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1970 'd Fybo]]l X 4 CT (computed tomography,
AAsdZFE2AZAYT AS E4Y F 9898
(medical imaging)®otllA & FEE& Wrirl MRI
(magnetic resonance imaging, 3 A}71FH G444 ])
A2 1980 Wl CT 9] &Y o] %ol s =A
& =40l & W AU FATL, 231 1990 d
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HoZ CT 9 2vida AE o FeH, XF

£ HAA ololgol E4 A% wHatn o,

Haol MY 92g4RW oz APHUET
Bio Technology), At{% H]33]AAKNDT: non-
destructive testing) 5 1 S&EoFE 4T dis
w7t Qe FAolth

oA Z1A 2 AANEE A dAY dEgFH<
oz E FA oAl HlAd A 2% (machine
vision system)& & 4 ioh'? sAuk v]@ Ajx¥)
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o] A3 FFE HAEeY dddxes AFE A
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Hgge] A FAASY FA HBRE & F gl
o, et g 2o FH, AX, 27 F A
43 A3 do] Er5dt. ol& FHE7] 9
3 #HZolls X AY(X-ray source), A A, X
A @AAAA (image senson)®] B3 EFS o] -§3t4,
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(laminography) 71€& B #3549 38 dd
Q4] gxo] 5 A HIUow, olF EUE 3
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T (dynamic study)E &3 =t H Ho] #A,
5 X859 v7UEF 78 & T A ML
3tz ded olF MM 2AYEY in-vivo
G394 5o P olth o]& 3 microfocus
X A9 o] &, cone-beam microtomography (micro-
CT) Al&de] Fdo] gHgo)r} s

B E=ao e B3 (flat-panel) X A GAAA
g 71¥te 2 § micro-CT A28l 7 o A1¢]g u]
g HALZ e & o) At} @ #A
}o] illr’—M 3389 X A QA Zxe AL
Qe X A °§ FAMNZ X A 9350 B(image
intensifying tube)S NHst Yot GAZFu AL
2 XA $94 I5 FAZHN 4F9 AF
o] JA7t egd & g8z Jledd WdE, #
o7t axn, FAZ FASH, 714 FA o3
3, F3+a)d E(spatial resolution)”} 200 pm FE2
Tha ymn) o g5 oo Al AR v}
Z H5e TR AA G4 dFo] #dA F
FAHYU 8 85 998 dARg F& o8 o
HEo] Ut webA] FHALAO s FoAdel &
o|8lx, FEFEL 100 pm o] Ftoly, 7]318} 3
QA G4 dFel glen, A 5 Jge] aq,
Al F o ZH-8-H](SNR: signal-to-noise rat10)7}- =& 1
Eills, LEES AES FFAAY &&o] A
O X A FEFAZ HGAF A2 glojA wjg F
L3033

Fz AAE 28 FE #9&(small-animal
imaging) micro-CT A =¥-& A E35}31 7] o] o
# AFE TR ?ﬂlai A gZofdl uet
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Fig. 1 A sketch of a flat-panel X-ray image sensor
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2. YEE XM dA

210X4 & 4z

By XA AXde XS F5F, F8 oy
g "oz WA= AdFA(scintillator) BHebat
ABAZREE 28" UE Fs7] A% 2 24
EEro]lo.= o ol(photodiode array)Z T4 % o]
A QT AAL ggAE £33 x A9 Arie
29 FA, 2 2 FAEZY NS 5
uet & AZIE dEdy, o] X vla#std
A gete Bid X H9 °ﬂ‘;}7‘]e F38HA
ot oA E4E 234 dyA FFEEE ¢
Al ol Hddte] ABFAolA Weoz WsE9
dAE dE olgflo] TEG|E ool A F=3,
M8 S (charge signal)e] FHZ FH/NAY AP
A vt EETo|2E o#ele Zk I A(pixel:
picture elementy2 %] X (switching) B EHX A
EJ(TFT: thin-film transistor)S ¥&3l1 9], 9]
T EEHO|LEY HIEE o ol Al
s 2] 32 F(readout signal processing circuitry)E
A A B (voltage signal) FEN = W E3}lr] £ o]c),
Fig. 1 2 H4FAE o] §¢ BuY XA FFAME
2 A A EAEolt}

2 odgod ALed Hud X A AAM(C9,
Hamamatsu, Japan)© A3 ‘:‘]“9—}23 CsL:TI
(thallium-doped cesium iodide)ojete F7133E
(inorganic) AZANE AlE3la gon TAE U
o] AMeR HAE A4S 7MFEH Fol7] HH
F4FE (columnar structure)® 7HA 1 ¢tk FA
£ ~200 um ], column & FZL ~10 um, T
318, packing density £ 80%°|t} EECT}Io]o & H
W E R 2E ojgeole] AP 0.6-um-
CMOS(complementary metal-oxide-semicdonductor) &
Boz AR=EeH, HA4e pitch & 50 pm, JA
o] E(format) 2400x2400, 7}% A F(active
area)< 120x120 mm® o]t} A FZo) lojA, F
oAzl HAe] A7l W TECO| =Tt AA[F}
t d93E fillfactor 23 3ld o)y AAMY 7
L(sensitivity)ol] & 9IE& nA & o} F83 A
Agoltl, gnutHog oggoz Apgsn 9l
T ey Hay dAe A A d2EYeld
(LCD: liquid crystal display) Bt E X 2E o o]
7€ Hge® da e, o] B¢ A X A
A Sgo2 Byg vl o, FJA pitch 7t
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97 pm 7+ 713 #HAolH, o]w 9] fill-factor & 45%
o Eaaich! whd B QAFA AREST UE
Ao A9 Boh 22 R4 pitch 50 pm ol 3}
fill-factor & 79%°] t}.

22 Ms5%}

X A GAAAY ARH BRI dAERE
MTF (modulation transfer function), NPS (noise power
spectrum), DQE (detective quantum efficiency)® §
Attt E3], DQE © MTF ¢ NPS 54& BEF ¥
o W9 FLRLE AVH 45Y7} AR
o] THDQE() ~ MTF(f) / NPS(A)]. MTF & 4] o]
ZX%(contrast) ¥ Iz EAS A T
o, NPS & F7tF 3 (spatial frequency)ol] o
3 42 noise 54E UEAT B ATFeME
MTF ¢ NPS € 28 & F3 54359, o] 2
}E< B2 2 DQE & AXEAT
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Fig. 2 Fourier analyses of the imaging characteristics
of the detector. (a) MTF, (b) NPS, and (c) DQE

Fig. 2 £ #AY 60 kVp, =AM F(exposure) 17
mR oA 54 A7RE el Qo g7 A}
29 ZAAE 712 ATE micro-CT A2 E F
3 3 o FHYLE & 9| AHSEHE AF #
ojth, AAF AF L A4 e FuEA S
Fzxstr] vpdoh

Fig. 2@ Fdi& glo] 54 MTF olt. 2
o} &) EH, MTF 10%%el A ~7 Ip/mm Z& ~71
um 9 SIEE JeEdn ok AAM e g4 37]
50 um o W3} chA Y AFE HAFT e
ol A9 CsL:TI W#-¢ 223l Csl.Tl 3 2E
thol o= Afole] gke F7] FollAg de] A
(scattering) WE o2 Fg@rh

Fig. 2(b)= NPS 9] 54 A¥g HAFth ¥
FuolA ®L noise power & HAFH, F
H47b 78 45 noise power 7t HAdtE
< el o ole HAFAE ol &% X
AA el APHQ Aot} vE 3 For <
T X Adojgte AFA JFEA FHHeRE o

A FFEXE vebd Ao, =g A3

ol A BEE W HA FhHRoR A, TFAH
2 FZEIE ¥ TEG|E oFold F
S}, oleh o] & HoZ YAF X A ¢
gz EETe|eE e dARe ¥E 5 7
A FFHoz FAHN SAAAE AL G4
o2 F¥HH, o w9 noise Y& FHFHF
Ao AA, E@sI ]2 quantum-correlated
noise JEolzt gk WM, TET]LE ool
AAE T3 ¥ As5AE 22HEH 7AT
noise A< additive electronic noise A &°]&t 319,
o] e dukxgoz 7t BN dAF 42 7}
AA Aok AEd F AEY noise 5L A3}
7} 9138t cascaded linear-systems theory'>"* & u}&
o= Ale] Bgew, 1 ARE Fig 2(b)°l e
yich Fig. 2yllA & 7 AFol X A AA ¢
noise 4L olF %L ITUFHE dY Yo+
A9} quantum-correlated noise dEo] SATE &
F 9l

MTF 12|31 NPS &3 Z#4E v¥ 22 DQE
g Aasteden, 1 A#E Fig 29 YERA
t}. Cascaded linear-systems theory % Monte Carlo
simulation & HI® O R 3§ o|EX HA| FA EL
Witk DC F7HFH4=o) A 9} quantum efficiency 7t
~0%E ThA wad weF FnEHAdRe EHE
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Zedta AFAY FAE ¥ FEA Fod 1o
£ quantum efficiency & 7]t & 4 vt A A A}
|3 2= ANE f8 2898 AME YRR
2E BSE Y3 ¥4 | mm ¢FolF housing S
A=, B4 Add uw2H, e ol&
carbon ¥ #& Zt2goz uAY B¢ ~70%7}
2 AL F A ¢ YU ol AF
A 5 AMY HAAE ZA HIATA x4
< A AL F d&S 9nEiy, by
ol9} 72 A%Y HFHIY FAFE AALEH

3. ojo|3=E CHEEHY AlAH
31 A2 74 3 SF A
dutdoz QA dFEFS AN X A
A7 X A AAZE A AAE FAFLE 180°
22 3600 S B FHAdES I3, GAA
TA ¥ (image reconstruction)S ©]&3e ©HGA}
< 94 HAg, B dFME 7l2dT 2 U
g 8oz g A3 A WA E A3
EE AA 2 Asgo. & d7FolA9 cone-
beam micro-CT A28l Fig. 394 RAX x| 2
A X A DRAZA, HA dEANE AA3}R GF
2% 55 A3 Aol stestAl AA 2 Az}
H AA, oiEd 229 XA A, a8z, olF
TH8AE Aosln A2 FEATEE H
g AFEH T2 FAAdH
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Fig. 3 Schematic diagram of the developed micro-CT

system
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938 A2"E BE A didAIE AA
2588 44 A"E T2 H4A37] dEe o &
(magnification ratio)e] EAsA =i, Mt X A
A FH(focal spot)o] o]FH oz Fiie] A7)
E 7HAA god A Fv|d 9§ a¥MAI}
WAy, Fe ML= A Al "ok mEkA
micro-CT AlZ28& T437] 94 X A G4 XA
T 7FEH 239 A717F Folok i, & ATl
A= microfocus X A BB FAE o] &3 AL
¥ X A ¢(L8121-01, Hamamatsu, Japan)< ¢17HE =
Al A7l wet FH A7 W, i
5um 9 2Hoz FFAY Aok X A TAFA
o Hdilzt #Ad 2 #-dRE 47 150 kvp,
I3 0.5 mA otk AL gidA AA e} FHA
AYEE 0.083°0|9, £8 3 437 o|F FUEE
10 um ©J ot}

XA Axe £3 ADC & 12 bit o[} AA 9
FAPAE 16 bit 2 Astn ok wbA, 0.1°
AR FHYLE 858 A5 1 A A
dlole 2] Z7lE= 9F 40 Gbytes (= 2400x2400 pixels x
3600 images x 2 bytes)olth. wetA] B AT E
A& FAAE € FYATEE 3t dual
CPU (Athlon MP 2200+, AMP, USA)S 33 4 <)
AFEISE 100 Mbps Ethernet & ©|-&, H3 dolg
2] Al2El(parallel data processing system)E T3,
g&3si5ck. a8a vE AA dAAsr 2 3L
EA4AE scan 22 A3t FUFOZ artifact 7t
et g, £x71 wE o33 SAbs guneE
(approximate algorithm) 3+ 3}t}<l" Feldkamp %373 Al
TFAYE ol &AM

32 454t

JPE micro-CT Al&¥ 9 %52 RA7sr] 4
3te] Fig 4 oA “epd ohdgt g%A dY
(quantitative phantom)2 A2}, o] £3}5th. Fig. 4(a)

t oacryl 2 A AAGY 2R 2 Aq7]d E
S B2 3 OIS 5, A4 T9A

(uniformity) ¥ voxel noise 54& 8t o
2942l CNR (contrast-to-noise ratio)2 4 7}&}7]
A E Fig. 4b)st 2ol £ Y7t 23 v
2% F, XA 227t vd 6 /e WP Model
76-430, Nuclear Associates, NY, USA: plastic water,
1.03 g/em®; nylon, 1.15 g/em®; polyethylene, 0.95 g/em’;

acryl, 1.18 g/cm’; polystyrene ,1.11 g/cm’; polycarbonate,
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118 gem’)& A&, o]ES A B9 @70
TEEE UG g r dFFYAAY
BAAEE T HEA i gk EFulE
218 pm)S o] &3] BE Aol el ESF (edge
spread function)& T3 F o2 HE MTF £ AAt
a3t '
Fig. 5 © uniformity ¥ @32
2

A o gL

3 noise #F CNR #%S X A Aol o
2 Yehygdd. 212 dE2gae 332
Ab A FAERY X A HgE,
74} Al 4= (linear attenuation coefficient, n)e] ¥
EXE vepdo. maty 2 ZoA YERd CT
number & ©Z9G4E B MIFHAFE JE
o2 Auyer 49 @& AFAE AHE 2
g 2z & 4 ROl voxel noise 7t X
AP Ee] AT wtuEsta glon, ol ¥
A F4E 7] A eE B 49 X Ae
ZAL oS AjALSETE, ZAMAZSY] Figle] B
o} 12 voxelnoise A4S 47 e X4 A
Al AA9] quantum efficiency ] 7§14 °] Hasi),

)
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Fig. 4 Quantitative phantoms used in the tomographic
performance evaluation of the micro-CT system.
(a) The uniformity phantom, (b) the contrast
phantom, and (c) the resolution phantom

Fig. 6 & ZAM o] 33 R € w 353 CNR
Ao dF3INE BqEH H& Fig. 5 oAe

1

acryl W&ol dld CNR & el dAI =, A AH
o2 JetozE A £ Qirk A= RE
foto 2 P 753 UEREE A 11 R 9
&l 2.8%Th. '

Fig. 7 & ¢%vlF o 9y o] &3te] &34
g MTF Axtelt). ol SojgL 20t} B&94d
YEA MTF o] 9&& M)A FoAREE X A
de] FHo 27, diE, AATFH gnF,
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Ak E AFexY A L BA Ao o3y,
dZ=gae] MTF & &4 8% X A AA
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Fig. 5 Voxel noise characteristics and CNR with

respect to the exposure

Fig.6 A transaxial image of the contrast phantom
obtained with exposures of 33 R at the AOR
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Fig.7 The MTF curve of the micro-CT system
measured with the thin aluminum foil phantom
(circle). The predicted MTF curve (solid line) is
also shown to account for the physical

parameters affecting the system MTF such as

the focal spot size, the magnification ratio, the
detector MTF, and the reconstruction algorithm.

The most significantly affecting parameter is the

detector MTF (dotted line)
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Fig. 8 Example microtomograms of a postmortem rat
acquired with the micro-CT system for bio-
medical application. (a) A transaxial image of
the abdomen region, (b) 3-D rendered skeletal
image, (c) 3-D rendered image of an extracted
femur, and (d) 3-D rendered image of an

extracted heart with contrast agent
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Fig. 9 Microtomographic images produced for FEM
analysis to understand osteoporosis. (a) Rat with
osteoporosis, (b) treated rat, (c) fatty rat, and (d)

normal rat

Fig. 10 Industrial application of X-ray imaging
technique. (a) Projection image and (b) 3-D
rendered image of a electrolytic capacitor

42 M8 Heksl ok
AEE micro-CT Al2¥e] 4413

8oz
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PsAdS B9 2y st dAAFEFS] A4S
A=d 24tk Fig.  10@E  AATHAH
(electrolytic capacitor)ol] ¥ @ FIFAtoln,
Fig. 10(b)E 3 29 WH¥34& BAgEd. o7|A

o 4 g%l 3 Ao J4E AT AT ¥
G AHel U 28e 1AL ¢ AL &
4 9tk Fig. 11 & w=Aizte AH327]H
o AGHFEE Iy A& 5T (2 3 AL

Pi U b) BEIEL wAFD Ao B @
Ag skl wEALAY = FEI} A4z
Awe 34 A= REY e 26l
2 4 gl5ol AYRAE FH HAT + 2
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g HEojt.
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C VW0 8000 C

Fig. Il Example microtomograms of a gull-wing
connector on a PCB, acquired with the
microtomography system based on the flat-panel
CMOS detector, for NDT&E application. (a)3-D
rendered image and (b)a cross-sectional image
of the gull-wing connector whose cross-sectional
plane is shown as the dotted lines in (a)
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