P 5] B A )
FLA 1 25 (8] FURE 12 40 HE R 10 =5 AE X T £k, Schlosser
SRV K COD B AR I8 5 CsI: TLHA MRAR 47
HEME A REWAMATLIH T LkeV LT .
100 keV L I 78 Fil P9 A B Jk 0 180 X 0060 . Oy 2 v
Xt XS 2R A R AR i U A R T B
FLIERR A S5 F I TXD, SEBL T % X548 10 5 o BE R

BABIRI , I LU e 4 o AR A bR AT T SL g
HiE . Heo %5 75R I BLHEAR 4 77 078 CMOS B 13 14 &
ar LA T 5 1 R A AR R 45 e B89 CsPbBr,
B5ERE R IXD , A ATIE BT T 45 Bk N AR AR AT L
— ARl 2 T I B 2 2 W B R A ¥

R JH EL A A 7 2L AR 9 IXD A S S ROR
AR R RO R BN (R DQE FRLSR
R AF L R AR (R I A A B B RO
7 L P52 R S A T AN AR R
o A ) R S B A ) B R AR AR Y S
FEAZ 0 ] U2 1 g PR AL S e /MR R I OB REOR |
WA e P RoRB 5 T 20 285K . HAT , 76 Rl Ak 1 ~F- i
R A5 R SR B G 7 2 A H AT R Y
CMOS P Hig #0025 . B & B M5 7 Ukl & T 2
(4 T BIF ] AR R T AR RS Y B A
75 38 IXD R HA R B T 37 BT A 55 .
4.4 ARBEAXEE IXD K HERE LI

SR, R TXD P BE Y R 2R 32 26 455 TN R
Jit 0 1 ek A 2 A TR B AR S B R RE LT R B S R
BALIRAS WA 7 A 8 T 25 O T4
XA TXD B A [R]85 07 X 4 s AT BT, 36 3
Xt EE TSR AN [R5 7 2CBiE A B TXD i 1R e

# 3 RIS 7 SR A TXD B P RE L AR

Table 3 Performance comparison of IXD with different coupling modes

Performance index Coupling mode of optical fiber

Coupling mode of optical lens Direct coupling mode

Coupling efficiency High
Spatial resolution Medium
Imaging area Medium

Detector volume Small

Production cost Low
System structure Simple

Low High
High Medium
Smaller Small
Large Smaller
High Medium
Complex Simple

5 ZEWIE

A SCHE G AT IXD R AR R BB FLES 4
o DA B PR A R 1 45 4G AT 52 BUAR , IF X e £
W 77 X Oese BB G J7 X B S J7 S 4

P RVRR S5 R AT T BB RS o #F IXD L B T
e G N KRR S, [ I 3 75 AS B 8 2R 25 5 PR RE AL R 1Y
BB RN RRAR o 3l SR A IR R AR A R I
S 5 RIE A TR 0 o B2 2 45 5 X mT s — 28 A 2 T
IXD 9 AR PERE o 34K, 6 P RE DL 52 19 CMOS

0700003-11



% 15 K38 AT sSCMOS R 15 8 2% 2k #:48 CCD
BRI S H 25 8. INKRBE 5 MG L s
Z ) B 3 TP A 7 2 A A O R R, LRI i GE A
AW T . SE PR TXD (0 AF i 75 24 B sk
P 25 DN Bt 08 DR R A2 b R I LG TR L 45 B AN
A A 72X, UK 2 5 R A AR R0 N B AS 3L 25 -

B 5 25 I FH A3 XA 4R A5 SR R I
e, e PERE CELAE i 23 B30 v R BBORE v S A A
B KBRS 0 R M AN T SR AR ) (4
NG 2 T)RE R Re I IXD 2 R ok KR
R X IXD Ak BB 5T 5 10K FELSE LR LA
J7 It

1) Ak Bt D5 T

B T 1 — 2 fiff DA% 0 TN R AR K T A S A %
RIME AR 7 2 R0 2] R AE M R B RIS RO ROR
i BR A5 ) L, kT R DN R AR R RLAE A B B 1F
17T 2 v LR A R R R R I SIS Il
e R T 4 Ak A DR R AR A A B R A N
P IE] R A R DN R A A 0 R R ST il 2 TR e A
S I R0l 7R 3 3 DR R R A 7 1 o i AR £
s A 10 A B 50 37 R A i) A S s T A 1)
P A O e A B R U = LAY & N <
18 AL K TR B 57 1) St DA B ek L & T2
PR £F #E A 200 B A Oy X 45 4 v IR R R
B JEE BB, DT 3 T IXD Y 254 PR RE .

2) MG AL 1A T IH

Sy 4 VE BE % it R B XS R % B SR i TXD,
A o T A TR B LA v HE R K L R
JIE AR RS FE s A B e i R e
PERE A S5 PR 1 R AR IR A o A A i
HFARMp UGS T LR SRR SN
0 BB R AR M RR R L E R AW ) . FPN R
I B W ] R R 2 R HE AR SR DL K
BF FHER R G R g — 2P R T R A B AR
CEAMERE M E S . AN, 7R BR AL R A A
A A RN T BB s T i HL BB A8 8
— S o R A B, S 2 ) RE DA RE ALK 2
KAHEIE T 02—

3) IR B 5 S AL B8 R A O X7 i

Z LR A T8 KT R R BRI, B RTR O
R A 7 A TXD B AS  37 50N 3 R T
W FHE B AR &% . SR 2 FOT 8 FOP [ 41 45
¥ 7 S RE 8 S B KW AR RSB S R

$£59% FT7H/2022F4F/HEXBFEHE

TR R K PR DF 2 Ak PR AR 2 R ok 7
P S T) AL O o 3 R A T IR T R R Y O
B 1) R 5 S5OR B4R T, 25 TR AR 0L 58 A IR 2
> BIF T VR 1 R 8 K et — A R e X
Bl AT AR B AR R R R A AR T
Lo 4 e 4 R R T e M T AR R 1
FEOT I o AN WS AR & O U1k RE 52 i DY &R
PAEBL T, £ 57 B0 58 35 B BEIE RERL, X T TR A B
fige FF 50 25 5 P BE M OE 57 ) TXD 5 A7 B 2008 3L

2 % X #

[1] Zhang HY, Li Y X, Cao B, et al. Advances in X-
ray imaging technology[J]. Scientia Sinica (Vitae),
2020, 50(11): 1202-1212.

KELE, sk, Hou, . X BT RHAR B E R
PRI E B A B e, 2020, 50(11): 1202-
1212.

[2] Gong Y X, Yu Z J, Wang J J. Application of X-ray
3D imaging in the field of battery materials research
[J]. Chemistry, 2020, 83(4): 349-355.

PUFEH, TIRIT, TR . X 58 0R 5 A 16 e W
BHIE S B BLHIT]. A i, 2020, 83(4): 349-355.

[3] ChenZ Q, Zhang 1., Jin X. Recent progress on X-ray
security inspection technologies[J]. Chinese Science
Bulletin, 2017, 62(13): 1350-1365.

Mok, KN, 4 8% . XG0P 2k e 2 f A H R W52 8 ik
JE[T). Blf3@dt . 2017, 62(13): 1350-1365.

[4] Li H Y, Zou J, Zhao J T, et al. Review on
development of nano-computed tomography imaging
technology[J]. Laser &. Optoelectronics Progress,
2020, 57(14): 140001.

EIEE, AR, B AR, W GOR T RPN E R
GAR P SR [T]. WOt 5oed ek, 2020, 57
(14): 140001.

[5] Miao Q, Wang G, Li Y J. Development progresses
of X-ray detectors[J]. Sensor World, 2015, 21(10):
7-13.

B, Em, FME X G2 R SR & ket R
(] f s it 5, 2015, 21(10): 7-13.

[6] Hartmann W, Markewitz G, Rettenmaier U, et al.
High-resolution direct-display X-ray topography[J].
Applied Physics Letters, 1975, 27(5): 308-309.

[7] Heo J H, Shin D H, Park J K, et al. High-
performance next-generation perovskite nanocrystal
scintillator  for nondestructive X-ray imaging[J].
Advanced Materials, 2018: e1801743.

[8] Chen Q S, Wu J, Ou X Y, et al. All-inorganic

0700003-12



[13]

perovskite nanocrystal scintillators[J]. Nature, 2018,
561(7721): 88-93.

ZhouF G, LiZ Z, Lan W, et al. Halide perovskite,
a potential scintillator for X-ray detection[J]. Small
Methods, 2020, 4(10): 2000506.

Wang Y M, Wang Y X, Yin X M, et al. Research
progress on scintillator[J].
Journal of Nuclear and Radiochemistry, 2019, 41(4):
342-348.

EER, EWA, T, & A X 5L N R A
FEHERET]. k=2 S U, 2019, 41(4): 342-348.
Lai S C, Zhou S F, Tang J Z, et al. Research

uranyl-bearing X-ray

progress in development of glass scintillator[J]. Acta
Photonica Sinica, 2019, 48(11): 1148011.

EOIEE, R, RN, S B IR B B S
JR[T]. JeF284i, 2019, 48(11): 1148011.

Gouveia L. C P, Choubey B. On evolution of CMOS
image sensors[J]. International Journal on Smart
Sensing and Intelligent Systems, 2020, 7(5): 1-6.
Moomaw B. Camera technologies for low light
imaging: overview and relative advantages[J]. Methods
in Cell Biology, 2013, 114: 243-283.

Liu L N, Xue B, Wei H, et al. Application of two
new image detectors in living cell imaging system[J].
Acta Laser Biology Sinica, 2019, 28(6): 513-517.
XITHWR, BEK, BRAE, S T A0 AR R g b R ORT
Pl 15 A R B LIS T LT). BOLE W2 4, 2019, 28
(6): 513-517.

Wang W X, Ling Z X, Zhang C, et al
Characterization of a BSI sCMOS for soft X-ray
imaging spectroscopy[J]. Journal of Instrumentation,
2019, 14(2): P02025.

Han Y P, Li R H, Han Y. X-ray detector coupling
method based on advanced fiber optics taper[J].
Journal of Detection &. Control, 2015, 37(3): 15-19.
SRERT-, AEERLL, WAk . AR TORHE M X BRI g H
B IR RIS R 24, 2015, 37(3): 15-19.

van Silfhout R G, Kachatkou A S. Fibre-optic
coupling to high-resolution CCD and CMOS image
sensors[J]. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2008, 597(2/
3): 266-269.

Uesugi K, Hoshino M, Takeuchi A. Introducing
high efficiency image detector to X-ray imaging
tomography[J]. Journal of Physics: Conference
Series, 2017, 849: 012051.

Xie H L, Du G H, Deng B, et al. Study of

[21]

[22]

(23]

[24]

[25]

[26]

(27]

0700003-13

F£59%5 FTH/2022 F4 B/ BAEBFFHE

Scintillator thickness optimization of lens-coupled X-
ray imaging detectors[J]. Journal of Instrumentation,
2016, 11(3): C03057.

Uesugi K, Hoshino M, Yagi N. Comparison of lens-
and fiber-coupled CCD detectors for X-ray computed
tomography[J].
2011, 18(2): 217-223.

Wang Y P, Li G, Zhang J, et al. Improving the

Journal of Synchrotron Radiation,

detection efficiency and modulation transfer function
of lens-coupled indirect X-ray imaging detectors
based on point spread functions simulated according
to lens performance parameters[J]. Journal of
Synchrotron Radiation, 2018, 25(4): 1093-1105.
Zhang Y X, Xie H L, Du G H, et al. Influence of
scintillator” s thickness on imaging quality of lens-
coupled hard X-ray imaging detector[J]. Nuclear
Techniques, 2014, 37(7): 9-14.

KoK, WAL MR, 5L TR A R X 5
2 AR TR i DA W A% VB B8 X6 I A5 5 A 11 5% R (0], %
HA, 2014, 37(7): 9-14.

Tous J, Parizek J, Blazek K, et al. Resolution limits
of a single crystal scintillator based X-ray micro-
radiography camera[J]. Journal of Instrumentation,
2020, 15(2): C02014.

Lu B, Wang Y S, Yang Y J, et al. Hard X-ray
imaging based on CCD and Csl scintillator[J]. Optics
and Precision Engineering, 2017, 25(11): 2865-2871.
Wi, £ T4, B, 5. £ T CCD M CsTN KA
M BE X G AR [T]. o2 A TR, 2017, 25(11):
2865-2871.

Cha B K, Kim C R, Jeon S, et al. X-ray
characterization of CMOS imaging detector with high
resolution for fluoroscopic imaging application[J].
Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2013, 731:
315-319.

Koukou V, Martini N, Valais I, et al. Resolution
properties of a calcium tungstate (CaWO,) screen
coupled to a CMOS imaging detector[J]. Journal of
Physics: Conference Series, 2017, 931: 012027.

Lt X K, Qu G M, Qiu T, et al. Progress in
scintillation materials[C]// The First Youth Academic
Conference of China Rare Earth Society. Beijing:
The Chinese Society of Rare Earths, 2005, 23: 37-45.
deEdh, BOCHT, %, 55 INMRAT RIS R LC)/
HER EE S RS UE S  dest
[ £ 2% 2%, 2005, 23: 37-45.



[36]

I.i J, Chen X P, Kou H M, et al. Recent
development on garnet single crystal and ceramic
scintillators[J]. Journal of the Chinese Ceramic

Society, 2018, 46(1): 116-127.
TRUL, BRI AL, AR, 55 AR A DR B R BT 5T
HERELT] RERREE 24, 2018, 46(1): 116-127.

Yang Y, Shang S S, Chen Y L, et al. Review of
inorganic scintillation materials[J]. Materials Review,
2016, 30(S2): 87-91.

Bk, M, BREEAK, S5 . JCHLIN SR BB 5T 2 R
(7). R340, 2016, 30(S2): 87-91.

Weber M J. Inorganic scintillators: today and
tomorrow[J]. Journal of Luminescence, 2002, 100(1/
2/3/4): 35-45.

Ren G H, Yang F. The research history and present
situation of some halide scintillation crystals[J].
Scientia Sinica (Technologica), 2017, 47(11): 1149-
1164.

AL, AW . v AP TR Bk & A 9 B 52 13 sl R AR
[J]. R BORBEE, 2017, 47(11): 1149-1164.
Desjardins K, Medjoubi K, Dennetiere D. Imaging
performances of an in-house compact high spatial
resolution X-ray detector based on electrowetting
liquid lens[J]. Journal of Instrumentation, 2020, 15
(8): PO80O14.

Cha B K, KimJY, Kim T J, et al. Fabrication and
imaging characterization of high sensitive CsI(T1) and
Gd,0,S(Th) scintillator screens for X-ray imaging
detectors[J]. Radiation Measurements, 2010, 45(3/
4/5/6): 742-745.

Tous J, Horodysky P, Blazek K, et al. High
resolution low energy X-ray microradiography using
a CCD cameralJ]. Journal of Instrumentation, 2011,
6(1): C01048.

Choi C H, Kim H T, Choe J Y, et al. In vivo high-
resolution synchrotron radiation imaging of collagen-
induced arthritis in a rodent model[J]. Journal of
Synchrotron Radiation, 2010, 17(3): 393-399.
Douissard P A, Cecilia A, Rochet X, et al. A
versatile indirect detector design for hard X-ray
microimaging[J]. Journal of Instrumentation, 2012, 7
(9): P09016.

Seo C W, Kyung Cha B,

Characterization of indirect X-ray imaging detector

Jeon S, et al

based on nanocrystalline gadolinium oxide scintillators
for high-resolution imaging application[J]. Nuclear
and Methods Research

Instruments in  Physics

Section A: Accelerators, Spectrometers, Detectors

[38]

[39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

[47]

0700003-14

F£59%5 FTH/2022F 4/ BAEBFFHE

and Associated Equipment, 2013, 699: 129-133.
Michail C M, Seferis I E, Sideras T, et al. Image
quality assessment of a CMOS/Gd,0,S: Pr, Ce, F
X-ray sensor[J]. Journal of Physics: Conference
Series, 2015, 637: 012018.

Shirasawa T, Liang X Y, Voegeli W, et al. High-
speed multi-beam X-ray imaging using a lens coupling
detector system[J]. Applied Physics Express, 2020, 13
(7): 077002.

Guo L. N. Research on key technologies of X-ray
imaging detection[D]. Chendu: University of Electronic
Science and technology, 2018:8-36.

SR . XS 2R AR R ) 56 B B AR BT (D], AR -
HLT R R, 2018: 8-36.

Guo L N, Liu S, Chen D J, et al. Fabrication and
performance of micron thick CsI(TI) films for X-ray
imaging application[J]. IEEE Transactions on Nuclear
Science, 2016, 63(3): 1827-1831.

Cha B K, KimJ Y, Kim T J, et al. Investigation of
the performance of scintillator-based CMOS flat
panel detectors for X-ray and thermal neutron imaging
[J]. IEEE Transactions on Nuclear Science, 2010, 57
(3): 1409-1413.

Sahlholm A, Svenonius O, Petersson S. Scintillator
technology for enhanced resolution and contrast in X-
ray imaging[J]. Nuclear Instruments and Methods in
Physics  Research  Section A:  Accelerators,
Spectrometers, Detectors and Associated Equipment,
2011, 648: S16-S19.

Cha B K, Kim B J, Cho G, et al. A pixelated Csl
(TD scintillator for CMOS-based X-ray image sensor
[C]/2006 1EEE Nuclear Symposium
Conference Record, October 29-November 1, 2006,
San Diego, CA, USA. New York: IEEE Press,
2006: 1139-1143.

Yao D L, Gu M, Liu X L, et al. Fabrication and

performance of CsI(T1) scintillation films with pixel-

Science

like columnar-matrix structure[J]. IEEE Transactions
on Nuclear Science, 2015, 62(3): 699-703.
Sahlholm A, Wiklund P,

Performance of an X-ray imaging detector based on a

Svenonius O, et al.

structured scintillator[J]. Nuclear Instruments and
Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment,
2009, 607(1): 138-140.

ChaB K, Lee D H, Kim B, et al. High-resolution X-
ray imaging based on pixel-structured CsI: Tl

scintillating screens for indirect X-ray image sensors



(48]

[50]

[52]

[J]. Journal of the Korean Physical Society, 2011, 59
(6(1)): 3670-3673.
Nagarkar V.V, Gupta T K, Miller S R, et al.
Structured CsI(T1) scintillators for X-ray imaging
applications[J]. IEEE Transactions on Nuclear
Science, 1998, 45(3): 492-496.
Badel X, Norlin B, Kleimann P, et al. Performance
of scintillating waveguides for CCD-based X-ray
detectors[J]. IEEE Transactions on Nuclear Science,
2006, 53(1): 3-8.
Koch A, Raven C, Spanne P, et al. X-ray imaging
with submicrometer resolution employing transparent
luminescent screens[J]. Journal of the Optical Society
of America A, 1998, 15(7): 1940-1951.
Zhu Q X. CCD imaging detector[J]. Modern Physics,
2009, 21(6): 8-11.

FHHE . CCD R AR 2 [T]. BLACH LA, 2009,
21(6): 8-11.

Yao L B. Low-light-level CMOS image sensor

technique[J]. Infrared Technology, 2013, 35(3):
125-132.
W ot . AR BUE CMOS B A s H R [T]. 20558

A, 2013, 35(3): 125-132.

Zhang Y T, Chai M Y, Sun D X, et al. Digital TDI
technology based on global shutter sCMOS image
sensor for low-light-level imaging[J].
Sinica, 2018, 38(9): 0911001.
SO, S, PMERT, A R RTT sCMOS K
B AL AR BUF TDI RO AR $2 R D], St 4l
2018, 38(9): 0911001.

Wang S H, Chen Y J, Liu B. A review of the
development of CCD and CMOS technology at home

Acta Optica

and abroad[J]. Internal Combustion Engine &. Parts,
2017(13): 112-114.

LA, BRI 4, XM . CCD 5 CMOS H 4 A
K JEERALT]. WAAHL S RLAE, 2017(13): 112-114,
Wang X D, Ye Y T. Comparative research and
future tendency between CMOS and CCD image
sensor[J]. Electronic Design Engineering, 2010, 18
(11): 178-181.

FMAR, HEE. CMOS 5 CCD ER L& &% (1 [
WM Je R 0], 7 i3t TR, 2010, 18(11):
178-181.

Song M, Kuai X K, Zheng Y R. Comparison of
detection performance in CCD and CMOS image
sensor[J]. Semiconductor Optoelectronics, 2005, 26
(1): 5-9.

K, 2HHL, B4 . CCD 5 CMOS FE R 1% & 2

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

0700003-15

F£59%5 FTH/2022 F4 B/ BAEBFFHE

HMPERE LA [T]. 2 S 408HL, 2005, 26(1): 5-9.
Yao P P, Sun L, XuS L, etal. Design of a scientific-
grade CCD refrigeration system and analysis of its
thermal characteristics[J]. Acta Optica Sinica, 2020,
40(17): 1704001.

W, I, WINE, 45 B g CCD il R 4tix
T KGR B R P 2y B D], Dt 224, 2020, 40(17):
1704001.

Liu R K, Xing D Z, Tang Z H, et al. An overview
of low noise CMOS image sensor techniquelJ].
Semiconductor Optoelectronics, 2020, 41(6): 768-773.
XA , THOZEE, FH MM, 4% IR S CMOS B4 %
AR BRBE S 2R 3R (7] S R RO, 2020, 41(6):
768-773.

Guo H. Development and trend of CMOS sensor
technology[J]. China Security &. Protection, 2015
(10): 7-10.

SR . CMOS 1 Jk s HoR 1 % e 5 5E 34 [T v [ 22
B, 2015(10): 7-10.

Wang S W, Zhang G X, Xu W, et al. Adaptive
moving window-based non-uniformity correction of
CMOS image[J]. Laser & Optoelectronics Progress,
2021, 58(14): 1401003.

EAAl, kB, R, T HENESIE R
CMOS B4 Ak ¥ 57 P R 1E [T]. 06 50 o+ % i
Ji&, 2021, 58(14): 1401003.

Mittone A,
Characterization of a sCMOS-based high-resolution

Manakov I, Broche L, et al
imaging system[J]. Journal of Synchrotron Radiation,
2017, 24(6): 1226-1236.

Li J. A highly reliable and super-speed optical fiber
transmission for hyper-spectral SCMOS cameralJ].
Optik, 2016, 127(3): 1532-1545.

Zhang Y T, Cao K Q, Sun D X, et al. Low light
level detection based on scientific CMOS image
sensor with high sensitivity and low noise[J]. Laser &.
Optoelectronics Progress, 2018, 55(8): 080401.
TKICH, WITE, IMEDHT, 45 . R BUE TR R R A
i CMOS Fg A% AR OE B [T]. 30t 506 72
#EJE, 2018, 55(8): 080401.

Bai H, Yang Y M, Liu Y, et al. Adaptive detection
and correction of fixed pattern noise in sCMOS
cameras[C]//Proceedings of the 2018 International
Conference on Electronics and Electrical Engineering
Technology, September 19, 2018, Tianjin China.
New York: ACM, 2018: 107-111.

Xin F X. Optical fiber coupling technique of ICCD
[J]. Infrared and Laser Engineering, 2001, 30(3):



[69]

210-213.

VAR eE L ICCD ML L M & SR [T 204N 50 T
i, 2001, 30(3): 210-213.

Song Y, Zhou M, Song G Z, et al. Application of X-
ray CCD camera in X-ray spot diagnosis of rod-pinch
diode[7T].
2015, 49(4): 759-764.

R AN R % . X-ray CCD MIHLAEFT 4 44
T X LB RES B b R R T] R RE R A
A, 2015, 49(4): 759-764.

Wang W Y, Ionita C, Huang Y, et al. Region-of-

Atomic Energy Science and Technology,

interest micro-angiographic fluoroscope detector used
in aneurysm and artery stenosis diagnoses and treatment
[J]. Proceedings of SPIE, 2012, 8313: 831317.
Panse A S, Jain A, Wang W, et al. High resolution
emission and transmission imaging using the same
detector[C]/IEEE Nuclear Science Symposium &
Medical Imaging Conference, October 30-November
6, 2010, Knoxville, TN, USA. New York: IEEE
Press, 2010: 3372-3375.

Vasan S N S, Sharma P, Ionita C N, et al. Image
acquisition, geometric correction and display of
images from a 2X2 X-ray detector array based on
electron multiplying charge coupled device (EMCCD)
technology[J]. Proceedings of SPIE, 2013, 8668:
8668517.

Zhao Z G, Wang R, Lei Y H, et al. Fine adjustable
non-glued fiber optic taper array coupled digital X-ray
detector[J]. Acta Photonica Sinica, 2015, 44(5):
0504001.

BCERR, ol TR, AF R ROE ARR S5 ' )

[71]

[72]

[73]

[74]

[76]

0700003-16

$£59% FT7H/2022F4F/HEXBFEHE

A BT X PRI SR [T]. 6 T2 4, 2015, 44(5):
0504001.

Su B. Research on coupling technology of CCD and
light cone[D].
Technology, 2011: 6-28.

it . CCD 5Ll R & SR BE5ED]. dbat: Jbat
WK, 2011: 6-28.

Thompson A C, Westbrook E M, Lavender W M,
et al. A large area CMOS detector for shutterless

Beijing: Beijing  University of

collection of X-ray diffraction data[J]. Journal of
Physics: Conference Series, 2014, 493: 012019.

Li X F, Li L, Deng H B, et al. Study on light
transmission characteristics of fiber optic faceplate
and fiber optic taper[J]. Infrared Technology, 2014,
36(8): 617-623.

AEe I, 2R, XBAE, AF . DG LT i M R ' HE 1L 14 R
PERFFE(T]. Z08h A, 2014, 36(8): 617-623.

Xie H, Luo H, Du G, et al. High-efficiency fast X-
ray imaging detector development at SSRF[J]. Journal
of Synchrotron Radiation, 2019, 26(5): 1631-1637.
Maidment A D A, Yaffe M J. Analysis of signal
propagation in optically coupled detectors for digital
mammography: II. lens and fibre optics[J]. Physics in
Medicine and Biology, 1996, 41(3): 475-493.
Schlosser D M, Huth M, Hartmann R, et al. Direct
and indirect signal detection of 122 keV photons with
a novel detector combining a pnCCD and a CsI(T1)
scintillator[J]. Nuclear Instruments and Methods in
Physics  Research  Section A:  Accelerators,
Spectrometers, Detectors and Associated Equipment,
2016, 805: 55-62.



	1　引言
	2　闪烁屏
	2.1　闪烁体材料
	2.2　闪烁屏的像素化结构
	2.3　闪烁屏厚度的优化

	3　图像传感器
	3.1　CCD图像传感器
	3.2　CMOS图像传感器
	3.3　sCMOS图像传感器

	4　闪烁屏与图像传感器之间的耦合方式
	4.1　光纤耦合方式

	4.1.1　FOT耦合方式
	4.1.2　FOP耦合方式
	4.2　光学透镜耦合方式
	4.3　直接耦合方式
	4.4　不同耦合方式结构的IXD的性能比较

	5　结束语
	1） 闪烁屏方面
	2） 图像传感器方面
	3） 闪烁屏与图像传感器的耦合方式方面


