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ABSTRACT

One of the main tasks for implementing nuclear safety measures is nuclear
material accounting management. The development of technology for nuclear
disarmament verification is the focus of numerous studies, but the study is
concentrated on using it to verify the pyroprocessing system in Korea. The
new accounting technique combines a thermal neutron multiplication—-based
accounting method based on the Pu/Cm ratio with a fast neutron energy
multiplication method. However, there is a limitation in detecting thermal
neutrons using “He tubes.

While alternative detector are being developed internationally due to the *He
depletion problem, fast neutron multiplicity detection method is being
developed to replace the function of the current accounting system and
improve performance. For “’Pu or ?'Pu, the spontaneous fission rate is
significantly lower, so neutrons can be detected by irradiation of exogenous
sources. However, to develop a system that estimates the effective mass of
py with a high spontaneous fission rate due to low economic feasibility and
increased complexity for system construction, an optimized design was carried
out through computer simulation. Mathematical modeling previously proposed
for application to a fast neutron detection system was verified.

In this study, using MCNPX-PoliMi, the characteristics of neutrons caused
by spontaneous fission and induced fission of *Pu were observed by
assuming a 4 m type 20 mm thick stilbene detector. Through this, it was
verified that the point model to be applied to the fast neutron detection
system was valid. For the development of a compact system, an optimized
arrangement was selected among system designs using six stilbene. It was

confirmed that the decrease the source-to—detector distance in the ring

_iV_



arrangement and the cubic arrangement, the higher the efficiency. The
effective mass in the range of 5 g to 100 g of *“Pu samples was derived and
compared in each design. Through this, it was confirmed that the maximum
value of the relative error of the estimated mass was lower than that of the
ring arrangement when the stilbene detector achieved a cubic arrangement. In
addition, a method using parameters was additionally performed to compare
the accuracy of estimating the effective mass of the sample. When comparing
the one-parameter assay and the two-parameter assay, it was confirmed that
the accuracy was improved, especially for trace samples, when the
two-parameter assay was applied.

Therefore it was confirmed that the parameter analysis method using the
information of reference samples among various methods was the most
accurate in developing a specific nuclear material metering management
system. Based on this, a neutron multiplicity accounting system using fast
neutron detection is developed to measure specific nuclear materials, and the
estimated effective mass of *“Pu can be used as a relative criterion for

determining spent nuclear fuel and weapon-grade Pu.
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>
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&5 UFE 24e 5 5AR92d fEAY Az AR 98

MATLAB P L~ ﬁ\%
MCNPX-PoliMi DataProcessing ‘/ PointModel %‘%%

1 . 3
' Reducing Spontaneous
Output fil JOIL
4 Bla?: f”;e - Rossi-e distribution , T rate
S,D, T K Effective mass

Mult file

Factorial moments

Origin Pro

Gate-width
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1. MCNP Data %4

MATLABS o] &3] MCNPQ| output fileg 3L, 49 &3t ojHlE F
22 fissiono A Y& 2 ¢

o ABAA AR FAAEC AEd W A w@ tolHD Y5

B
e
o
i
P‘L
s
>,
=
=2,
=
to
i
)
o
o
!
o
i)
&

>

Rossi—a 304 AA3 R+

B o

tFE 1A (S, D, T)E Aikst

2] ) T 7_55 1001 22 1.272484 92612.55 5.86 3.86 11.05 1.000E+00 o A 0 2.061E+D0
2 4 12 1(|-99]||1001 22 0.014095 24376.34 327 =14:31 -€.52 1.000E+00 1 S & 10 3.16eE-D1
3 4 12| 1||-99| |1001 22 0.239638 24376.38 3.76 -14.57 -€.57 1.000E+00 1 2 10 3.024E-01
4 4 9||1]||-99]| |e000 22 0.10&8001 24376.56 7.83 -4.62 -12.46 1.000E+00 o 8 20 €.618E-01
33 4 S|l 1]||-99| |e000 22 0.034789 24376.89 5.18 -6.64 -10.04 1.000E+00 o 3 20 5.558E-D01
€ 4 S||1||-99]||6000 22 0.047705 24376.57 5.02 -7.40 -5.90 1.000E+00 0 10 20 5.211E-01
7 4 9(11||-99]| (1001 22 0.0B883¢6¢€ 24377.00 8.71 -7.4€ -5.83 1.000E+00 It 11 20 4.734E-01
4 9111||-99]| (1001 22 0.288478 24379.04 -4.,3F =13.77 -1.31 1.000E+00 o 12 2D 3.84%E-01
1 S|11||-99| |6000 22 0.010787 24379.11 -4.36 -15.81 -1.43 1.000E+00 o 13 20 9.645E-0D2
1 4 S||1]||-99]| |c000 22 0.005247 24375.28 -4.76 -16.13 -0.99 1.000E+00 o 14 20 B.566E-02
i 4 S||1]||-99]| |1001 22 0.078505 24375.39 =5.1% =15.98 -0.80 1.000E+00 o 15 20 B.048E-D2
2 2 10| 1||-99| |1001 22 0.458806 $9659.40 4.37 8.16 -13.68 1.000E+00 o o 0 1.031E+00
3 5 1|3 1 1 22 0.002765 59658.48 13.89 1.01 -6.70 1.000E+00 o o 0 4.430E-D2
14 5 1(13 1 1 22 0.002765 $9658.48 13.85 1.01 —-6.70 1.000E+00 0 1 0 4.153E-02
5 5 1|13 1 1 22 0.000550 £5658.48 13.85 1.01 —-€.70 1.000E+00 0 2 0 3.877E-02
5 1|13 1 I 22 0.000590 59¢58.48 13.89 1.01 —-6.70 1.000E+00 o 3 0 3.778E-02
5 113 1 1 22 0.000621 59658.48 13.89 1.01 -6.70 1.0G00E+00 o 4 0 3.67%E-02
5 1|3 1 T 22 0.000621 55658.48 13.89 1.01 —-€.70 1.000E+00 o B 0 3.617E-02
7 I3 1 k4 22 0.000621 99658.48 13.89 1.01 -6.70 1.000E+00 o B 0 3.554E-02
o 113 1 1 22 0.000827 $9658.48 13.8% 1.01 —-€.70 1.000E+00 o ¥ A 0 3.452E-02
—q Target nucleus ZAID ‘ Time(Shakes)

Collision type (elastic collision=-99) |

Particle type (neutron=1, gamma=3 ) |

Particle identification number ‘

Starting event id number ‘

1% 14. MCNPX-PoliMi& E3 23} 12 oA

[\

MCNPX-PoliMi¢] &4
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o

]&3te] MULT.dat st F7Fetitt. st

b oWl Eo] tigt JRE 5T 4 o] npso| wE generation, n, pe FHES
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i

FEotth o] & nlg o & factorial momentE Al AFsE
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Smuidati| nps #gen #n  #p
£ | 1 0 2 4
2 2 0 3 12
3 3 0 2 7
4 4 0 3 8
S 4 T ! 15
& 5 0 4 =
7 3 0 2 3
B 7 0 1 7
5 8 0 4 5
10 g 0 3 4
11 10 0 4 2
12 11 0 1 6

3 12 0 1 10
14 13 0 2 4
13 13 1 4 16
16 14 0 3 3
17 14 ¥ 3 10
18 14 2 ! 6
19 15 0 2 7
20 16 0 1 3
21 17 0 o 3
22 18 0 2 3
23 15 0 1 2
24 15 1 3 12
25 20 0 2 7
26 21 0 3 S i |
27 21 1 3 8
28 22 0 4 8
25 o5 2 4
30 22 1 4 g

19 15, MCNPX-PoliMi¢] &A1& o] 83+ mult 3} 9] oA
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3 dolElo A Ztzte] BAE AFHoR e A ~EHS AP 19
168 *Pu A|59] FEAF] 90 g w AztEoz AHeld o
olEth 19 172 17 169 ©HolHE wygoR A~ ~EYS T A
Rossi-a ¥ & YEHAT Rossi-a 2 E Origin prog ©| &3t 73A7HE =
3t} o, MY S 9ste] A (2605 AFESTE Gate-widthi= =%

2 =EsA "W, Alagle g8 9 A Fol wEh Wstgt A2

ZH A, AolE Z& 1A4sty] ¢ste] PCIE =43 HolElE ugow MdAgs}

S,
an)
Lo
=
>

i

7} Z7be W 24 Aare] WalE Wl Gate-width7b 54 nsel 4<%, 43
Tt dFadE Aoz et aeu PICf A AME Al gate—fraction A 37}

oA BAQ 12 xFstE F R wAse] g 1257¢ FT %o

y= Yo + AeROI (26)

Data_neutron =
10% x
4 98094E-06
5.21699E-06
5.52813E-06
2 1T45E-05
2.17455E-05
3.76T722E-05
5.4093E-05
5.40931E-05
5.62556E-05
6.01174E-05

a9 16, 7129 A5 E Ao R A3 dolE oA
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Rossi-a distribution

108 . : : . : . .
105 L
t
2 10t 1
Q
102 E |l ;
107
0 10 20 30 40 50 60 70 B0 80 100
Time(shake)
240 = 5 = 5 H sz
a8 17. “PPuy e d o] 90 g w F =3 Rossi-a FXE
14 . . . . . . 28 . . . . 40 . ‘ ‘ . ‘
Pu-24010¢ % Pu-24020¢ 38 Pu24030g |
@ 12 = . . . | § o :0:1 364 a . . o |
g g .t ‘ T R 1
E 10 fom e = B 27 1 E 3] ]
° o ., )
k] . & 20|- - - - -8 - & - — L 30 -e--T-wm e - —
[} o <
E 8 4+ E 1], £ 28] ]
a m Nofan) b » Wofon) 7 . w Nol(ony
i1} ®  {an)exist W o {anjesist w264 e (anjexst
6 , . , . , . . . . , , 24 . . . . , .
0 20 40 6 8 100 120 0 20 40 60 80 100 120 o 20 4 0 80 100 120
Gate width (ns} Gate width {(ns) Gate width (ns)
54 ‘ ; . . : ; 68 . . . . . .
524 Pu-24040 g gﬁ ] Pu-24050g |
— —_ §2] ]
3 IR L. . ]
] 58 ] . ]
8 1 8 s = ¢ 1
E E 541 u, ]
1 52 . ]
£ I ]
£ 1 E 24 ]
2 38l . . to@m | B ﬁi . . wo@m ]
W] o @mexit w 4 o @meds ]
32 ‘ ‘ . . ‘ ; 40 ; - : . r ;
20 4 60 80 100 120 20 40 60 80 100 120
Gate width (ns) Gate width (ns)
[elKe) =] O 3 = o o .
I 18. (g, n) WSS 1S ul gate-widthol] w& F4 A HsH(ASA:
= H o . [e}Ke) = [e) T O
1€ B, H2M:(q, n) S 383 RS A EY)
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M3 & ML= AL Hat

Loty may g5y A%
7N1E 284 e SANE 9T H3894 sk A4S T 549
=2 FEEY F4 AL"ES NEst] fske] V€ ety Rdd e w84
A% A8 h. MCNPX-PoliMiE o] &3k¢] 4n PFeje] 20 mm FAe 28
Wl AE71E 7bgstel PPug ARA dRdy frdRde os) wAsE F
Axpe] BAS BRI 17 195 4n Fejo] 29wl P& e FAbolth

a9 19, 4n Fele) 2w AE/E ol £F34A GFE A AxY 3

A)

ANzwle] &3 f09} £9 e ARS8 PCf Ao WAL D5
oo oAdshe ® 19 2k E 19 g olgste] *Puel A 5 giE 100 gol
W oo Al ground-truth ZF3y AARAE E35 A pue] Sade v wdh

Aghe oy & 29 2ok APl Tl mek ot Fkske A4S FAa
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zy7} 3.720%

9} 7.188%= et mH AR

|
&S|

sharo

)
=y

N

fq

4n geometry

33.6

0.925

0.897

% 2 4n Fejo] 29wl HE7] Axeo] PPy Az FEAY

=

23}

Ground-truth mass

Estimated mass

Relative difference

[g] [g] [%]
5 5.186 3.720
10 10.411 4.109
20 20.944 4.720
30 31.546 5.153
40 42.206 5.515
50 52.926 5.852
60 63.702 6.170
70 74.501 6.440
30 35.367 6.708
90 96.212 6.902

100 107.188 7.188
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geometry S B3I T SiPMS PMTo| H]&) thickness—to-sensitive area ratio
b Ao, e ZAsAd s A7) digk vz Esh ZArke ojde] s Rk of
Yet 2337 7hsekal axske]l 28 itk whet
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Ry A
st

4. 9 F&H (N9 7

a\
i=4

Azl FEAY F

Ground-truth mass

Estimated mass

Relative difference

(e] [¢] [9%]
5) 5.168 3.365
10 10.434 4.336
20 21.121 5.604
30 31.660 5.533
40 42.354 5.884
50 53.346 6.692
60 64.134 6.889
70 75.104 7.291
30 85.849 7.312
90 97.268 8.075

100 108.628 8.628
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22 @ el (N8 fd&7] 34 45 cm)e SAHYEA AF Al=d"

2E 20 (b)s} 22 Azglo A PCLE o] gste] WA Adsto] Axdle] &

&3 fg B LE EE% A= 3 59 BU i 62 & dH (NEe A=Y 3

ring geometry 11.2 0.633 0.434
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6. @ Fel (N HE7]) 174 ¢ 45 ecm)e] 2"l PE7) Al="elA *Pu

Ground-truth mass Estimated mass Relative difference
[g] [g] [%]
5 5.221 4.420
10 10.494 4.940
20 21.182 5.910
30 31.915 6.383
40 42.737 6.843
50 53.645 7.290
60 64.731 7.885
70 75.704 8.149
80 86.690 8.363
90 97.764 8.627
100 108.832 8.832
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cubic geometry

_37_



Ground-truth mass Estimated mass Relative difference
[g] [g] [%]
5) 5.161 3.212
10 10.356 3.560
20 20.845 4.224
30 31.402 4.674
40 42.064 5.160
50 52.819 5.638
60 63.571 5.951
70 74.300 6.143
80 85.148 6.435
90 95.979 6.643
100 106.926 6.926
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Doubles per second (s')

4
o

=
=
=
1

y = 0.089633x°+37.68875x-34.27095
R*=0.999977

®  Measured Data
s Calibration curve

20 40 60 80 100

F ’ ¥

*Pu effective mass (g)

RS A el A o] g3 Ay
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6000

120

S000 -
< 4000
=]
=
=
L=
& 3000
—
=21
=
E 2000 -
-
> ;
= 10004 m  Effective *Pu ground-truth mass
O  Estimated **Pu effective mass
5 s (g libration curve
(1] 20 40 60 80 100
*Pu effective mass (2)
a9 22, 9wy s B ol Ay A faA ASHI 2

¥ 10. Pu A& 9] ground-truth 2 &3} @

R R S S I

Ground-truth mass

Estimated *Pues Relative difference

[g] mass [g] [%]
5 5.330 6.591
20 19.904 0.480
40 39.945 0.137
60 60.016 0.027
80 80.005 0.006
100 99.830 0.170
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6000

5000
< 4000 -
-
=
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=
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]
e
£ 2000+
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=
g )
= 10004 m  Effective “*'Pu ground-truth mass
O  Estimated **'py effective mass
0 Calibration curve
T T T T T T T T T 4
0 20 40 60 80 100 120

*Pu effective mass (g)

i o] =< O
Ground-truth mass Estimated *Pues Relative difference
[g] mass [g] [%]
5 5.038 0.754
20 19.980 0.102
40 39.940 0.151
60 59.407 0.988
80 80.068 0.085
100 100.248 0.248
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R-Z 01. MCNP Input 3% oA

ccce Cubic_Pu 50 g

¢ Cell cards

11
22
33
44
20
66
77
88
99

3 -19.7 -101 IMP:N,P,EH=1 $Pu IR B

1
1
1
1

—_

[N

-1.15 -102 IMPN,PEH=1  $stilbene 1

-1.15 -103 IMP:N,PEH=1  $stilbene 2

-1.15 -104 IMPN,PEH=1  $stilbene 3

-1.15 105 IMP:N,PEH=1  $stilbene 4

-1.15 -106 IMP:N,PEH=1  $stilbene 5

-1.15 -107 IMP:N,PEH=1  $stilbene 6

-0.001225 101 102 103 104 105 106 107 108 IMP:N,P,E,H=1
108 IMP:N,P,EH=0 $void

¢ End cell cards

¢ Surface cards

101
102
103
104
105
106
107
108

so 0.8462

box -251 5 -251 50200 0-20 00 5.02
box -251 -5 -251 50200 020 00 502
box -251 -251 5 502 00 05020 00 -2
box -251 -251 -5 50200 05020 00 2
box 5 -251 -251 -200 05020 00 5.02
box -5 -251 -251 200 05020 00 502
so 15

¢ End surface cards

¢ Data cards

MODE N

_5’]_
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PHYS:N J 20 $ implicit capture off

PRINT 10 40 50 100 110 115 117 126 140 160

NPS 1419013

¢ POLIMI CARDS

IPOL 3221]J]J6 2233445566 77

RPOL 0.001 0.001

FILES 21 DUMNI1 13] 19 mult.dat

¢ VARIANCE REDUCTION

¢ SOURCE SPECIFICATION

SDEF RAD=D1 TME=D2

SIT 0.8462

SIZ2 0 60e8

SP2 01

¢ MATERIAL SPECIFICATION

¢ Stilbene (rho = 1.15 g/cc) * Inrad Optics

M1 001001.80c 12.0 $ Hydrogen,H
006000.80c 14.0 $ Carbon,C

¢ Complete Air Model

M2 007014.80c 0.75209 $ N-14 (abu. = 99.63 % ) Air, rho = -0.001225 g/cc
007015.80c 0.002793 $ N-15 (abu. =0.37 % )
008016.80c 0.23158 $ O-16 (abu. = 99.76 % )
18040.80c 0.01288 $ Ar (abu. = 99.600 % )
006000.80c 0.000554 $ C (naturally occurring)
001001.80c 0.0000002 $ H-1(abu. = 99.985 %)
001002.80c 0.00000000003 $ H-2(abu. = 0.015 %)

¢ PLUTONIUM-240

M3 0094240.80c 1.0 $ Pu-240 , rho = -19.7 g/cc
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Ground-truth mass [g] Estimated mass [g] Relative difference

[%]
10 5.1769 48.231
30 35.2831 17.610
50 39.1939 21.612
70 '74.3000 6.143
90 72.1143 19.873
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