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SUMMARY

I. Project Title

Investigation of Possibility for Failed Fuel Detection by Using the

Neutron Measurement in Primary Cooling Circuit of HANARO

II. Objective of the Project

In HANARO, the failed fuel detection system(FFDS) by measuring the

gamma rays in primary cooling circuit has been installed and operated.

From the operating experiences and the various analyses, it is confirmed

that the FFDS has some difficulties in effective monitoring of the fuel

failure because of the N-16 which is the main gamma ray source in

primary cooling circuit. In order to improve the present system and

effectively monitor the fuel failure, the FFDS based on the measurement

of delayed neutron is suggested. So, the neutron measurements in the

primary cooling circuit and the analyses of their origins are performed,

and the possibility for the failed fuel detection by using the neutron

measurements is investigated.

HI. Contents and Results of the Project

The BF3 proportional detectors are used in measuring the neutrons of

the primary cooling circuit. The effect of gamma ray pulses due to the

N-16 was negligible. The changes of neutron count rates before and after

reactor shutdown are measured in order to investigate the origins of the

neutrons. In normal operation of the reactor, the neutrons generated at
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the primary cooling circuit are assumed as the photoneutrons emitted

from natural abundance deuterons by high energy gamma rays and

delayed neutrons by the fuel surface contamination, and the changes of

neutron generations due to above two neutron sources before and after

reactor shutdown are calculated. From the comparison of calculations and

measurements, it is confirmed that about 70 % of the measured neutrons

in the primary cooling circuit are delayed neutrons, and 30 % are photo-

neutrons due to N-16. The neutron generation rate is calculated by

Monte Carlo method in order to support the analyses about the neutron

sources. The processes of generations and transportations of high energy

gamma rays from N-16, photoneutrons and delayed neutrons are

simulated, and the count rates of the photoneutron and the delayed

neutron at the detector position are calculated. The calculated count rate

of the photoneutron is 11 % of the whole measured neutron count rate.

The amount of uranium exposed to the coolant in the core is also

predicted by the delayed neutron transport calculation, and it is lower

than the allowable level of surface contamination of fuel rods.

IV. Conclusion

Since the level of delayed neutrons generated from the surface

contamination of fuel rods are sensitively monitored by the detection

method of neutrons in primary cooling circuit, it is confirmed that the

detection method of delayed neutron is very useful for the monitoring of

fuel failure.
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*fl 1 S

A

7H .̂(FFDS : Failed Fuel
Detection System)^ 1*1- ^Q^} *1*]3M ^-§-^31 5ftt|-.

Nal(Tl)

^ l ^ 6.13 MeV

2 MeV a|€H

6.13 MeV"^•4'9-i: ^ ^ . ^ ^^M^l s)35] # - y £

3 # 4 # £ ^ ^ °flM l̂ ^^^1 Compton background

MeV olS"M3 ^1-9-i- ^ ^ % ^] N-16^1 6.13 MeV
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N-16^ ^^7]^ 7.1aS-^i Pfl-f #71

l H 1 2 MeV
FFDS» ^ 1

RRS

S-S FFDS
RPS >§

r̂ sa

2-^#(delayed neutron

[1-2,3,4].

N-16
JRR-3M4 «

RSG-GAS^lfe 1*> Tllf- l̂ N-16-i- ^^J^l^lfe decay tank7>
. CANDU

fe decay tank7V §J^LB1>



4.
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(IX)FN
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rlpc^ R ' i ^ to9T-N Ma-tn '-bfe -i-Ha ^-frlo A l̂At Z '

-l^T fa -1-tS

* U # & (IX)FN

IYH ^te s-folii sjnte fi



2-14 £ 4 . z]-

(1) ^ # 7 l * H (detector shield)

€* r S-^3 n<£sL
background7> wfl-f fecf. 14e]-A]

(457 mm)°J

3/8 ^1*1(9.5 mm) 3.

2-23-
(2) ^ # 7 l (detector model : MD-55)

fe MD-55 Nal(Tl) ^ ^ ^#7]7> A>-g-s]ji saiL^, Nal
^r 1.5 $1*1, ^ 1 ^ 1 ^1^*14. °1 3 # 7 ] i r PM

buffer amplifierl- ^ W : E ^O.T^ buffer amplifier^ 100 feet
^^]^s-7]/-S-^-7l (preamplifier/spectrometer)* ^ - ^ ^ 4 . ^ ^ LED# <>l-8-
tt gain <&33J- ^lf-5. a||-Hl^ XI4.

(3) ^^]^#7l /^-^-7 l (preamplifier/spectrometer : PA-300)
^^1^^71/^-^-71^ ^ # 7 l %:% Aisl- ^^^>JL pulse shap ing^ , §•

1- f-tfl 4JL ^-^ (pulse height analysis)# T 1 ^ ) ^ ^ 1 4 1 - ^ ^ 1 1 €
^Bfls. Tfl^-ir^Kratemeter)^ # ^ 4 . ^ ^ PM tube
500-1500 V3 JL^^^r ^v^^1^14. ^ ^ - ^

^- i rTHS.^ ^ - ^ - ^ ^ 4 . PA-300^: LED driver^
LED1- ^ ^ « : 4 . ^ LED<Hl̂ i ^ b ^ ^ «̂»1 PM tube^l

% PM tube #^3j - 7

PM tube l̂l
fe SCA

^ 4 . z]- ^ % ^ 1 ^ Gross(Integral)

Window(Differential) modeS. ^ ^ ^ 1 7^^>4 .
ZL^ 2-34
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u
to

FAILED FUEL
MONITOR FFM-100
NRC P/N
800646-001

I

O5

I

J2.

DETECTOR
MD-55 (V10)
NRC P/N
800042-002

PREAMPLIFIER
PA-300 (V5)
NRC P/N

[

ADM-600A (V8)
NRC P/N
7O357B-005

CABLE
NRC P/N
800672-002 CABLE

NRC P/N
800672-001

PANEL MOUNT
CHASSIS
ADM-600A
NRC P/N
800707-002



2-1.

^ if-

Sampler

assembly

Detector

(MD-55)

Preamplifier

(PA-300)

Ratemeter

(ADM-600A)

D
D

D

•

•
•
•

•
•
•

•

•

•

•&S. : 50-180 °F normal, 200 °F design

* N : 9" Lead

-̂711 : -2000 LBS

I N : 1.5" dia.xl" long Nal(Tl) crystal +

high temperature PM Tube

£*fl¥(resolution) : 8 % for Cs-137

9.5 % for Cs-137(high tem.)

3 ] ^ °§^ : 10-107 cpm

^ 3 - ^°0- •• 500-1500 V

- preamplifier

- high voltage power supply

- two SCAs
-§-2}- #<£ : ± 15 V

°IN*1 ^ ^ : 50 keV~2.55 MeV

pulse shaping

- gain : 31

- rise and decay time constant : 1 ft sec

- %•^ *§.£. jut6] ' 1 mV per keV (negative)

output • Digital pulse proportional to the

radiating field

°m : Digital display : 10-107 cpm

Analog outputs : 10—106 cpm

Alarm outputs : HIGH, ALERT and FAIL



2-2.
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MD-55(V10)

PM
Tube

CCA-
Preainp

Temp

HV

SIG

TEMP

AGND

GND

PA-300(V5)

CCA-
HVConwlBoaid
P/N:CSOO0O7

CCA-
SCABoud
P/N:C8000O4

To
ADM-600A(V8)

2-3. A]Jr

(4) Tfl^TlKrateineter, ADM-600A)

a A] ̂ 4 . oi 7)1^-1-7]]^ PA-300-^S.^-Bi gross

background $.S.% Q*}*\ background ^l^^r^l *}-%-*}7\ %•& scale

factor* &%: * gross ^1^^S.^-E^ ^ - ^ ? t # suflÂ  n e t ^ l ^^ r^ :

4 . ^ J i f e 'HIGH', 'ALERT ^ 'FAIL'S ^ ^ = 1 ^ A ^3-fe net

^ FFDS

D
D

4
, 7171

: KM-680-RE-14A/14B/14C

' KM-680-RY-14A/14B/14C

7]7\,

- 9 -



• ^IJL %\2\7\ : KM-680-RU-14A/14B/14C

2.1.2. q^S 4 ^

2-4,
16 «i*i

2.2. ems «I7IIAI «(aa n£ %M n

background

N-16^ <â =-i- 1̂1̂ *3: background

, 2.0 MeV
, l l 4 ^-f<fl 1*} tiB # 3 #*Hi-a- # ^ ^ > ^ ^ ^ 2.0

MeV °]t}*\ n^r^r°] #^«1 7̂J-S]-7ll ^tf. 4 ^ i «l|o|s s}-^ #X\ Til

^•^ ^ SCA 4^-ir AA 0.6-2.0 MeV ^lM^l <3^4, 2.0 MeV

FFDS

[FFDS #^^1] = [0.6-2.0 MeV Afo]^ ^ ^ ^ - ] - [2.o MeV
x m^ 7||^] (2-1)

2.0 MeV ^ ^ 7j-p>^c] 0.6-2.0 MeV
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2-4. FFDS 7]

//o? ett 8S0

iL"

//so &•

I

2-5. FFDS
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5Û r ^ SUfe «l£-1 ^( t ramped uraniumH

6-7 MeV Î #*}#•%: U ^ f e N-16.2.3. M"¥ ^

tramped uranium^l ^ ^ t < 8 ^ ^ ^ S . 0.6-2.0 MeV <$

, 2.0 MeV ^ l ^ H ^ f e ^ - A ! § ̂  sftji, 2.0 MeV ©1

3L711 M-E|-\f4. ^ ^ S 7 > s±£s\°] ^<£3-%- 171]

2.0 MeV

FFDS

0.6-2.0 MeV^I °IH*1 ^ ^ i ^ z]- background ̂ ^ 1 :

FFDS 7^1#7l5i Tfl^-^ ̂ 1 ^ - ^

«oVA>5l- ^j^-i-ofl 1̂«3: 7^]^^:, CA : 1078 cpm

Tramped uranium^ ^ ^ - ^ 1 ^ ^ : , CT : 30 cpm

N-16-^S.^-ti ^ ^ ^ ^ 4 - i d ^ Compton

(2.74 MeV s |HS| <^^^r ^M)

CN-ifi(6.13 MeV) : 3.09 X104 cpm

CN-i6(7.12 MeV) : 1691 cpm

fl, CB : 3.37xlO4 cpm

• ^ < g S 4 ^ A ] «)^-^ %<%&<$ $$: ?H^£ (1711

1-c] a^Z^^ vfldfl JLS.7H ^ S ^ - a l &5L, #*}#

1.3 MeVS. ^ r ^ ^ H , 2.0 MeV o ] # 3 ^ 4 ^ ^ ^ ^ : Compton £ ^ ^

CF : 5.33xlO5 cpm

• ^<gg. sj.^A] 0.6-2.0 MeV

CFF = CB + CF = 5.67xlO5 cpm
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0.6-2.0 MeV

Nal(Tl)

Background

Compton #?L<1S

N-16 i ^ f "§"
3"x3"NaI(Tl) ^#7lS. ^ j $ N-16

[2-6], n ^ 2-64 ^ 4 . dl ^ S ^ l * ! 0.6-2.0 MeV
2.0 MeV <>1#3 ^^(A2) «1 Al/A2^ 0.3^H^l^. S-
7fl#7l^ 3"x3"NaI a f i l i f i c f 4 1 E S Compton

3"x3"NaI 3e)^ l :3 ^^-iltl- # ̂ JolaL, ^«fl^
A1/A27} 0.3S.4 ^ 7A±S, 41-S-̂ t)-. 4 ^ i 3"x3"NaI(Tl)

Compton

100

90

eo

70

14

£60
o
z

§50
o
u

o;
30

20

10

0

I
\

1

1

>
x

ISO —

J

1 1 1

x 5

I I I

i i i i i • j i t i i

N 1 6 7.3S sec
945 mg/emJ Be
Geometry 40 V.
I Qiv.= 0.205 MeV

4*

X
1A

1 1 1 1 1 1 1 1 f t 1

I 1

*

i i i

/ 
P.

air

«*

4M

\ k

M
eV

 F
r>

 5
.1

1

J \
11111111

M
eV

\
111

111111

•a

Pa
ir 

p
e

0 
M

e
V

M
eV 1

2-6. 3"X3" Nal(Tl) N-16 #*Hd ^ ^ B .
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SCA7> sUfecfl,

N-16 # n R d 3 Compton 31 *M- JLB^W 3 « H SCA

SCA 2#^r 2.0 MeV <>1#.2.

background

0.6-2.0

ABAC = Al - 0.3 XA2 (2-2)

7\ FFDS

1108 cpm°lli3.
background

ABAC ^ Ctrip = 5500 cpm

5.33 xio5 cpm^i 1 %

2.3.

2.3.1. FFDS

7<|#o| ^

^"^1 differential

it "GROSS"

integral £ E

"BACKGROUND" *fl

0.6-2.0 MeV^]

. 2.0 MeV

N-16^1

, GROSS

, NETFP
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NETFP = GROSS - K x BACKGROUND (2-3)

FFDS #3. *!Hl7l3 ^ ^ i f e NETFP, GROSS ^ BACKGROUND

4-20 mA3 oV^-S.^ A]$_g_

I CRTi

7 1 ^ ^ l ^#715] JiL^, ̂ ^ £ £ 2 1 ̂ ^ , K

§• 2^^-^] ^ ^ 5LH7>

integral ^fl^S. A>-g-̂ - ^o]X| o].q^ differential

Si 4.
| £ ^ ^ Z]- Xfl ̂ S ] ^ 1 ^ ^ ^ ^ ofl ^ i t ! : ̂ ^ 1 1 - 7}X]5L <&

n^-^^1 ^ e l l - -g~§-*b ^*-S.Ai 50

r %°] 2& %•<& z\7&±«\} a .

50 msec

^tfl 10

30071171- ^ - ^ ^ ^ 4 3 3 g ^ ^ ^ - ^ x ] ; ^ ^ 3 1 B H 4 .

%<>]•& Til

3007113

3007113 £ 4^- ̂ S ^ ^ l ^ i ^ ^ $i4.

3007fl7l- 44ef 307)13
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, o] ^ - f i - 22: ^ # #

2.3.2. FFDS ^-

1/5 1000 cpm^- N-16

^ K

2 MeV

0.3

FFDS

FFDS3 ^-^-i

<* 0.1-2.5 MeV

SI7)

GROSS ^ 3 SCA ^ ^ 0.1 MeVS.

i ^ l S . ^ * #^^(-^4[2-7,8]. 2.5

FFDS^ &.*] 7}^ ^Mx] ^^7 ] - 2.55

RPS-A

, 0.6-2.0 MeV, 2.0-2.55 MeV, 2.0 MeV

0.511 MeV

fe Ar-41, Na-24

^ N-16<>le1-

2.0-2.55 MeV « im^

31^3 ^ l/3i

BACKGROUND

ol o>u|ai 2.0 MeV ^

0.6-2.0 MeV oflM l̂
flA^. 0.3̂ 1

2.0 MeV

, 2.0 MeV

2.0-2.55 MeV

i - 4 2.0 MeV

3 ^£<^14

0.6-2.0 MeV

FFDS^l

*i7}HH

l/5wfl, 2.0 MeV
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1E+08

1E+07;

1E+0&

Q.
O

1E+05:

1E+04

1E+03
0.00

I I
0.1 - 2.5 MeV : 63.85E4
0.6- 2.0 MeV :8.69E4
2 .0 - 2.55 MeV: 0.94E4
Above 2.0 MeV: 2.61 E4

= N(0.6-2)-0.3*N(>2)

0.50

Difforontic

1.00 1.50 2.00
Energy (MeV)

2.50 3.00

2-7. RPS-A

7\.

3"X3" Nal

O D S Compton 3"x3"NaI 3.$
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RPS
-I- 36̂1 #

K 2.0

MeV

G.JEL3. Nal(Tl)

#^^1 GROSS # ^ ^ ^ r ^ 1,500 cps^l

Jl BACKGROUND

NETFP1- ^ l^ - t ^ BACKGROUND!- 4^

: 0-4.00^1
(2-1)^4 ^ ^ ^ .

NETFP7> 0

NETFP71- ^^l^Ai ^ 1 4 ^ 3-g- ^^1 ^^^1^1 5,500 cpm^l
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o^ ) o] NETFPTT ^ 1000 cpm

2.4.

N-16^ <$i&°.3, ^<££.2\

71 fe ̂ I^^ -

fe NETFP

TflAj.^3].

1 SI

22

91
GROSS

£7> 1500-3000 cpm

NETFP ^1^1^:^ K ^l^-l- ^^§1

^^1 ^ ^ ^ t ^ NETFP

€-6|| GROSS

100,000 cpm^-

1000 cpm

5500

-, RRS

7> ^nMLJi,

RPS

Mg-27,

71 flfl

FFDS

2.0 MeV 1̂

Oofl

2-3

, N-16^1

2.0 MeV

RPS

2.0 MeV

5500 cpm-i-

x]
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Mg-274 Al-28°1 - f-^^H 2.0 MeV RPS

, If
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3.1 . ?H 2.

Nal(Tl)

FFDS

^ FFDS

3.2.

- 21 -



3.2.1.

£r He-3 a
s.

BF3

S. 3-1.

^l#7l

S. € ^

(*n*M-)
1̂ ^- £

(cps/nv)

(V)
f-«- -§-̂ =

(PF)

(mm)
£ o]
(mm)

(mm)

BF3 3 #71(1)

31EB70/50G
(Centronics)

24.8

3600

3.6

50

280

150

BF3 3 #71(2)

12EB20/25
(Centronics)

1.5

1200

3.7

25

210

120

He-3 3 # 7 l

9He3/304/25B
(Centronics)

14.6

1300

2.8

26

200

90

BF3

He-3

^.S. He-3 ^

5330 bSLS. BF3 3480

0.764 MeVS B-10^1 2.31

- 22 -



BF3 3#7li?Mr

BF3 ^#71 ifl^s] B-10^:

Li

2.31 MeV(94 %) £ ^ 2.79 MeV(6

0.84 MeV, a «g^fe 1.47 MeV
%%?) ^ ^ ^ 71̂ )11- cl^-^-Sl-^ £3*) 6)1^X11- ^7)1 5 ] ^ ^#71 ^
S^^l 2.31 MeV Hfe 2.79 MeV

-fec-11 O]M. w a l l effect^

^=^ 3-foflfe 0.84-2.31 MeV € ^

1.47-2.31 MeV ^£.7}

M-BfVf «>^ ^^l 0.84
1.47 NfeVi^ tj-A] ^1^:^6.5. f 7 } ^ , wall effect7]-

r̂ - 2.31, 2.79 MeV^ si\EL7}
713*1

24.8, 1.5 cps/nv^l ^ 7>̂ 1 BF3 ^ # 7 l # 0}

7ll- BF3-1, # £

BF3

^r # 4 - 9 ^l^sl- ^ 7 l ^ ^-^-0]^, ^ ^ # 3 : 120, 250

3. ^71-tl-aL, 28034 470 ^ ^ - ^ - e i ^ ^H7} M-Ej-v+tf.

- 23 -



120

2.31 MeV

2.31

S. wall effect7>

SJ27V .£.3.

w a u effect7> ^h

3.3.

BF3-1

AS. 3.

"Wall effect"
continuum

i
0.84 1.47 2.31

Deposited energy E -*

2.79 MeV

3-1. BF3
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3
mo

1E4-:

1E3-:

1E2-;

1E1-;

—

= = = =

= = = = = ™ •

—

, J..ir.j|r.r
l

• • —

- —

=

HP

vv • "ss:—

= = = = =

====fe

========;

========

5 = =

M M -

— I -

==̂=̂=

====

— — — • • •

= = = =

= = = = =

100

3-2.

200 300
MCA Channel

400 500 600

BF3-1 BF3-2

BF3

3.2.2.

preampUfier^

3-34

SCA«

DSC(discriminator)

BF3-1

, BF3-2

BF3

S 71 f- 4- 10 MWS.
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. BF3-1, BF3-2

Detector
Preamp

Centronic ^ ( S o T *

HVPS

Amp
SCA/
MCA

Canberra

Canberra
3125

3-3. 1*1-

integral E E

window*

71 i

$• window^ LLD^- HLD*
3-4^1 (a)fe S*° l €• BF3-1

differential £ E S

3-45}

integral £ H

BF3-26)!

integral

differential

^ integral £ £

SCA

MCAS.
20 MWS.

A ^ , BF3-2
3-54
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&

4o

1E2

1E1

100 200 300
DSC Level

400 500

3-4(a). BF3-1 cflsfl SCA3-

KJO

1E6

1E5r

1E4

1E3

1E2

100 200 300
DSC Level

•too soo

3-4(b). BF3-2 SCAS.
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12000

10000-

£ 8000
c
to
-^ 6000
c

Q 4000

2000 -I

0-
100 200 300 400 500

Channel number

3-5. BF3-2 ^ # 7 l l - <>1-§-SH # ^ MCA

I, BF3 ^

O)
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1-131

K

1E+04

BE+03

6E+03

4E+03

2E+03

OE+OO

r
/I
/I

03/20 03/21

500

4O0

300

200

100

03/21 03/22 03/22

BF3-1 BF3-2

3-6.

BF3

M-

3.3. 1*1- HH9
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3.3.1. f^> «* «« ^3
6.13, 7.12

^ r B10(n,a)Li7 ^ - § - ^

rising time°l ^ [ 4 . Rising time^l ^1 1 ^ ^ ^^1 ^•^•7]<fl ^ p u iSe

N-16 ^ 4 ^ i o l BF3 %%7]

background7]-

SCA4

fe 5

80 %7> ^ 1V^ ? > H # ^ S . ^^lM^r f̂lfe ^ 10 %

61]

$14.

10
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1)

2)

^^^-^(photodisintegration)S.

FFDS

o]]uix]7>

Na-247]-

2.225 MeV

FFDS 3

-$-5.^ N-16

Na-247]-

N-
N-165]

3.3.2.

- 31 -



$= A

O16(n,p)N16 # M $\n N-16^1 > £ ^ K r £••£ G,

ific activity)^: JV.-ej-

oi

iV0(O = at) + N;(t) (3-1)

^ 0.1SS. Bfl-f #71 nfl̂ cil o]

. 1*1-

(21.275:)

(3-2)

N(t) = Noit-Tj) exv(-ATd) (3-3)

^ 711 7>^C)1 ^ 7flS]

5 cm 7] si oil ^ ^ ^ ( - ^ 4 . 6] HI]£3 «>^^r 17.78 c m ^ S S #
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fe 22.78

$= 7] 2]£• 40 cm<>14.

0.1

4.

^ 60

2S. ^ ^ - ^

0.5S.

fe MIO S
* c]*l^

. o] S

CICCCompensated

Ion Chamber) BF3

3-74

CIC #J:fe A

200 nA 1000

2.S. ^
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1E-3

c

1
1E-6,

1E-7,

100 150
Time(sec)

200 250

3-7.

CIC

jump

AS. t-°l7l-7l

BF3

. BF3

^4. prompt

7H^7l

3-8^: n ^ 3-7^1

«i

N - 1 6
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70 %, 30

1E-4,

.1
•4->

jo
<u

01 1E-6,

1E-7,

0

3-8.

Calculated
[Delayed neutron]

Calculated
[Photoneutron: 30 %
Delayed neutron: 70 %]

Calculatea
[Photoneutrqn]
I

•. Measured

50 100 150
Time(sec)

200 250

0.^, n.

^ 21.4i£
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9X9X3-, ZL

BF3

BF3-1

BF3-2

3-9. BF3

B F 3 _2

BF3-1

o]

BF3-2
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3.7)}

2)

3)

BF3-1

? H BF3-2 ^

BF3-1 31 #7]

BF3-1
BF3-2 31#7l jit]-

3-10, 3-114

1E-4,

3
1E-5-:

1E-7,

3-10.

" * * i Calculated
1 " [Delayed "neutron]'

Measured

* v ^
• - . ^ -. [FJhotoneutron]

50 100
Time(sec)

150 200
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1E-3

1E-4

J5

1E-6

1E-7

3-11.

3-10^^

^ 6 . ^ , ZL $• n

^^lfe a-a-

BF3-1

Calculated

i
Reajctor Calculated

[Pfrotoneutron]

50 100 150
Time(sec)

200

3*1

BF3-2
1 ^
. °1

42:

A]
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4

1E-3

iE-e

1E-7

3-12.

: Measured
: Calculated

50 100
Time(sec)

150 200

l 2 ^

70 %»

80

-s.711

9 8 %t

30 %,

50 20

Hl-ir<>l

tifl^h ^ S
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OS

PQ '% 96

'% OA

OS

-fta

-1*1
-ferSI-S

OT #

lo - to
OT

SJa ^g-s

Ib8-S

9T-N -tz k-ta-tn -tain

-S fer:
4Y -kfr^ -^k

'-b£ 4̂ 1̂ -1* ii UPIO

klblfcft ^ ir k ^

4=1 "ff



10 ^.S. BF3

JO

1E-4,

1E-5-:

1E-6-:

1E-7,

i Calculated
j [Delayed neutron: 100 %]

Calculated
[Photoneutron: 30 %
Delayed neutron: 70 %]

povyer

Measured[BF3-1]

N J MeasuredlBjFS^Zl''

30 60 90
Time(sec)

3-13.

120 150

10 cm^l Sk°.£.

3,000

BF3-1

BF3-1
3600

1200 BF3-2

FFDS^l
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BF3-2
A]o}

300

FFDSS.

3~5 % 500

1000 . # BF3-2 FFDS°H

nfl

3-144 £ A ^ , o]
3-154

10 cm

BF3

3-14.
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en

1E-4,

1E-5-

1E-6]

1E-7-

c ' I
i
i
i

Reactor/
pcjwer

Calculated |
^[Delayed neutron: 100 %]
-1 V Calculated
L UPhotoneujtron: 30 %
lMj|hyVDelayed neutron: 70 %]

) \ s M$asured(1) 1 ^ 0 ^

..N:»..L Mea$urea(2)

• ^ • ^ - . i"1^-—

50 100 150
Time(sec)

200

3-15.

BF3-2

280 900 cpsS

30

^ ^ ^ r 10
3.71 nH -̂cll US]

-i-̂l l i t

10 cm

5 cm

5 cm

A>-§-

10 tiH ̂ <

70

£6.
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S°l BF3
2) 1̂ 1- « m ^ £ 3 f ^ a f #€°-3.*r * m ^^^>7> <% 70 %,

^1> #f^*}7> ^ 30
3) 3 l#7l t - ti]]^ 7>^>o]ofl

3.4. S

3.4.1. Tfl-S: geometry

MCNP, EGS4

geometry^S. -g-g-o] ^cf. ZL&14 ols l^ a £ £ (y,n)

2 ^ geometry^ n ^ 3-14^- ^ ^ - 4
10 cm^l ^ , 7 cm£] 1-sl^l l^ , 4^1 10

100 cm 1<^^1 ^
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3 cm
4.

^ ^ 16.51 cmS. e>^6.^? ^ # 7 l ^ ^^oll A>-g-e>^ci z\% 25 mm,

£ o | 12 cm, 3L-i:<»] 1.5 cps/nv^l BF3

3.4.2.

3.4.2.1. \^(random number)
Carlo)

§-£7]- 1-TT^«T>I1 (randomly) ^
o~l A}°)£\ &•£ 7}T.]^ \f^(random number)^ #

^91 (recurrence)

7y+1 = «/ ;(modw) a = 75 = 16807 (3-4)

m=2 3 1 - 1 = 2147483647

seed number 7/̂ 1 fll- ^ ^ ^ w i £ ^-¥Sa-i- "fl

2 3 1 - 2 = 2.1

3.4.2.2. MCNP1- °l-§-^: N-16
water)

16(np)N16O16(n,p)N16 #&<>] 7}?8- ^ - 9 . ^ 4 . o] tiV-g-o. ^ . ^ 6))ui^7> 10.2
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, fission spectrum^l

[3-8].

^ 1.9 X10"5 barn614

6.13(69 %), 7.12(5 %)

(3-5)

7}

macroscopic

loop

A : ^^1 #^(0.0976 sec"1)

9X1= MCNP S H

O16(n,p)N16

20 MW^ ^ # ^ ( 3 0 MW)

N-16 ^S^^r-i- ¥ ^ ^ 4 [ 3 - 9 ] . MCNP Tfl-

3-16, 3-174

3-2. N-16 MCNP

20 MW

- 3 6 ^ 187fl (R02, R19,

SOR3, SOR4 : Dummy)

- 1 8 * 10711

350 mm (1/2 #<y)

30 MW

- 3 6 * 20711

- 18* 127fl

350 mm (1/2 #<Q)

- 46



0 10 20 30 40- 20

* Al dummy 4 ^ : CT, IR1, IR2, R02, R19, SOR3, SOR4, OR3, OR4, OR5, OR6

3-16. # 3 20 MW«S MCNP S.%.
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* Al dummy : CT, IR1, IR2, OR3, 0R4, 0R5, 0R6

3-17. MWI MCNP
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MCNP01M

Reaction Rate = N J 0(E) o(E) dE (3-6)

F N =

^(£) = calculated energy-dependent flux in a cell (#/cm2/s)

o(E) = energy-dependent microscopic reaction cross-section

(given in MCNP cross-section libraries)

° H , W ^ M H ^ ] 0-16^ €^f ^ ^ ^ 0.03339X1024 atoms/cc^m-. MCNP

°11^ cell flux* 31 # * M ^ ^ ^ ^ cell^l ^ - s | l - -̂6]-o> ^.^tfl, MCNP^l

-Hfe # ^ cells] ^-s l l - ^ s s . ^1^>«: ^ 5114. MCNPS

* m flow tube^ ^2q-^ Jfslfe 1938.22 cm3(fe^|: -35 ~ +35

O16(n,p)N16 ^r-8-i tfl^ «V-g- ^ ^ ^ ^ n ^ 3-184

MI =

0.001— 11 12 13 14 15 16 17
Neutron Energy {Ml}

3-18. O16(n,p)N16

19
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N-16 - ^ ^ #yov^ £ £ # ^tm-y] ^«fl 5 cm
N - 1 6

70 cm*IM3 Jg-3- N-16

S 3-3^1 ^e|«V5at|-. #^°1 20 M W ^ I N-16 ^j
*r F17 f̂l̂ .o1I-H 1.24 X108 711/00/560^*.^, Jg^^lfe 7.95 xiO7

30 MW^nflfe N-16 ^ - t : ^ ^ ^ ^ 7 } F16

2.0xiO8 7fl/cc/sec^^-^, ^S^lfe 1 . 8

virgin fluxfif virgin neutron6!! cfltt measured cross-section-i: °1
30 M W H ^ N-16 ^^^r^ : 8.01 xiO8 7fl/cc/sec^4[3-10].

N_1 6

0.090517 m2, -fr^r^r 7.3 m/sec°luL, ^iflfil -ft 5.
0.039641 m2, -fi-#£ 1.27 m/sec^t}. 4 ^ ^ 20 MW

N-16

7.95xl07x(l-e-
0-0976x0-096)

-0.0976x21.366
_

5= 8.47XIO5 disintegrations/cm3-sec

N-16

A 2 — i - 0 . 0 9 7 6 x 2 1 . 8 2 2

= 4.73 x 10 disintegrations/cm -sec

€ 4 . - f r ^ ^ ^o] -B-̂ Hl7> 4 ^ 0.695 : 0.305 ]̂ E

2.03 x 106 disintegrations/cm3-sec
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3-3. Flow N-16

*m
FOl

F02"

F03

F04

F05

F06

F07

F08

F09

F10

Fll

F12

F13

F14

F15

F16

F17

F18

F19b

F20

Average

^ M (cm3)
(H=-35 cm-
+35 cm)

1938.22

«

u

a

«

u

u

«

u

u

u

u

u

w

u

u

u

<4

M

tt

-

1.83816e+06

N-16 ^^-i: (atoms/cc/sec)

20 M W

5.3484e+07 (0.1729)3

4.1980e+07 (0.2134)

4.7327e+07 (0.1724)

7.9463e+07 (0.1454)

9.3026e+07 (0.1379)

8.7302e+07 (0.1462)

9.2856e+07 (0.1588)

9.7354e+07 (0.1568)

7.3633e+07 (0.1477)

7.6778e+07 (0.1721)

1.0580e+08 (0.1445)

8.6237e+07 (0.1315)

1.0289e+08 (0.1382)

8.7429e+07 (0.1568)

9.2688e+07 (0.1434)

8.6303e+07 (0.1528)

1.2396e+08 (0.1319)

5.7984e+07 (0.1757)

3.3381e+07 (0.2572)

7.0410e+07 (0.1550)

7.9514e+07

1.3898e+06 (0.0865)

30 MW

8.6448e+07 (0.1786)

9.6350e+07 (0.1587)

1.0873e+08 (0.1703)

1.1646e+08 (0.1612)

1.4326e+08 (0.1339)

1.4937e+08 (0.1381)

1.6354e+08 (0.1661)

1.4036e+08 (0.1439)

1.3858e+08 (0.1416)

1.1296e+08 (0.1587)

9.5869e+07 (0.1592)

1.5333e+08 (0.1478)

1.7783e+08 (0.1390)

1.1067e+08 (0.1628)

1.2701e+08 (0.1700)

1.9655e+08 (0.1336)

1.3945e+08 (0.1452)

8.8409e+07 (0.1629)

1.1552e+08 (0.1483)

8.1082e+07 (0.1735)

1.2704e+08

2.1379e+06 (0.0844)

fractional standard deviation

20 F02 ^ Al
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sq.

3.4.2.3. #\#
#*}# T&$ 3*]xr R-g-

h = 700 x Rj
r = 16.51 x Rj
pi = 2 x x x R2

theta = ffX R3
x = r x cos (pi)
y = r x sin (pi)
z = h

6]

pi2 = 2 x * x R,
theta2 = «• x R4
a = sin(theta2) x cos(pi2)
0 = sin(theta2) x sin(pi2)
7 = cos(theta2)

R i !-<H $ i ^
^ ^ N-16

69/74 > R =» 6.13 MeV

69/74 < R => 7.12 MeV

700xi6.512x^= 599435

activity* 7>̂ 1 ^ > ^ # 599435^1

1 1*1- aim

- 52 -



x-x" y-y" z-z
/ / / f // f

x — x y — y z — z
^^ U

71-

7\

= p(y

z2+b2 =

= V U " " - c )

(3-8)

(3-9)

(3-10)

(3-11)

(a, b, c ) l -

(3-12)

R = Jo11
I e~XtfStdt'Jo

5514.

(3-13)
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R =l-e~
Slt (3-14)

t= --jr lnR (3-15)

t7\

Compton

^ = % " + ^ (3-16)

y = y " + ^ i S (3-17)

z=z"+tr (3-18)

^ MeV

Compton ^ ^ 4 ^-^J^ ^ ^ ^ 5 1 0.05 % o]tb°]5.3.

R (3-19)

R (3-20)
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/ •

JO

Jo

da
dQ
da
dQ

(d')2nsmdr dd'

/ /y \ o — «:— of *JO'

1 +

7— i —^ + a T — •
v \—-f v \—

(3-22)

(3-23)

2.225 MeV <=>]«]-£. -̂dfciSl-̂  3M<d ^*t£: ^ ^ 1 ^ 4 . Compton

jg(6)*= Klein-Nishina

0°, 180°

sin ̂ cos ^! n sin^sin0!
a = or cos ̂ i + ay—j o 0—/ \ J-— (3-24)

sin ̂  cos ̂ ! sin^sui^!
— 7 — i ^ L + a — — r — (3-25)

y = rcos^i - v l - r 2 sin ̂ i cos 0i (3-26)

0i°l 0°,

a' = sin 6i cos 0i (3-27)

0 = sin 0j sin 0i (3-28)

/ = r cos 0i (3-29)
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.-¥-B| 100 cm ^ 3 !

fl^ ^ M r M , °im^7> 2.225 MeV

l00p7> ^

3.4.2.4.

^ d l magnetic dipole ^^^ electric

dipole ^ ^ r ^ ^\2.£. T^l^f- ^ SH6.H, 10 MeV d]

Magnetic dipole §̂ •£•£•

2 -i

z—• = 1-37 QOQQ
 : P1^1 ^ ^ •̂"r-Cfine structure constant)

as = 2.37 X10"12 cm : singlet scattering length

li n = -1.9135 nuclear magneton( - # ^ - = 5.0505 xlO"27 J • mVWb)

S.^lS(magnetic moment)

- 2.7934 nuclear magneton :

7 = *W* : inverse of decay length ( EB :

k= * E
2

n™n : neutron wave number( En :

Electric dipole
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e-31>

"12= 0.17 X10"12 cm : triple effective range

density)^4. ^

dfe ^-

(3-32)

E = Er~EB ( 3 _ 3 3 )

T = d x R (3-34)
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xn= x+ T- a (3-35)

y» = y+T-/3 (3-36)

zH=z+T-y (3-37)

loop

2) tiling ^^(inelastic collision) ^-^1 :

f t ^ ^?3: ^ ^ «fl^^l (threshold energy)

C-12(4.8 MeV), 0-16(6.5 MeV)].

3) ^

P(E)dE= -FT-T} 7 dE (3-38)
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a - (3-39)

. -an-a

f
aE0 JQ

(3-41)

E= E0[a+(l-a)R] (3-42)

°1 azimuthal angled

= 2x?rx R (3-43)

x + ta (3-44)

(3-45)
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z= z+tr (3-46)

< R (3-47)

(ft
> R (3-48)

1
o.25

10"5 eV

loop* ^ *

fe 0.03343X1024

(3-49)

H2O

7]e]

< R (3-50)
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> R (3-51)

^ S . l-oi,2-711 51JL,

Pb-204(1.48 %), Pb-206(23.6

Pb-207(22.6 %), Pb-208(52.3 %)°] Sft̂ -M- 0.1 eV

3.4.2.5.

BF3 3#7l£] n^- i i f 1.5 cps/nvS.A-1 *} ^ ^ 0.025

BF3

= 1 - exp[-i; f l(£)L] (3-52)

96 ,

30 cm«H, 7l^| 60-^6] 600 torr<y %%7}*\) cflsfi 0.025 eV«?l

91.5 %

61 -



= 1 - (3-53)

c p s / n v

3.4.2.6.

0.93

0.143716 : 0.856284^1

fe 0.66822 : 0.

1.205X1O237H7V

H0.66822C0.331780] c c

oPE = 0. (3-55)

71- H2CN<>1H A el

(3-56)

fe C ^.^ H
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, 1OOP

fe loop

3.4.3.

67H5] ^ ^ .

fe 100,000

cc

5. 3-45]-

U-235

S. 3-4. U-235^1 thermal fission^]

1

2

3

4

5

6

(sec)

55.72

22.72

6.22

2.30

0.610

0.230

(l/sec)

0.0124

0.0305

0.111

0.301

1.14

3.01

(keV)

250

560

405

450

-

-

0.00052

0.00346

0.00310

0.00624

0.00182

0.00066

: 0.0158

/Si

0.000215

0.001424

0.001274

0.002568

0.000748

0.000273

0.0065

0.00049

0.00300

0.00185

0.00153

8.871 X K T 6

5.186 X10"10
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3.4.4.

(1) #

N-16^1 *\

Database^
6\)

NIST^l Photon Cross Section

g
(—

E
£•0.07-c
0)

ffi
ci

g 0.05-
o
c
o
15
= 0.03-

0.01 -

\ A :

V O :

V

i i

Incoherent sacttering

Total

Fitting line for A

Fitting line for O

1 1

4 6
Photon energy [MeV]

10

3-19.

(2)

A

3-204

<£-§-

ENDF/B-6.1 Data[3-18]

. H, C, O,
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(a) : Neutron cross-section for H-1
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3-20(a). H-
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o

(b) : Neutron cross-section for C-12
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: Total, a,
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Neutron energy [eV]

3-20(b). C-12«fl
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(c) : Neutron cross-section for O-16
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(d) : Neutron cross-section for Pb-208
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: Sacttering, cs
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3-20(d).
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(3)

N-16

fe 2.225 MeV^lH-S. 2.225 MeV

4$ 4 MeV^l 2.5 mb

3.0

2.5-1

£ 2.0-1
c
o
o 1.5-]
d)
(0

o
O

1.0-1

0.5^

0.0

: Magnetic dipole

: Electric dipole, E1

: Total

4 5 6 7 8
Photon energy [MeV]

3-2i.

9 10

(4)

, ordinary)

°\n 3. 3-5^ ^^-[3-19].

2.3

€• H, O,
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5. 3-5. ;E (concrete, ordinary)^

H

C

0

Na

Mg

Al

Si

K

Ca

Fe

1

6

8

11

12

13

14

19

20

26

0.022100

0.002484

0.574930

0.015208

0.001266

0.019953

0.304627

0.010045

0.042951

0.006435

^51(7 l l / cm 3 )

3.0615 X1022

4.9588 X1022

1.5071 X1022

3.4.5.

(1)

A.

: 33175 7fl

B.

: 5640 71]

C. A,B°fl

D.

^ ° l f e 27.78 cm^lH-S- %%7\7\

2X^X27.78X12 = 2094.56 2

38815 7fl

: 18.53 7fl/cm2sec
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E. A,B°fl ^Ifb ^^A 741 # *r : 18.53X1.5 = 27.80 cps

: 99458 7fl
G. F«fl ^*V ^ * V 7̂1 # ^ : 47.48x1.5 = 71.23 cps
H. 1 - e H M f-°l &fe 3-f ^ « 1 H 741#^ ^ ^ ^ ^ : 280 cps

: 9.93 %

J. # H H M ^ 6 1 5ife ^-f ^^^ l^ i 7fl^£ ^ ^ x j - ^ : 900 cps

K. 1-eHfiiffl
: 11.0 %

(2) * m ^ ^ ^ V 7^1# ^(100,000

A. tifl^o)]Ai i g - ^ ^ i ^

: 269123 7fl

B. A«̂ I S ] ^ ^ ^ ^ - ^ : 128.49 7H/cm2sec
C. A^l 3 $ ^^^V 741 # ^r : 128.49x1.5 = 192.73 cps

D. # B H ! € #°ilA1 ^ H « H ^ # 7 l <^.o51 • 9 4 *
: 599107 7fl

E. D l̂ £)$ f1^^ 7̂1 # ^ : 286.11X1.5 = 429.16 cps
F. C 4 E5] t : 621.89 cps

G. 1 - B H M f-°l safe ^- f ^^^>H 7^1#^ ^ ^ ^ ^ : 900 cps
H. G - # f ^ * } 74] # ^ (^11" f1^^- 741 # ofl-S- 7fl^) : 800.97 cps
I. -€̂ 11 ^ ^ - 1 ^"^ ^ 1 ofl-S"̂

: 100000x800.97/621.89 = 128796 7fl/cc-sec

9 %

30
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4.

7}

MCNP

, N-16 - ^ •§:•§-

3-6.

safe ^-f(A)

^fe 3-f(B)

A/B

900

280

3.21

^^•Ir tcps]

99.03

27.8

3.56

i ^ 31^[cps]

621.89

192.73

3.23

100,000 A** U-235

^ 621.89 cps<>14.

900

99.03 cps

800.97 cps7>

128,796 7fl/ccsec7]-

«:tj..

128796/0.695 = 185318 7]]/cc-sec
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7}

MCNP1- ol-8-^H ^ ^ H 1 flow tube ifl̂ l U-235 1 gm^l
<H &•§• "H l̂ U-235 ^^-^- i r l : ^ ^ « : ^ °1 l ^ l - ^
^ - ^ ^ v f l ^ ^ s ) ^^1 ^ ^ - ^ # ^ - ^1^1-^4 . MCNP
2 S f N-16 ^ ^ - i - i - ^ l ^ l " nfl^ -^^^1-4.

Flow tubê H ^zV^oflA^ u_235 x gmofl o^^ ^^<

3-64 ^ 4 . ^ 1 ^ : ^ ̂ ^ - 1 ^ - ^ ^^fl^lfe # ^ d l 20 MWI ^ F09

-H 1.05 X1014 fissions/gm/sec, 30 MW«1 "H^ F12 ^^cfl-H 1.51 xiO14

fissions/gm/sec8£.^f ^^^ l f e 20 MW*§ °fl 8.99 xlO13 fissions/gm/sec,

30 MW«a «flfe 1.27xiO14 fissions/gm/sec^4.

[185318 7ll/cc-sec] / [8.99xiO13 fissions/gm/sec]

= 2.06 x 10"9 gm/cc

7} £ 4 . -fi"^# ^*H ^-^fe 63,362

1.31 xiO"4 gm

7 l § ^ 3.25 ^gm-U^/ft2 [2-28]

70 cmS. ^-$i^- xfl £ £ 3 £ r 287.49 ^

&#q^ 10,349.64 cm2^l sqji, 36

U-235 S ^ £-<$%•& 3.25Xl0"6xl0349.64/(30.48)2 = 3.62X10"5 gm^l € 4 .

20 MW ^r^^l 36^- 187)1, l&g- 107fll- A>-g-^o.2.S. h^M $.%}$ U-235

8.33X10"4

1̂ 1 ^ 16 % ,
U-235^ ^ ^ = ^ 1.46xiO"7 g-U235/cps7>
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3-7. Flow tubê fl U-235 1 g m t

F01

F02D

F03

F04

F05

F06

F07

F08

F09

F10

Fll

F12

F13

F14

F15

F16

F17

F18

F19b

F20

^sUcm 3)
(H=-35 c m -

+35 cm)

1938.22
t(

it

a

u

u

u

«

«

a

a

tt

u

a

»

u

«

u

U ^ ^^-<g^- (fissions/gm-U^/sec)

#^ = 20 MW

7.7816e+13 (0.0053)a

2.4583e+14 (0.0053)

7.2937e+13 (0.0054)

8.4808e+13 (0.0050)

9.6414e+13 (0.0046)

8.3795e+13 (0.0050)

9.7777e+13 (0.0047)

9.7449e+13 (0.0046)

1.0502e+14 (0.0045)

9.0271e+13 (0.0049)

8.8892e+13 (0.0049)

1.0454e+14 (0.0045)

9.8625e+13 (0.0046)

9.9823e+13 (0.0046)

8.3395e+13 (0.0050)

9.7623e+13 (0.0046)

8.7113e+13 (0.0050)

7.2782e+13 (0.0054)

2.5013e+14 (0.0052)

7.9761e+13 (0.0052)

%^ = 30 M W

1.1351e+14 (0.0053)

1.3295e+14 (0.0050)

1.1339e+14 (0.0053)

1.1650e+14 (0.0052)

1.3604e+14 (0.0048)

1.1812e+14 (0.0052)

1.2653e+14 (0.0051)

1.4244e+14 (0.0047)

1.4961e+14 (0.0046)

1.1713e+14 (0.0052)

1.1707e+14 (0.0052)

1.5091e+14 (0.0046)

1.4231e+14 (0.0047)

1.2709e+14 (0.0050)

1.1749e+14 (0.0052)

1.3765e+14 (0.0048)

1.1760e+14 (0.0052)

1.1460e+14 (0.0053)

1.3561e+14 (0.0049)

1.1575e+14 (0.0053)

fractional standard deviation

20 F02 Al
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m 4 &

Nal(Tl)

FFDS

3*1

1)

30

O]

U-235

U-235 130

n 800 cps

70 %, N-16

MCNP

FFDS «1N*1
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2) €^fl *V-§-*1-JL 5ife FFDS

7]-

71 ^ <^^«t ^ # iflfe plateau

. nfl-f

3) ^-S-^^l RRS 3 * H ^l0! RPS ^

4) -g-^ ^ 1 ^ # #711 ^ ^ SI4. « ^ ^ FFDS

1000 cps ^£71-
§>fe S ^ ^^>fe ^ 30

5) 7^1#7l frz\

•g-Sl-ai ^ i ^ Nal(Tl) ^ # 7 1 ^ . 4 BF3

c] t!-# ^<H^14. 71̂ )1 ^^ i ^ l # 7 l ^ #5Lf>}E.£. FFDS

BF3 3#7l^r ^f^r 4^c] <»>\1 #•§• ̂ 1 ^ ^
^ ^ BF3
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