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SUMMARY

| . Project Title

Study on the characterization of the neutron radiography facility in
HANAROQO for two-phase flow research

1. Objective and Importance of the Project

The neutron radiography techniques are categorized into two, radio-
graphy of static objects and that of dynamic object. The former is mainly
applied to the nondestructive testing and the latter is applied to the
two-phase flow research. In Korea, the static technique has been applied to
various industries but no research has been done in the dynamic technique

area.

For the application of neutron radiography technique to two-phase flow
experiments, the research items to which the radiography technique gives the
better experimental results than the other experimental techniques should be
identified. In addition, the proper experimental devices including camers,
converter and image processing system should be prepared and the method to
get the calibration curve necessary for the two-phase flow experiment should
be setup.

l1l. Research in Other Countries and Korea

The researches on two-phase flow using neutron radiography have been
performed mainly in the United States, Canada and Japan. In 1980's, the
United States leaded the research in this field. In 1990's, Japan and Canada
have made major achievements. In these days, the researches are most
vigorously performed in Japan, which is indebted to the operation of JRR-3M.
In Korea, it was impossible to perform the two-phase experiment using
radiography due to the absence of equipments. Considering the merits of
neutron radiography in two-phase flow research, the investment on the

dinamic radiography is believed very valuable.



IV. Contents of Project and Results

The first objective of this project was to survey the equipments
including the neutron beam required for radiographic two-phase flow
experiments in HANARO and to prepare the hardwares and the software for
image processing. The study shows that the characteristic of neutron from
the BNCT beam port is better than that from the NR beam port and even
the high speed neutron radiography(HSNR) can be performed in the BNCT
facility. Thus, the survey of equipments was focused on the camera and the
converter required to HSNR. Also, the hardwares and the software for image

processing were purchased.

The second objective was to confirm the needs to use radiography for
two-phase flow experiments and the find the measures for the preparation of
equipments required to build the test loop. Several experimental items to
which the radiography technique is beneficial were identified through the
review of the outputs from the related researches and the discussions with
experts. It was confirmed that the existing facilities and devices in
HANARO could be spared for the dynamic radiography experiments. In
addition, a test section for the research on characteristic of film flow was
built by using the residual budget of this project.

The third objective was to setup the method to get the calibration curve
necessary for the two-phase flow experiment. The comparisons of the
neutron attenuation ratios obtained by using radiography technique with them
by MCNP calculation show that the characteristic curve can be obtained
without the experiment, which is believed to facilitate the design of a

experiment.

In addition, it was found that the image processing system prepared by this
project could be used for the in-service inspection of HANARO.

V. Conclusion & Recommendation for
Further Research

The decision on the equipments required for the dynamic radiography
in HANARO will be made based on the outcomes from this project and the



measurement results on the BNCT beam characteristics which will be
performed in 2001 The key equipments such as camera and image
intensifier will be purchased by using the resources from the neutron beam
utilization project. If these are realized, the dynamic radiography technique
should become a good tool for the two-phase flow research as well as for
the flow visualization for heat transfer enhancement research.

The experiments on the film flow by using the existing NR equipments
will be performed and this will be the first step to fulfill the needs on the
two-phase research using dynamic radiography technique.

- Vil -
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inversion technique® o] &-3te] FolAr Futeko g =A% 7| g BFXzZHE uA
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A3t cH42,43]). ], o]
A8 FY PWR ddsd oist Alge] oA F6) @Az sz
# 2o, CANDU HA2ATAE gz &

flowol 9] Al dHinterfacial wave)2 #4-& T3}
(boiling)ell "X H3e& AF3ATH45). 3 Ho
%5 44 Aolet 71X & FA[46]d Yoz E 3

7
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e o¥ o
__Qé_ﬂﬁ
=

ri?LJIN

N
o
o

o)
s

5 FA I stratified wavy
2[44), swirl flow7} v|%
4 ddg AgA A
ggtach

0

O

3
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A3 A FuY a7 5%

2yl AE 1983del TRIGA Mark III A7zel F45 Aoz

5 Aol MR, 1 BEL wuse] nushH FB9 &9, AAVA #
3, WARRY &4 Y T AN B PP ol §F Tgol XY, 2

Ay, stzel £F olFd NR ¥EEJ F44 ddeazty Qurt dx53n @
zZhe 94 Az AlBol MLEATH4849). Y,

~
2 ol FEol UHE H¥S FHsrlde AR

o] A% 24 5 &7t
%3tk

ol f% AT Hoki oiME "EH/\}E’_ & T BAE] FAA ddea
gtuje] ggo] ArE w AN:[G0], YAEZF ] OE‘—?«] dFoZ AYPHT A=
ol dfE aA == A Qo AW WA, °—‘,’>‘ﬂ 8] & (entrained droplet)e} £ %
5ol gag Arrt 993 Aoz AAE b gib1]. FAEA fHueagtslE o

g
83 o4 £5 AL FAsI) AT o] olF mpAH YA Wol WA A
do] 298 whs glot o4 £ A¥el o] ATz} AUE FEE 3

A dol ololl e AY FAL WS AxAE Lolgh ARHY



e = dn

1
el

H 3 & o+ e

A 1A o 5 AEES Y AT Al HE

3.1.1 7l&

o 2o
Zz42 Aueadside YaMs FAxYe] ojok = ZAAdozE: 9z}
2o Mx® WEes s ge 2tk zupde 23 BES Zoly] 9]

beam porte Tl 739 YxZA HAM %

A3l Bi-filterg® A%t FA4A YastsE o]gste] AL o]m|x]
dynamic rangeg& ZA 3tz I a5 H AL E3lT

MARp&o] #E&4E fFeElsith HoastsE ol &% ol

I hEAQL o7 49 JRR-3MeITh
AFAE FHst] Yo A Pele ol #59 FE7 Zdhrh dgus
W B9 BE A¥A ASoe B e el S

ZAE7] giojtt. PIAEox 3
o) FA FAL Aede 71dE AG7re] dynamic range?t HA Hof

)
Bg 4L 7 itk ol Afole F4E HSAEA ARREAVIE ittt s
3

AP 242 BAphoton) 2 HFAIFE A¥e W AHNES Ealstol
ol fEe Anrl 298 FAAG] WAL vz AR DL AL AHE of
4 $Ee Aue Juz $AET @4 % 98 A8 9E Was gae
LiF-ZnSolth. 447 Ligh wgsle] 95 97t A4=D o &9 A7} ZnS
2R3 5okl BATL A4DT. o) AGe AR 80d) xubel T4z}
ooEuE ol89 T AF ATV ARFAARE AEH7) A= 2yAd of
M5 g A8HT Qe A0S Bop ABT BA & BRE v = oz
Q7Y Azde 4R 2 Zuhas westel 53 wEe Ut aseta ghep



A gkt 5 fAS e A3es olFoz EQ o HFeH(multi-color
converter)® 7JREATE ol FF AL JE YRR FFR4 HAF
FAAES A BAAA ArtdSS = 9
2 5 ik

Image sensing devicew WHEA] 4] A I ¢Eof 80dd Fub oz o
ARG Fotolty, A= SIT Fol 7HHzEtE Bo] AFEHYU oL, o] HSole A
35 0] 33 msec(30 frame/sec)E ATEHAUTE  FHZol= B9 &F& 107 b

¢

MR FZ2 5+ Qe J45F(image intensifier)e] A LEo] 14 Fivjgle} o]
A3t Aol HSNR(500-1000 frame/sec)® 7HsdtA =1, Szl 4

Aoz e AAZE o]&IME HSNRES A =3t gl

FHiletEs AR 4L I G5 FuE AA grey level2 X E3lED g4}
A 2208 9 ALExl ZE2OE o83t Eeld ouE AUe o) §F A
2 oA "ok <3 ¥5 ) € 9 B 298 30dd) TRE H|ekyo
2 2AHg FFolth.  HFE JlEo]l 2HIAA FFHelg FFEHE micro
computerol A 7§98 ZAFEHZ HAsH T, RAMS £3o] th¥3}5tHA] image
board9] buffer memoryE AH&3lE 7| AFES RAMS 0|43 WHo=
AAHAADG. RAME o]&3e 24 image 5 £E& wa & 4 glon RTNR
9] Agele image F5FE O fE FRY FHAXNE AAPoE FYPseE A
T 75t A Aok EF QA A sdHE] lgo] del ARSEA HEM g
e Zadx g4 78 5 A =AUk

b Ao

ol 71&s v} Zo] Az e adTE ol &3ty o)A §5& ZHdw
o] @A A5 AES AXA Hed, oldd F3 riee dde 1EYH AFE&
A2 74 2 #E Az FE vl @] YL vl Aty AEg =L
X240l A& I image intensifierd] W22 ARSI FHEE S-S FARG
Zo] FAHUTT PZEY go2e 2 ojM g 8AE Fole AR} &
59 3AY 34 FoldlA AU Wel MgE Aoz AzdAr

B AAole a8 3-19 AE ol A% A AT T L 3oz Hol g
T 848 AEY ddozR sigloen, F& 3Noz Ho AE 945 HA it

HellA mp shict.



Reactor — The higher flux is the better.
V—— Undistorted neutron beam

Object — Determination of working fluid
— Construction of small loop

Distorted neutron beam

Y
Converter ~ Efficiency

L 7 Photon having geometric information
Camera — Spatial/temporal resolution

Current

| — Speed and dynamic range
Grey level

- Image software (Filtering,
averaging,subtraction,
edge detection)

— Digitization of image

| Interface information |ivoid, film, wave

ol

g 3-1. SdX oo E ol Eet ol 78 AEH ASE

i
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3.1.2 {2 ¥ AE

itz =43 NR ¥ FE29 wjxes 23 3-2¢ 23 NR ¥ FHAE
a4 3-3% Z& in-pile collimator7t Ax|5e] vk, ¥ aperture®l 7= 25
mmZA BC & WEsL e 2709 4F9E B BF3t e Ao F
Az dle] wkAlE wxElr] 9kl ¥ FHO uiddls BE nREgo] Bo] gt
Collimatore] AAldlE F 7FA Atgel g A HAlE 7AvopdS 23838
= Aoln F WAlE ¥e FHIA vow Aotk ZvhdE £o]7] st Zo)

7} 82 mmel Aol 50 mme tEA u2FEx FE
sk o] H]2F2 FEE AXTA ZutdS YAIE Y 3%E HAhstn dFAA

£& 33/& 48],
NR Avle] F2e OY 3-49 2tk Al 1 24 2 A 2 229 are 2
T 120 em(F)x185 cm(Zo))x190 cm(EoDolth.  F ZARE Alolol= 30 cm
(F)x40 cm(EeD H Zeo] Utk A AIEE ¥ MEE AHEFo2H 2AHE
b ® AEY FEele 1527t A8 o]§ AN T ol % AE Ay
& AXstr]o) FEHA Esioh
ARE B3t L& A 2 2AMEY W B4
E} g ol&% o)} frF ET7E %L‘:’E“S} Al &1 glE JRR-3M NR AdH] e
1 54031] % HSNRS AlEs]el §%8 BNCT AulelMde] 9 S4[52]% 2o
LPE‘rLH%E}. EFAE0] 2EFE WS S 4L F 33, ny vt =
ubde] o3 FEE& FY F %o T LDV S5 Y 57} Folxlth.  shut
29 &3¥o] JRR-3Me H|&q EFI= NR ZA}/\Eoﬂl\ig zRA &0 stz 9
A7 o Be ol ¥ FH =29 X% ¥ FE ==22RE ZA AX7A] 9
Azl Aolo] 71ty Fztdoh. EF o] o4 @ NR =
AR & o] 83tE 4 HSNRE 7M5d wjf £& 9 °é—% F IS d = A
BNCT ZAH1e) 24& 19 3-504 3-8% 2tk ZAe Wols 6X43 m’
Froln Eole 35 mIB3IEA], oY 5 2o Fag H3

£ 3-13% 2o o] Eee YL
&

ol

L 2

oo
1l
7
i
i
R
ol

ot
N,
2

Ho

A Zdolut T ZWdA ooty g &as oy
|BThE BNCT ZAMde] g4 frasich
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3-1.
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AXt2 8 =N

[eon]

H]

)

JRR-3M NR
(20 MW)

32 NR
A 2 A
(30 MW)

EBE]
BNCT
(30 MW)

A
d34A S

(n/cm?®-s)

1.5E8

5.4E6

3.0E8

N/
(n/mR-cm?)

6.3E6

1.6E6

1.5E8

L/D 176 266 4 g9
ST
R cl
t e T
) . ' ’ L\\ (‘\
SN A
I SIS
E\E.\ G «j'«/’/'
(P) ‘: r:i Y ;
ane) )
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e A A

Famur= 8,0 HEAVY
CRYST-\!L C—‘;.ATLS can;cns:g DORAL LINIRG i}SC Ral NS FR LEAD
Pl : i { !
o : | PRV
; i EL I g e s e s e s ey e com by S TYSE WATER
; . 1. mipx
i

SLIDT WEITAL

2! 3-3. NR 2 HFH2| collimator(48]

%

n beam

R

Ly

T
Floor 1st Exposure Cell 2nd Exposure Cell 1m

1. Main beam shutter 2. High-radioactive material access plug
3. Sample table 4. Image processing TV camera box

5. Entrance door 6, 7. Shielding (polyethylene, steel and concrete)

a7 3-4. # NR =AMLl F=x[48]
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3.1.3 e} BE

247 ggeastsle] A85E FwetE Orthicond} SIT, CCD Solth.
o] & Orthicon® SITE &4 #(Camera tube) @224 19 3-99 & A
o] tt& A n|sle =7 Foh ol FiWEte] EA-E YEskH olws}

my

£

3.1.3.1 Orthicon

Orthicone X-ray® 7hlzildl KURRIGIA Sl 7] AFdA &85}
Orthicon< iconoscope®] ¥ ¥ &o|tt Iconoscopew M E HAH
ngzts AT 9ol o2 A ZApola FAAY AR 4, o7
‘el EH%?S‘M X9 FAHBERS 1000V 3=2 7153 A=)
A HHE AsHFolA E8E WA Ho e Aol
Aqe&oz Agstd #FAQUH 1933¥ RCA AtollA wFHRen 1 %
247 Fdck Orthicone gHle]l 4 V ol3te A&EE Az F
oz 1939dd RCAANZY 2 ESIFTHEE]. 23y, o5 AM8d A%
850l YT contrast7t vhit F7)e] AF o] Follw AMESIA] & Ut

()
> )1.:5
E‘é&oﬂ“’* b
S h8 =
ﬂ
o L 4

Tz o e o T o
off o ox 2 lo mr X ¥R

Y I e

0%

L

A a o o N L oZ

2

3.1.3.2 SIT(Silicon Intensifier Target)

SITE= #A real-time radiographyel o 74 de A&d31 9l
[31,4456]. SITE #dHd} 42 Sl 8, A4 FARZo2 FA=HE,
Auate] Fekate] thgslel A FHFE 3-10 kVE 7158t A& EZ}O]ﬂ
tho)l o= Zul EbAlo] S AVIA 2 AE FAFo Fulg £HL 3k o
EbAlo] Aol Aoz FAslY EEE At AYE Sy gAL Ao ¥
&3 AR FRex, 48 s Azt a2 4w A =-due] =- Aol s
L As7] wEo g A=t Eoh 19693 dE2l ZAHbAbelAM SEM(silicon
eletron multiplication)#ojetal WHste] BE P, o]ojA] RCAAIIA SITZolz}
3 Hgste EFch oE TR FLTH rIRE AEAL "ojn.
o= SIT %l image intensifier® £ =& 4417 ISITE &t}

O

3.1.3.3 CCD(Charge Coupled Device)[57]

CCDete AL d¥ &, photong AR BBIAAA FTE= A AAMelgt, $
7} CCD MMzt st AL durE O line arrayY area array FE|E u]x] =
we& Zrzte] CCDel wiES ovigth. o|nA AlxMox Z+Zte] CCD elementE
pixelo|Ztx R&¢t A9 ZV)E i/l 10x10 m® &2 100 pixels/mm A=

go _VE

_.17_



oltl, o]# 3 pixelEel 9L ¥ 3-10°] @HoZ ERAT. CCDE HA&
23} (insulating oxide layer), n-layer(anode), 22|32 p-layer(cathode)®] 3T ol
F&EA(metal conductors)E Y3 WHEA substrate(WlsE A )] M)A
T4 EAEF p-layer Alolel A7le 22 AfatetE HEAUYANME AV|HE 2
AA71A ®r}h Eletrono] H&& ol wetA 7}t pixel®] WeolM Zl® HA7)&el =
4 #Hagho]l EASA = °lE potential wellolgtn F-Erh RFHo=z
potential well& charge &, electron & A3l capacitoroll AH-&3lcy, 2Ags

349] photono] XA 9] p-n junctionol E°1Z wol electron-hole pair7t 4343
drt.  E8g3og o]d &¥E photoelectron &EIE ¢HAH Utk Positive
charge® carrier24] hole®] p-layerll ¥45H+v &< AP electrone #7139
71€710 wel HAgEFECE Z potential well2 ©]53th  ElectronE<S pixel =
o] W x&se B¢ A&HoZ FHHY. T pixeld] AP £FS BAI7L
ek th7le]l CCD AAME2 pixel?d 10,00070A4 100,000702] AAE £&3 +
& full-well capacityE 7FA 2 k. =EFHE Fo £ =& A F£7} o
3-g3AE ZHstA  HA(F}=FE, overexposure), IE29] HAEL  image
blooming2 YoAAM Fo pixelZ2 olEdh.  HI CCD AMEL 553
specialized anti-blooming architectureE AMg3le] o] A3E I A 7HAA7|1
o},

Pixeld) = o& 5L 1 3y dbg WAz FHA b2 AHoHE fill
factortt aperture® & 4 Utk o] e 5AH F 29 Al
& 7}29] interline-transfer 49l CCD MM E 15% AEE & & 71x= 4
£ gtk PixelE9 aperture7t AeEE FE olf2E AA FHe HEYS
FHolgtE71 potential well 3233 read-out port®2 charges ©)%
%= metal conductort} FHH O =2 charges A&3l7] 98] maskingdts WA
71918t} Fill factor® sH4AI7le Hele F 7FA] o] k. Back-thinning
HE el YO R substrate FHES FA vlo|ZE HE AAS A T
° ZHEE 3= 7)¥Holtt. Back-thinned CCDE 5% MgA3 oz 2
Fs Foro] AlEdh E3ZE o] 7iWE FolA charged YAE AH
3l7] )3 BEYE FEo] Has] “H—“?:Oﬂ R E CCD architectureol] 288 &+
itk B FAHoR fill factorE THHAZ & e UidezE 2] pixeld
PAHFES EE F AUEE AX fof nfo]Z2 AR vjgdS Ti=E Wy
t} o] WP OoZ pixel?) light sensitivity® 3Wi7bA] &34A14 & o

CCD 7tH&te 1d FA4x drjeaegty] e AME-=3 dH3658]. CCD 7h#
ASoe we & Z714717] Y8l image intensifierE A Hol]

T

1
- )=
HiEsts &2

Er_?l_',

g AMg3tE
2+3}1e] 1\}%6}1:} Image intensifiere ST FFHA Alolol] HAAZFH| 7FE
Zt3o] L 3 FHE 1A ste Aotk

_18_



3134 ol #% 94+ QT s NR 7ivete] M

gl A 71gdlg %ol RN FEE e AL BNCT
£ grjeagtd ol  olE 9slAE image intensifierdt F7H
CCD7F Zaslit  AlgdA 78 F Jv 7idae #4838 & 3
A 8 4 Q¥ image intensifier® TZA-S F 3-3o] AYstgct =T 3-20A4 &
& AEo] 71 TR T Y $5% shlgE Photronitel CCNSQOlT}. o]
Zidigte] G4 B85 £+ 500 fpsE2A gEAY A7 Z2F4E B o] o)A &

52 FYsirlol FBF Sxolh
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E 3-2. Fiojz2fe| w2 HjWw
] ) | Az HE
=5 A 2 3| A} zd3 Sensor &/ |MAE=(HxV)| Speed(fps) (1ux)
ux
30
SIT Kongsberg | OE1324(color) | Photocathode |  700x525 10
ISIT . ! OE1325(color) | Photocathode 500x525 30 5x10°®
OE13-100/101 30
ICCD " CCD 500x525 6x10°¢
(color)
’ Memrecam
3’ NAC Micro 510x484 100-500
| Camera(color)
HSV 500 C* | solid state
” . 510x485 125
{ (color) image sensor
f HVS-1000
i " MGOS 460x350 500
! (color)
Memrecam Ci
! " o CMD 572x434 100-2,000
i Digital(color)
Memrecam Ci
g /Rx-2 CMD 510x484 | 100-500
' High Digital(color)
speed ) .
" Hi-cam(8bit) 480x420 60-8,000
Camera
§ Ultima-40K
. Photron . MOS 256x256 30-4,500
5 (8bit)
Ultima-12
| ) MOS 256x256 30-4,500
; (8bit)
S 10K
Hper CCD 512480 30-250
(8bit)
; CCN500
. CCD 640x480 30-500
(8bit)
i’ Spectra
; . MOS 256x256 30-4,500
(8bit)

_20_




E 3-2. zidzle] 74 "l (A H)
A2 Hx
E=S A 23 A} ASR=R Sensor £F | A= (HxV) | Speed(fps) ()
ux
SR-500
Kodak . CCD 512x480 30-250
(8bit)
SR-1000 _
. CCD 256x240 1000
(8bit)
SR-ultr:
e ccD 256x120 2000
(8bit)
High d 4540
18h spee , CCD 256x256 | 20-4,500
Camera (8bit)
RO Imager
_ 512x384 | 250-1,000
(8bit)
1012 _
) NMOS 192x239 50-1,000
(8bit)
2000
i 512x384 30-2,000
(8bit)

..21...




# 3-3_ Image intensifier

| 74 Bl

Wavelength of

Radiant Emittance gain

Limiting resolution

Minimum Effective

A} % 3] A} ey maximum gain (W /m/ W,/ (line pait/mm) Diameter Effective coupling
(nm) (mm)

Hamamatsu V2697U 430 8700 30 18 CCD, Vidicon
V3346U 430 8700 30 25 CCD, Vidicon
V4170U 430 4x10° 25 18 CCD
V5180U 430 8700
V7363A 430 25 CCD, Vidicon
V7670U 430 6300 43 25 CCI, Vidicon

- 22 -




SIGNAL OUTPUT (nA)

Television camera output versus light input

1t LR AR AL

S

)
w

o
N

10

1 L
10°5 107* 1073 1072 10! ! 10 100
FACEPLATE ILUMINANCE
{2856 °K Tungsten Source)

12

FALTLO

OI_"‘l

dim

a7 3-9. A H|1[54]
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- BAA 5ol Folok gt
W 5(light sensitivity)©] ook 3o}
- 7+ AjZko] Folok gtk
& FAA Yool T Pod AT EAd g Are
Bossil4], Hibiki[33], Suzuki[60] % Brenizer[61] ol &3t sa1gd v} gl
Bossil4]E A3kl izt B4 ATE T3t thge 2345 I
5!

- Gd:0:S% GdOBrol FHEdls SHAAME M S5ty 23 Alzto]
400 ps =AM a1 EHI‘AQJEM% fﬁé}ﬂoﬂL ERaralaN
- fre] #@EAe A 40 2A 4 A1 SWoME $53

U dgso] Wk

- ZnS ¥FA e P2 F /A 842 FAHY ded 259 74 Azt
& 27} 40-100 ns, 40-100 ps olth. ol& FRVAR ALEstE Agol F
BA F Bd2< LiFY "BE AH® F glvd 235 LIFE A
&ste F97 | itk

Suzuki[60]& °LiF/ZnS:Agy Gd.0/ZnS:Ags AHE3l= 50 £ A E
qe ATt oo ZFAE EUTh
- 3% 3-129 & Hkeb 2ol LiF/ZnS:Agel 23352 Gd0+/ZnS:Agyt
Gdell Bls} zHzh 50u), 1008) FHoivioh
- g3E9 Y F vlEste ER5E F7HH 50 mg/em® olide] HW
o35 S7He v9lsioh

) #A slhuEol Abgstn YELIF/ZnS:AgE BHEAZ A
< 1 A Yo AEs E42 dudn

sl el NR Aulo] AX=o] e 3o} A58 AFstd 7] Yo A
o Fdod e 2EE ZA5ta[62], °l& o2 ALatgkmt vlmsle] B i)
AL 200003 99Y 220l 16:00%-E 16:30 Alololl Sy o] uwf 2 &
24 MW, Aloj&2 347 mm &% AHeoldoh =& ZAHd= UDT 211 Z%‘
AZE AEEdeEd, 18 3-133% 22 &3 XA 24 Axnes % 36 2
g 3-149 #Zo.  $, NE426 #3828 7t=+= Nuclear EnterpriseA}2] 2]-&[63]
of oJshd LiF/ZnS:Ag M2 & 7le F4A & &F 1.9x10°71¢] photonS 7H&
o Wk 1 Im Al7]el WA 1.3x10" photons/ssi@3al=H|[64] ©] F blue
lightE ¢F 10% ©]|22 blue light®] %o+ 1.3x10" photons/se} Z-$7} 1 Im9l
sigitt. 1 Im/em®s 1000 ft-cdoll 23t 1 IxE 0.0929 ft-cdolth o] &
AE O]%OP@ KUR[21]3} sty29 5o diste] SAzI AAgE Bxsd &
3-73 Zoh o] ZA3E HW KURY Agole A3 74]*}%):01 vl frAlstaL
stz el ZAgols SAgtel At 90% AHEel olF& & 4 Uk

-

1

riet

M ro e

A&
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Bossildl= LiF/ZnSE A@ee= ALgdte 9ol ZnS9h LiFe] E3v], 35
(ZnS) JAHe] =271 H FFFe] FA7E 2F5 uAE S A7t a9
AT Aol wzW, YFFe FAV FUFE [d@e) AR Frisht u
7 FAAAE dRFUelA g A&l AX EdlTol otk mEtA, HH
H3ZEe FAZ 01-024 mmE AT Bossi® ZnS/LiIF £3H] 2 E3E
dzte) Z71e Gigt AT Zze 28 3-159 vk o] aFolAM E3ue] ZHo
A RE @Eed AdE & 5 gl FHo L EATE o AW £F
Al7F HHe] Z3H|ET AX] fole ¢35 Z4g
]

9]
AR
= 7
M Yol BF) Fago

e 9+ 9, £e ¥3E 9
A9 =717k 60 pm R B A9k otk B Bend ¢ 4 4 Utk =9,
E317} 2 o8kl Beol YAst AW FHE BFFLS F4PL ¢ F v

Aguto Ao whte ankg 2L FFEAA S Azt 7]
E A4A4L FAA EAL AYx k. o] FAF EAL RillT
fluence?t o= AR olatrt HY &Edlsol A3 A Arh. FAAR HAdo] AP
ko] Rajsol 93¢ Fx e A9 fluence’t HFA vttt EA35=1] Bossil4]
£ LiF/ZnSE AF&3le 25l o gol 10" n/ecm2 95 A8H2oz2 JFsoh
30 MW £&A)d 3l Z NR A 2 2AMEANAM Y FAAFE0] 54x10° n/cm2-s o)1
BNCT FAMEANA Q) EAxIE0] 30x10° nfom’-s o2& ZF Av|oA el &)

58 A F U= frame rate © 44 05 2 30 fps €42 & = A

3.1.5 Frame Grabber®] F-uj

Frame grabber= 7lulghdld o+ HF A3 E gr|E3}st= Ajoloh
Frame grabber®] Age] lo] iejstodol at= A olggt Zth
-y AF ua
- gAE &9 4359 bitT
- Spatial resolution
- Azl A iy
sbletl A Uox Nz EES Iw 94 Z$ols RS170% CCIR Wajo] gl
o Zeje] Zgol= NTSC WEa PAL U2e] 3tk Frame grabberg ¥
T2 A1g37] fEiAE o BE e Aste HEE  gle Re] Foh
Ad 28 A8 bite7t F5 dynamic range7t XM Fou e A F
AFe] Zert Aot 3A EAHA vk Spatial resolutione F4E Frt}
AT Aol oiME 2A WERROE AFE HRE AHESE 3o HY &
b watd Foh. olE AEHE 13 3}e] Data TranslationAhe] DT31528 T+u)sh
dem I 54L& 3z 3-87 #Hth
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= EXQ SHX 5+ =&
B Emission
Abundance Mode of .
) . Cross-sections . Max.
Material of parent | production of Half-life
isot (%) | active isotope (barns) Type | Energy
isotope (% D (MeV)
Litium 74 Li%n, a )H? 935 Stable a 4.7
Boron 195 B*((n, & )L{ 3,837 Stable @ 23
Gadolini 14.7 Gd"™(n,e)Gd™ 58,000 Stable 0.14
adoumum | ysg | Gd¥(ne)GA™ | 240,000 Stable | © 0.13
% 35 CiESel Mo
R A & 3} AF
Gd:0.S Apex Research
GdOBrEr Generic Electric
Lockheed, Palo Alto, Ca
Gd0:5:Tb Konishiroku Photo. Ind.
Fuji Film
Ce-glass Nuclear Enterprises(905)
B/ZnS Nuclear Enterprises(402)
Gd:0v/ZnS:Ag Kasel Optonix
Kasei Optoni>
LiF/ZnS:Ag 1 Yptonix
Nuclear Enterprises(426)
Gd:0:S: Th+La,0:S: Th 3M(TRIMAX-6)
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E 3-6. 5tt2 NR MblofMe] =& X &
3 ¢ U3 (1) (2) (3) (4)
Agreo A e
bl A= 315 475 765
(cm)
2%
749 76.0 65.4 5.43
(mlx)
E 3-7. siit22F KURoOIAMel Msetal EHoA{S| =& H|T
e} e et Az e 2%
Az Ao A g Age =8 (mlx)
FRAE
(n/em’-s) £33k A2k
KUR 1.2x10° NEA426 22 19
se 4.3x10° LiF/ZnS:A 749 68
| ° (24 MW g IS '
E 3-8 DT-3152 Frame Grabbere| E4
Spatial X e ANE
29 bitg | NE A
Resolution k2]
RS170/CCIR H3TE]
4096 X 4096 3 bit
NTSC/PAL | RAM |
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<« Protective Layer
(10 um Acetylcellulose)

000000000000 OOCO | « Fluorescent Substance ' ayer
000000000000 CO000 (0.25mm ®LiF/InS:Ag)
olololelelolololelololelolo00)

lar s 0 ¢ P st s 0 O WP 2 o 2 B O iy b it s f— Light-Absorpt}on Layer

<« Supporting lLayer
(0. 15mwm Paper)

<« Aluminium Layer
(0.8mm A1)

Composition of Fluorescent Substance Layer
Weight Ratio of SLif to InS:Ag 1s 4 to 6.
Weight of ®LiF/ZnS:Ag 1s about 45 mg/cm’.

Particle size of ¢LiF 1s about 8 wm.
Particle syze of InS:Ag is about 4um.

T 3-11. MEetel olukx el (33
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3.

Film Density (D)

18]
.

-

O j-

Thermal Neutron Exposure(n/cmz)

a7 3-12. HEetef wts v W[60]
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/ 3L5 cm —

Mirror Converter
A
P — (2)
a
-
45 cm (1
(3)
29 cm
Y
(4)
Camera

8 3-13. SR NR MejoiMel =2 £H 29X
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3.1.6 A} A 2] software W AA} A 2] computer

l(

Zieet9} frame grabberE F38te] 53k A& 4357 i 4

A #2) softwareZt lolok gch o1& £3l9 Image-pro 4.1& Tt o)
T2 e A BAL 98 B8 Teadoga 1 %o tgAstd A4 @y
S agtde] F&3t7|o] &Mo] glow, Sl digjde] dx, ] 7MY A}

| AAo] gt
A4 Ael W AFE WA YoiME vRee] A7l AY BlFL T

Fiugle] A= 7F 640x48090 Al 3 frameo] AA)EH= vl R2E £+ 300 kB
olty. 500 frameS frame grabberZ A2|sled EQ3t w2 &3e 150 MBo
t}. o]2 n#dte WREEE 512 MBE ZASPEY ol CCNS00E i £%2
ARE g wol] 3x7re] EFEF A3t Folty. I A Agoew u|F A
FEe] Fa Aleke obelst 2ok

- CPU: Pentium-III Dual 800 MHz

- =g 512 MB

- Main board: Tyan PDVIA

- Graphic card: AGP 32 MB MGA G-400

A2 A ol e AE 72 H Y 23 v

247 Aueaedg ogd oY #F AYel YT 9ol ATF
3y B FASY BHE PE LAY DY ATAERY s Eeto]
eel 948 A9 ¥EEL 14 4R dUeanE olgda FunT )
£o) WS o8 W dYnrt T ARE AL 5 AL FAHAY

A. Pb-Bi Wztale} 89 HEAQ &% 7MA 3 dF

B. oF& 7oA °1 CHF &4

C. Zt o] &% flow regimedl 9] 71% BX 71¥ RY 71T =7,
AR WA A% 4’;71—]

D. Flow regime transition A 7l £&3, breakups ol A

5 3
E. Stratified flowoll A} film thickness &4 2 2D wave &%

ol AY¥EL B o) C, D ¥ EE air-water 4FoME £ A5E 4L +
Jom A B AHE 12X E9& He R 5 B Ve ag g uelA,
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E-D-C-B-A¢%] M2 HIdl=
g ZHoM AFsitin dudn,
2o BNCT ZA4E o884 Qs dsl Agan 58 +ag

P& FAsH] M @A o7t 7], 48 loopE W75
A3 22 B4 Zasit. AR 0}"}i°ﬂ "4745]01 Je Z7] v S o7
2 olE S 723371 FE3M 22 AR E dA AHEsla A e Ay
du] Yz AlTES 84 5 IS AT =3 2EF 4E 2 f3y e
4 ¥ A ARl O}L}i A% dAg ZAL
acquisition AlES AFEE o Q1o F7te] H|-&o] 2] 2&

7o) film flowE A3
S FE3 2o p
T A =8 vl 20013

A dreadaE o]&3ste o) FF YL FHE] YA
A7 AR FA9 AA(path length)E ApAA 7+ <
M (calibration curve)e] lojof sttt 2j=e] HALE HWH o] =4
P 5 Agd AMEE FAE g eR d¥F oz Pt ARgsta gtk
TFoAAME A8 F/HY gap sizeE Ze slit B &oll tiste], dideazty] whgo
Wol £388 APFoz Pl o]F MCNP HAl Z=E o] 83l 75 A2zt
3 vt Bogth  o)E slit @ #2 FAA F4UF He 4FuE 60612 A
stach dde e ¥ dA NR AR A9 e SIT gz 4
B3 Aol "'?:‘] EFo it el UA P2 thx|ste] 33t

ox, ofM
o dn i

o

Ao}, HEHAE L& JHEES FAST YE x-ray S0 Gd AtutoA] &)
ghg-ol o3t ‘:‘”go}‘:‘ Zukdel ot ZRE e, APEvY 4RI F4H
_IE_ (.)]E } E}EUE \:ﬂ-xg = Z:}‘U}‘/}joﬂ i}‘ol7}‘ A(E7]-T’—— O] 7'(]»0]7} Z:!L%"] ZéE_oﬂ Z}
SERE

3.3.1 A

n%

Slit 2 Tl g ZARE NR ZAPRR 9 Al 2 ZAMA A 3=
Slit @ #E Al 1 2AEF A 2 2AM Alo]o] W FoZEE 1085 cm HolA
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ric
BN

Aol ZaEed BEo) B4E Gd AVAL sit D o) WAAT.
142 £20] 24 MWSl el 1087 Sa89ich 2 24186 & =
Ae A9 W 98 24T, AAE AL A9 UF BE, W 7

FA ol @RNA o' Aolg Has)

>~
=z
rir

£ oo

2 £S5 photo densitometerd] T3 FI}EHE X
9L 22 RE EHRLL g 48 o] &3t 7.

g o rr B3
N2
m{m__o{N
32 0% % oau e
-'E»L )
o
a4
i

w0,

=2E9e — =t 2 ‘d
I A8 & v T8 ¥ A2 ALAAA ¢ intensity
I 238 & A2

Lot ZRHA71A4 2 BFIA

S~

A A ¢} intensity

Litle}

12 intensity

3.3.2 MCNPE o]|£31 At

A A 2EeE 7] oae o7 7kA &%

o
= =
sEz 490 1e¢ Bolu o]BAd EAQE ATd ¥ 4 gt Aol

]Z_}% 3017] A= HZ3 variance reductlo I
g} o] WS AlESHH S AddoltEt: HAHE FTAxe 94F

ol
ot
=
p)

z l?«

>~

F3el Ut
To] Alite] ojg} e FHE AV fEME Adte]l AFsof g HAESE=
oz 71A By FdAE 2H 71EZ(Monte Carlo) HHE& o] &3l= Ao 713 A
gatA Axrsle Aoz 43R k. NR ddd digt 248 2y 7122 MyS
AHgSHE WA ZT FollA] 7Y EstA AHEEE MCNPE o] &3tch
NR2| 4 X7} FAAAJ] A2 NN go] Holz Qlof Wakgoe] & FAIx}
T B 1 A9 BE AR FAAT =gsy] Wi TR Ao HY
A9 (parallel source)elth. olX& AF YA Mo FAHAAE o] 2 WP
M A el AgEe ¢S FEZ Tt A diddd PEYS YeEhde
L/DE shz Al 2 240 2410 fXloll A 2656322 HIMHY D 2[65] AlAkol
ME FAAe] BEAdE ZEHE ZoJ3ttt. MCNPAA 7153t Aol waage
whiFgk(mono-directional) ¥ SW(isotropic) AYelng z2he W3k g zk= A
A4S AR BT F gV “ﬂ—v—°ﬂ X" L/DY 22 44d& ZEES 317 Y3ty
T8 Ads “1‘01]/‘1 HHg Ao Utk T8 'ﬂ%% ZEHE 2ot BE
WgFo 2 TR AYE ALAFIA AL Aol Aoy dAHo g Altel Bt
H O]:
o

AL o
e
>

Ed oo

)
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2 gslez g o vt FAR HA4& AAAIZIE ‘cone directional biasing’
ARt

W[66]E AHE-shod

F4AY oy A)el wet wkg 8 dHAe] tEreE UAEE FAAR LAY FE
& AURE ZEE sof gth. NR AF AdA TR Wl A oz 949
o W3 YA 2HEHLE FHo=2 FI o] gloy & 2 /v A9 FA
Ae W A ez FAHHY Y A Qe 2"EPL oy An e
Maxwell ¥¥(Maxwellian distribution)& zZ+etiz 7438

NE) = ( 2/:7]\;3/2 EY2 o —EIT .

k: 223 (Boltzmann) 44 (8.6170x 10 *eV/K).
Maxwell 39 T SFERL o] 2o} o] 2% o) ZAAG., =
3] 24" $42E M 2E 279 Maxwell #XE Zetn B & Qi

weta], Aatelld FAR AUL wAb 2%2(<F 40T)o e Maxwell X8 zte
245 = Zhupde JHHE Yol x-ray ] A2 gl Gd(Gadolinium) <
ot AAEE RAolBZ AME GdY (n,7) ¥EE RS Y

4g Agstel Fasinh

HE): FAAE, )
i ]

Ja
> Hd

of Agtl 2x7t ok Alkgke]
A AlZho] a°1‘+7] Eoll AlAbgEe]

3.3.3 Az} H7}

Slitg £2 AHE we d3te 28 3-173 2ov FF2 QYL w9
A= 133 3-18% 2k o] O AAE FHELE W FACERE olYE 09
mm 9oi gz MZZEe] Azt oF 076 mm<l ) Zo et FE e HF3
groltl, o] Hlm A& Tk, A& A gyt EAH 4L m= A
3 48 F Q' S AT ole T 2o
e Agel ALgstE Aol A 7189 AN 2E ALE e EA ZA
S da o]E test section®] AA FELETFOZH test section®] HAS} test

matrix®] T4E& &oldtA FHF & UEFE AAHEH
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°}74 25 mm #olA ¥ path lengthol] W& R 3 J=x AHHA %
= ALHE Fste] Feta ¥uEided o 23 a9
ZHAe W FALZHEE 21 mm 94F HAEAT T Afdde slit
459 v 2 AY A} A AL 2 dAE eS¢ 5 AT o
Hu, B9 ASole A Aol AolE BRItk ofd Aozt v o]l
i E F7H AEZE 2astc)
¥ 3-201e B/ &litd] § e S8 NS W path lengthol] & e
3 ARE slitdllAe 3 e} Zo] Yeilth.  Slite] Z-$-ol beam path
length?} 7F¢ 21 AL 11 mmeolx &o digt FHH F 714 path length’l -2
Ae 114 mm ©|th —4-4 74 path length7} #4901 A EL 79 %*‘Oﬂ/ﬂ Hk

RE 2 4 2 o] 2o uHT 3@?‘5 xolth. 54 AN F4 WFeR:s %94 5
AZF FAAA L 911 PFoRe F9 FAZ gobHA 15 mmT o AuE g7
7b EAst AdE F4A gReg §EHE Aol we Xelth olH Ay
of oste] 2 3-1991A4 Sle whek Zo] 11 mm ZHelA slitd & Alelo) FA
@ Wb gty g, o] ZIREH FE o8 AYAME slitel o
dto] 7 54 FHe 2ol AT & dUEe wAsHT
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Neutron Beam Attenuation in 25 mm Tube
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