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<Global Radiation Detector Market Size by Type (K Units) & (USS Million) & (2020 VS 2026)>

2020 2026 CAGR
Segment by Type

Production | Value Production | Value (2020E-2026F)
Gas lonization Detectors 683.56 544 .32 856.89 565.54 0.64%
Semiconductor Detectors 738.29 720.68 1068.08 868.66 3.16% )
Scintillation Detectors 558.72 519.93 823.84 629.52 3.24% )
Total 1980.57 1784.93 | 2748.82 2063.72 | 2.45%

9.87%

<Radiation Medical imaging Equipment Market>
(EHl: D)

- Scientific Research FE | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 'ggif
= Milit BHO|E Ab
. AR S 1707 | 1915 | 2037 | 2166 | 2300 | 2440 | 2586 | 2738 | 289% | 61
uclear Power EHH|
Medical SPECT | 850 877 401 925 947 967 985 | 1,000 | 1,014 2.2
, N Manufac‘turing |ndu5tr5.r PET 947 1,[}38 1,136 1,241 1,353 1,4?3 1,601 1,?38 1,882 9.0
R i - 7|Et(X-ra
= Environmental Protection Vi
- Othere MRI, CT, | 27,559 | 29,188 | 30915 | 32649 | 34451 | 36246 | 38,187 | 40210 | 42409 | 556
50
18 55% A i 29,356 | 31,103 | 32952 | 34,815 | 36,751 [ 38686 (40,773 | 42948 [ 45305 | 56
i 2= .
= . E A Transparency Market Research Report (2015)
Z47: Global Radiation Detector Market Research Report (2020) CToneny. ZRAXATR)
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<(1940-2017) of first publication of scintillators with light output of >20,000 ph/MeV>

SrBrI:En Ba Si 0O :Eu CsBa I T,
CsSrl:Eu CsCe,CL Cs,LaBr:Ce
. B . . Cs NaLaBr,:Ce Ba GdCl:Ce CaBr:Eu
ZnSe:0, LaBr, I _:Ce, HIO,, LiGACI,, SrHfO :Ce, NaGdCl,:Ce Srl:Th Cs,BaBr :Ce Cs,LiLacCl:Ce
Srl,, B_RCIE:EU. CsBa l :Fu, CeBr, Bal :Eu, BaBr:Eu, Csl:C0, BaFL:Eu Cs NaGdCl:Ce CsCal :Eu,
YT,:Ce, Banf()_l:liie._?-n Se:0, CsGd(PO,),:Ce, "{aGdCI‘:(I* Cs NaGdBr :Ce Li,TaO, CsBa,I :Na
¥, 500, :Ce,Ca, PhBr :Ce, [ZslhaCnﬂ:Brb:Ec_ BaBri:Fu Cs'zl_.i{‘.l:{,‘lﬁ (‘.sz.‘iaGdBrﬁ:Ce
BaBrCl:Eu Cs, GACL:Ce Csl:In
CsSrBr :En Cs LiGdCl :Ce Ba P O :Eu
Cs, LiYBr,:Ce Gd Al Ga, O Ce Cs LiCeBr, Ba, (PO ) :Eu
CelCl, BaBr 1 . BaCll:Eu Cs,NaLaCl :Ce
Lacl, BaGdCL:Ce CsBall :In BaSi 0:Ce
LaBr:Ce Ba 51,0 :Eu CsBa Br_:Eu CsCaBr,:Eu
LaCl:Ce CsBa l:Yb CsSrCl:Eu YBr :Ce
—| GdCl:Ce Ba Si0,:Eu NaBaFO :Eu
(,‘5:]_,1"['(‘]5 Cs, GdBr,:Ce Nal:TLEu Cs,BaCl :Eu
Cs LiVCL:Ce SrCl:Eu Cs LilaBr :Ce

Y. Si0:Ce

Nal I — Cs HICI, Lisrl,:Ew or Ce
CHI} GAdOBrCe _!'HHL'T" Nal:TL Eu, Ca CsCaCl, Br :Eu
Csl:T1 Cal Tl - YAID (e Tl Tl @ - " T
CsI=Na Cal s Eu CAdWO, : MNal:T1, Sr Il LaBr_:Ce
Sk AL CaBr, 1 :Fu TLLaCl :Ce
Gd ¥, ,Ga, AlLO, :Ce Tisr,Br,
TLLIYCl :Ce TICal,
TiMgCl CsCal :Eu
o o - o o - o o -] 8% ?
i L0 w I~ o0 (o)} o — od
(8) () (o) (@) {e)] (o) o o -
— — — — ~— ~— oJ oJ oJ

Crystal Clear Collaboration {(C E.ll."h'}—T T— MNational security efforts (USA)

SCINT conference series

Blue bars: new scintillator compounds
: known compounds with new activator or co-doped
Red letters: commercial products —)

~7 == SR X
Green letters: under development C/RAERI o s toersy s
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Some Commercial Suppliers of Inorganic Scintillators | Scintillator Cost

(depends on the
Alpha Spectra (Nal:T1) size of element)
Detec (Nal:T1, CsI:'T1, CsI:Na, Lul:Eu, CdwO4, B1,Ge;O,,, PbWO,) ($/cc) [2019]

Hilger/Dynasil Crystals (B1,Ge;0O,,, CaF,:Eu, CAWO4, Csl:Na, CsI: 11,

Nal:Tl, YAIO,:Ce, Y;AL,O,:Ce, ZnWO,) LaBr:Ce  75-150

Hitachi Chemical (Gd,S104:Ce) SrI:Eu 75—150
Radiation Sensors (Nal:T1) GAGG:Ce 250-600
Rexon (Bi,Ge,0,,, Lu,SiO:Ce, LaBr,:Ce, CsI:TI, NaL:Tl) gjllfTTll 2
Saimt-Gobain Crystals (Bak,, B1,Ge;0,,, LaBr;:Ce, CdAWO,, CaF,:Eu, LYSO:Ce 50—75
CsI:Na, CsI: T1, Lu, (Y, ,S104:Ce, Nal: Tl, Y;AlL;O,,:Ce, ZnS:Ag) BGO 10-15

ScintiTech/Amerys (Nal: T1, CsI:Na, CsI: T1, CsI:CO,)
Scionix Holland (Nal:T1, CsI: TL, Lil:Eu, BaF,, YAIO;:Ce, Gd,S104:Ce,
B1,Ge;0,, CdWO,)

[
Al
F.s
o
I
e
4
F.s

— : |
¥ s
/KAERI  Korea Atomic Energy Research Instiuate
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Requirements for High Performance Scintillators
» Good stopping power = density, effective atomic number
* High luminosity = low bandgap, S~ 1,Q ~ 1
« Good energy resolution = Luminosity, Proportional Response, Uniform Response
» Decay time=> Ce?®* 20-60 ns; Eu?* 500-2000 ns
200,000 ;
. _10° 10
Luminosity (ph/MeV) = B, SO = E,;
\ ZnS:Ag,Cl
b}
= BE,: energy per e-h+
g S: transfer efficiency
@ Q: quantum efficiency
(s} =
g 100,000 [ E .'3:097——'——'——”_—'S'Q[B~—~ ——————————————
.‘g
E
Nal: Tl ——>
0
Estimated Band Gap (eV) P {‘AE:_ ‘g%‘m‘ﬂfﬁﬂi%
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Sl H SiSE01 E A Physical properties of the principal compound semiconductors at T =25 °C.
EX S sven e A yecal poperties of the prncipal comp
I:::: :::::::Mgte]!iﬂ]::: BEML-) IRESEmEREE 4 ¥mMmmEEMES GaAg

Crystal structure Cubic  Cubic  Cubic (ZB) ubic ubic etragona ubic (Cs

Growth method” C C CVD THM HPB, THM VAM BM
Material Bandgap (eV)  Resistivity (Qcm)  (u7), (cm’/V) Pair creation energy | Atomic-fiber 14 49 i 4850 42 10.52 20. 53 g3
CdTe 144 1x10° 1-2x 107 443 . 3 -
CdZuTe 157 10510 755 107 464 Density (g/cm™) 2.33 5.33 5.32 6.20 5.78 6.4 7.56
Hgls 215 1x 10" Band gap (eV) 3551 0.67 1.43 1.44 e el 2.68

10
= LR Pair creation g

nn . 3.62 2.96 4.2 4.43 4.6 4:2 6.5
FAPbI, 1.8% 1072 energy (eV)
FACsPb(Brl)y 152 10°%-10° 12x 107! (4.69) Resistivity (Q cm) 10" 50 107 107 10" 10" 10"
MAPb(BrI) nr. nr. 1.0x 107~ nr. 5 = > = B Z
MAPbBr, 23 17x 107 12x10° (683) peTe (em?/V) =1 = 10° 10 10 - 10 T 10°
MAPbBry:Cl 3,6 10° l% x 1072 (6.83) PnTh (cmZ/'V) | = 10° 107 107 107 10°

* The more common growth methods: C = Czochralski, CVD = chemical vapor deposition, TIIM =
traveler heater method, BM = Bridgman method, HPB = high-pressure Bridgman and VAM =
xertical ampoule method

11




CCD - Image intensifier @
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*High energy resolution
*High space resolution
*High imaging quality

)\I-% 7£||‘ §|.0F =] I:I|-Ex-||
E 4 ~2.5eV)

2024

2021
2010s introductio®

ket
19805 year of ™

HAMAIZT), 0| 277 2R 7| Yo BBV T H THAT AR MA7|Y Maa HE>

Company Country First works Merged (M&A)
eV products Inc. USA Detector-grade CdZnTe Kromek Inc. (UK)
Acrorad Japan Mass production of CdTe Siemens (Germany), 2011
Orbotech medical solutions Ltd. Israel Fabrication of photo-counting CT ~ GE (USA), 2010
with GE
Redlen Canada  Mass production of CdZnTe Canon (Japan), 2021.09
*Z5]: Solid State Sensors to shape the future of Medical Imaging, Yole Development (2019) S /n:. SrEAX=A T

10
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Bl Photon-counting CdZnTe detector
- Importance and application in Medical CT

Areay with 22 x ‘
22LY50 puets |

b
q
e: N “hi®
&4 chann M (e
FPGA pro- \
processing
1

Energy Integrating Detgttor Dual Layer Detector Direct Converajon Detector

A B
Energy Integrating Dual source CT G Dual layer CT SPCCT
DETECTORS Energy Integrating Energy Integrating Photon-Counting
K-Ray Photons DETECTORS DETECTORS DETECTORS

Drirect Conversion Material

EE T oo

Y ==
=

)
G - E ﬂ pqi=c! E 21
S ,-'4AERI Km-imic Lnertr::wur(hﬁmm

DUAL
'Spectral Discrimination

DUAL
'Spectral Discrimination

MULTIPLE
Spectral Discrimination

13
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Bl Photon-counting CdZnTe detector
- Importance and application in Medical CT

EID Flash EID Force
(0.60 mm resolution)  (0.60 mm resolution)

lodine Concentration Map  Gadolinium Concentration Map Non-Contrast Map

Gadolinium

,.3_;\ lodine / Gadolinium mixtur

. Non-contrast material

. Calcium
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Bl Room-temperature Rl identifier
- Importance and application in Radiation Monitoring Field

<Polaris from H3D®> N
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B AlA)
HrARM7|7] (FAB) ME
(70 6= A /H| = FH|, 2017d 29F 7HA)

HEARME MIA S A|=7] FAB LHEX U 8= 7|7] FAB

M XFAI _XJXI._Pg_/jl.z_.l\__Tlﬂ- XElAl

- 2A2TEH = 3 EZIE (Class 100, = Polisher (4) = HQIM 27| (1) »  O|AFQ! H|T}3| A}
= ZHZE (2 Class 1,000) = Wire Saw (5) = XM 27| (1) Al
= Z22AT|(2) = OfA3 MZAH[ (1) = Glove box (3) = H7IEEEAY] (1)
» QHISESIE (8) = 2|AJ2bm|FH[(2) = Wetbench (2) » QAMZAII (4 = 15MeV M XF7FE 7|
. A2 B3t) « ATIE (2 . AQHE(4) = HIANM ATHEY 2 = 15 MeV X- Xt
= A Eaet1) = SHOIEEH (2) = NGRS TH| 47| (a) = 9MeV TAIIEST| = DT generator
PN T . 3}ESE| (3 (2) » DEZEK] (1) = 15MeV TAIFET|

= 3EY|(2) » EtATAEE (4) = EFAS SEM (1) = 9 MeV x-M Xt

= O|&7](2) - BEHEAMT| (1) = 14 MeV 3G X} K|

= E-beam &H| (1)
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D HIAMM7| 7| B

B _— o=
Hedd AE R HiX| &l =8 ZH|F
gladejnl 578 Laser Mask Maker, Mask Aligners, Mask Spin Coaters, Hot Plates, Wet Station, Spin-Rinse-Dry
e X
P I =x zH Furnaces (Oxide, POCI), Low-pressure CVD, Plasma-enhanced CVD, Thermal Evaporator
(100 class) E-bean Evaporator, Sputter, Rapid Thermal Annealer, Plasma Asher
o 373 Deep Reactive-lon Etcher, Wet Stations, Spin-Rinse-Dry
qH=z High-vacuum Purification Furnace, Zone refining furnace
A% HEA g8 4F Czochralski Furnace (2, 3")

Spste HEEA| AE Low -pressure Bridgeman Furnace, Travel Heat Method Furnace, Zone Melting Furnace,
H a2 - (< N-]

Sublimation Furnace
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S8/ 1 X 88 =H|7HSE
s Mg 8

HIXIE =L HH|E

WAV A s

WAV B/ 87t

Ellipometer, Infra-red Mapper, UV Measurement Equipment, I-V, C-V
Measurement Equipment, NIM Modules, 4GHz Oscilloscope, Electrometer, Charge

By7HA Mobility Measurement System
HpAPdAA 91714 | Flip-Chip Bump Bonder, Wire Bonder, Ball Bonder
WAL A4 A Quartz FH 7+& Quartz Tube Sealing System, Quartz Tube Cutting System
H/784A

A A= 7

Carbon Coating Furnace, Automatic Polishers, Diamond Wire Saws
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Cylindrical O] 2 H

- A AE 2UEHF

® Activevol.:11.81L
Filling Gas: Dried Air

Sensitivity: 4.0 X 10'1°A/R/h @ ??°Ra

Range: 102~ 10’ mR/h

Application : Radiation monitoring
for nuclear facility

540
s ]
§ -17.0
3 500 -| -
P o,
[} P o —— I Par, -16.5 -
= S, P
© 480 i <
2 g
2 ~ -16.0 -|
8 460 =
@
<I.C. for RMS> S 551
440 (&}
T S
0 10 20 30 40 50 60 70 80 90 100 110 120 2 1504
©
Elasped time (day) N
5 -14.5-

-14.0

Mean dose rate measured over 100 days
Deviation was 2.9uR/h
@ Gwangyang Nuclear facility

—_——
= =——

e

-

<I.C. for RMS>

riot
ox
oll:
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<I.C. for Proton Beam Intensity>

[ = lonization Current |

AR

T T T T T T T
0 2000 4000 6000 8000 10000 12000 14000

Time (10 sec)

<Aging>

10MNIZauUvI CUIrern (-pA)

*® & o o

Active vol.: 8.5 L
Filling gas : Ar, 25 atm
Insulator : ceramic

Sensitivity:
2.6 X10*A/R/h @
226Ra

Shadow shielding tech.

!

/. | —=—1lonization Current |

~

s’

T T T T
2000 3000 4000 5000

Dose rate (uR/h)

T T
0 1000 6000

<linearity>
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H} |-A | |EH =] X =2 |*
oA d 178 E8/1=

rgrlﬂ-ag OI%*I:I]IH'I (Industrial Appl.) 7:E'l'rn"_l"ll='”'|| éxc;l ol%*:I'lIH'I
- 230 MeV proton beam intensity monitor - Steel sheet thickness Monitor (POSCO Kwangyang)

€9 Electrode:
Aluminized Mylar

€  Electrode: Stainless steel
€ Insulator : ceramic

€  Thickness of an incident window :
0.5 mm

¢  Filling gas: Xe @ 6 atm

@ Filling gas :Ar
€ Insulator: G-10

€ Energyloss @ 230

MeV : 0.045%
<I.C. for Proton Beam Intensity> (~100 keV)
< RMS: 0.989
<
100 - % 1.0 \
H —=— lonization Current
80 g o5 \ in log scale
3 £
= w0l E 0.0
£ / —m— Negative 1000 V 3 \\
5 4 tomin 10 ~
—w— Positive 2000 V = ]
0- N
510

r : r r v r
0 2 4 [ 8 10 12
Steel Sheet Thickness (mm)

20 40 60 80 100
Relative Dose Rate (%)

<linearity > <linearity >
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(Industrial Appl.) A:]"ﬁ' DEIE éxél OIE*:I'IH'I

- H|EtM (kr-85) O]

Preamplifier M B-ray (*Kr)
| Incident window : Al Mylar . 4 4 '7$ample (Fabrics)

Guard electrode v 4
? Beta sensor (Ionization chamber)

Filling gas: Xe @ 1 atm
(W'Value :21 eV/ion pair) ‘\@ Preamplifier & Amplifier

Feed-back Tonization Current

{-----= Meaurement Range = -

o / - . . . . 0
& R . Digital circuit to convert current to density
oy .
-10 4 .
. Display
T 151
€
qtp -20
3
O -254 Controller
301 ¢
35—

T T T T T — T
0 200 400 600 800 1000 1200
Density (g/cm )

<MQ US =H A|AH RMS: 0.99
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sic 7|8t S X} MM

- Development of SiC neutron detector by using °LiF.

0.03 pm

3mm
f—;l
2mm
I_I_I
4pm
Opm
Au 0.2 pm
Ni

a8 T T T T 0.5 jm,(Aluminum, 5x10% cm?)
§ 2y (Aluminum, 15101 em?)
D " ; %
' # (. L N Epitaxial Layer
| {Active area) 20.7 um,(Nitrogen, 1 x1014 em?)
4
T ALPHAS |
14 - © ELECTRONS I § um,(Nitrogen, 1x101° em?)
=
- A PHOTONS
> 2k -
o
E 366 pm, (Nitrogen, 9.x1014~1x10% cm¥)
=
Lad 10 - —
=
g e 0.03pm
= 8 =1 o - 02m
= Alpha Tritium
e (2.05 Mev) (2.73 Mev)
/
g 6 E={I14 /5 }E4f{ﬁw'} = 3500 2000000 -|
5 f G1 <1.0eV 1 SIC with LIF_Hanaro ENF —a—SiC with LIF_Hanaro ENF
5 0.5=r(hugl=1le 3000 Linearity : 99.9%
=g a — 4
ac
2500 1500000 |
€
2 - o 20004 Thermal Neutron Flux 5
§ 1500 1 —n—1.6x10° nicm’s 8 1000000 4
O 7 —+—7.0x 10° nicm’s =
o L 1 L 1 L 1 —4—1.9x10" nicm’s °
o I 2 3 4 = =] 1000 - [ o
1 500000 -
BAND GAP ENERGY (eV) 500 -
C.A.Klein. J.ApPP. Phys. 39 (1968) 2029 o . ¥
T T T T T T T T T T T T 0 . . . .
. ’ 800 1000 1500 2000 200 3000 0.0 5.o>|<1 0° 1.0;«107 1.5;(1 o 2.o:|<1 0
* Wide band-gap Channel

2
* High radiation resistance and thermal conductivity (~ 800K) —,—

* High physical and chemical stability
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SAI7| B EEVI=

si PIN ¥lM HE7|S70E e 77 = s
n] 1SS | HF e 74 :
dE3H Zeddsin e | EEEEEEE | — 1 | SiPIN 4N H%3H
- Dos 2 A /M AR | 7R <EEZH™> (Fabrication process of
Si PIN)
X 0f| L X| X-ray X Gamma-ray A= siPIN A 7HE
- MO|=, ngdlis sidt MMM SAH /A 7| = 71
<Nztzygs <3S
- /
e L] Si PINMIA 54

(Process results of Si PIN)

<EEU|‘¢3I1|’SI‘_6mask ‘g%> 07 10000

(Characteristics of Si PIN)

m
&

] \

—— w0 ALO, AR
——WALO, AR

1E5

1E-4 ‘ A

100 -80 -60 -40 20 0
Reverse bias (V)

m
4

<H71H 54>

Reverse Leakage current (A)

Wire bonding& Si PIN

1JJBa

o
o

1000 |

o
s

100 276 keV 356 keV

1303 keV

o o
o @
Count

383 keV
10F

Spectral Response (

o o
S =

‘200 300 400 500 600 700 8§00 900 1000 1100
200 300

Wavelength (nm)
Channel (ADC)

< 54> <A B> W
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PIN photodiode HFE K| 4l A{ Ba-133
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- A Basic Structure of a design of a PIN-type radiation detector-
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(Appl.) PIN photodiode SF= A M A

- Radon detector

R=0.9% @ 5.49 MeV
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-40 V @ 5.49 MeV alpha particle in vacuum-
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* Uranium concentrated soli source (from KRISS)
- 226 Ra concentration : 5.6 Bq/g
- Emanation rate : 25%

- Radium decay chain-
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(Appl.) CsI(T1)/PIN photodiode detector

- Csl(TIl)/PIN photodiode + Preamplifier + Shaping Amplifier

<Csl((Tl)/PIN photodiode>
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