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Fuel Debris Criticality Analysis Technology Using Non-contact Measurement Method
(Contract Research)
— FY2023 Nuclear Energy Science & Technology and Human Resource Development Project —

Collaborative Laboratories for Advanced Decommissioning Science,
Fukushima Research and Engineering Institute
Japan Atomic Energy Agency
Tomioka-machi, Futaba-gun, Fukushima-ken

Institute of Science Tokyo
(Received February 25, 2025)

The Collaborative Laboratories for Advanced Decommissioning Science (CLADS), Japan Atomic Energy
Agency (JAEA), had been conducting the Nuclear Energy Science & Technology and Human Resource
Development Project (hereafter referred to “the Project”) in FY2023.

The Project aims to contribute to solving problems in the nuclear energy field represented by the
decommissioning of the Fukushima Daiichi Nuclear Power Station, Tokyo Electric Power Company
Holdings, Inc. (TEPCO). For this purpose, intelligence was collected from all over the world, and basic
research and human resource development were promoted by closely integrating/collaborating knowledge
and experiences in various fields beyond the barrier of conventional organizations and research fields.

The sponsor of the Project was moved from the Ministry of Education, Culture, Sports, Science and
Technology to JAEA since the newly adopted proposals in FY2018. On this occasion, JAEA constructed a
new research system where JAEA-academia collaboration is reinforced and medium-to-long term
research/development and human resource development contributing to the decommissioning are stably and
consecutively implemented.

Among the adopted proposals in FY2021, this report summarizes the research results of the “Fuel debris
criticality analysis technology using non-contact measurement method” conducted from FY2021 to FY2023.

The purpose of research was to improve the fuel debris criticality analysis technology using non-contact
measurement method by the development of the fuel debris criticality characteristics measurement system
and the multi-region integral kinetic analysis code. It was performed by Institute of Science Tokyo, Tokyo
City University, National Institute of Advanced Industrial Science and Technology, and Nagaoka University
of Technology. We developed the fuel debris criticality characteristics measurement system which has a two-
layer structure surrounding a canister containing fuel debris fragments with *He proportional counters. The
operational validation and performance evaluation were performed on the developed detector system. We
have demonstrated the feasibility and accuracy of measuring the amount of fissile material and water content.

MIK2.0-MVP code, which can calculate fission reaction rate attributed to both prompt and delayed
neutrons and also can take the movement of fuel debris into calculation, was developed. After parallelizing
the tally process of Cij(t) function, MIK2.0-MVP code will be applicable to weakly coupled reactors which
include moving fuel debris particles if a supercomputer will be used for the tally process of Cjj(t) function
and if the coupling of MIK2.0-MVP code with MPS will be weak.

Keywords: Fuel Debris, Criticality Safety, Non-contact Measurement, Kinetic Analysis Numerical Simulation,
International Collaboration

This work was performed by Institute of Science Tokyo (It was established in October 2024 through the
merger of Tokyo Institute of Technology and Tokyo Medical and Dental University.) under contract with
Japan Atomic Energy Agency.
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PEZEHT 57200 FEEMARDERE Y AT KON T, BEFT 7Y ORI
YV AT LOVERERBRAE R 2 F O TR SR O R R, FEEE, @ ATRE 2 BT 7
U IEIRSOME R 20 EOMEREZ M2, 72, X CTERET 7 VIENOT 7 U @
R A E T MO FE L g U, FERMOBLE D D ARFIEOR A BT 5,

2.3.2 BBV 7Y OERFERERIE S AT A OVERERER (FFZEEEE « FERF)

(1) FEREEER
B AEEE TG LIERHERICOW T, MIEV AT A EBET 5, WA LT *He i
HER ORI 2 B e T OEFEREGIC BT, BHEE CIKRIET 5, BI% LMt
X UCU BBy R 1 2 B L 72 22CF BRI DR DIAET DT OREZIT 5,
WE XFIRERE CITV, RIREHR ORI R 28T 5,

(2) PERERTAMAABR
PE AT DZHONWT, BT 7 U 2 L7 L (SUS, Yva=r, a7 ) —
k. K. BRUEREEFEHPEDETER) 23t LT, 72775 4 7HMETIEE LT *'An-Be
BRI 2 ) U 72 520k & R oy R ME T 2 e L 7o 22 IR A RV L7 2B & JEfi L .
PERERHI D= DT — X ZEET 5,

2.3.3 BRELT 7V 99 AR SR ER SRR BT IO | L (FFZRE5E « RIAEER)

(1) BHZE - TAHMRGE
MIK2. 0-MVP =1 — RO FARMEFEEE LT, @l HEF A7 hL L Bl 27 h LoD 2
IR CHRERK S N D REAIF IR R ORBER S FEBR T — & % BT T 5, PlifeeE CEH T 53
BT — 213, A3 FEICHE LT =2 AIEH L, — AR ERSMEIEST D2 &
TR 5, F70, BT 7Y OB ZTKHETE D K HITMIK2. 0-MVP 22— RE R T 5,

(2)  ERSRCERAT
oz LR MIK2. 0-MVP =1 — R % JHU VT MIK2. 0-MVP,/MPS §5#ip% E 51T X 5 B S BT
BEREGR 2 Ehid 2, Z 2 Tlk, KPEE TT 28T 7 U 2R 4R DBEFED MPS G5
FERO—EEA Ty hELTHWT, 74—y 7R REEZBE L2V RIETORRSRE
BN OEMEREGRR AT D,
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2.3.4 WFIEHEE
WFFEARERE O T CTHAMFFEE H 72 b N BEIF BR B E BR AL RIAF 78 & o % — (CLADS) %5 & @
HHEEA I LT, Mt tED D, Fo, MMREEREIEZHEET 72D A SR %E %
Pt d 5, & HIT, RTINS, P, TRENR—LT 4 v 7 AR SHES
F—r AT (LT, IF E&RL.) BE 27—~ & LI-BEE R cov Ry
LEETHE - ARIIBED D,
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SNt PN K OV A

3.1

WREFT 7 ) OBFFURFIERIE > AT L OB%E [0 3 4REE~5H 5 4R ]

3. 1.1 Mg oOBGr [FF 3 FE~TH 4 FE]

[5Fn 4 FREE ToMEEE]

B3 REEITIE, EARERIE > AT LAOBFIZI T DMtaR Ok Er, ik, PERERE
B & 72 D Pk € 7 IV a SR OMITBREE 2 80 L7z, Tfgtr & LT, &
Ux=F L R0EM & He FLBIFHECE DR G DI L D PEFFHER RIS 2 T & 5
fEL, St a— REET =2 7477 U ORGEEAT o T2, PFERBEDMRAE T 2 e B0d Y
BT AP A HEEROT —% | BEfFE AWCC (Active Well Coincidence Counter : 7 7
T4 7« U VRERGHEEE) OWET —F ZINE - BE L HEEREOBHAOT
—HEEF LT, ZNDHOT —ZIIHMAFEICHET 27 — 2 24 T, BUEMTRE
DRER KL OE IR S 5,

AR AFEITIL, BREFT 7 U BEARERERIE S AT AR T HICH Tz - T, S 3
B &EHE MR a—REET— 2747 7 ) ORGEE T o 7o, £7o, BF0 3 FEEITINEE -
FEPR U 72 PERRIF MR 3 5 P E T I0E S 2 3 1T B PRI E EBR D7 — &  BEAFD AWCC D
RET —4, M TRIERERFHREE DT DICH T SR ER 2 1TH-> TS T 57 — 4 %
HAWT, TR R 2 — ROZYMER O S 2 i i+ 25 2 & T E oM %
V. BRHEROBLES *He HAJE, WOEH . BRI, PHEIRECE OR#Eb 2 kit E
I— REHWENRTG AN v 7 =AMLY EfT 52 & ThRtgZRE LTz, &L
oA TRELT 7 ) &, KOBEIEELZFFOREG TH L Z L2 fd L,

3. 1.2 HIE - SBEAREOFAN [45Fn 5 ]

(4570 5 FBE D Eha N e OVl R ]

BRI AEEICHRE L2, RSS2 T A0FBRERE AW TE LA HIET —#
WOENENE T T TV =T ADFHE, KEAR, BRALELOREEZERT 5720
DFEEHRE - I L7, 4 BORHEEROIGE, BIEXROBRENT 7 1 E & & &30
ZHE L, BRI E U T ORAEMBRG AR, EREMAER, KEAREZ RO 5 EH
DB ZERFIWIZ L > TTo 7o, FEAT—2 & LT BESNDT 7 U IR, AL,
KEGARBZAL, 2=y MM S NIREBORELT 7 VI L CANRT A—F %
MEL, XvF~—7fHE LT, EBRERICHT 2 BEEMFHEIC X - THRREGEEZ
B EWFH RIS L > TR OIGE 2 FHH Lz, sHREICE, Pkt 7 hrvaitiEa
— R MCNP6. 2 PHITSY™ | 7 —4% T A 774 & L CTENDF/B-VIII® & H\ 7=,

FEEIFONTIIL, W TFTE T A 75 U scikit-learn™ 2 L, #IEET /L TELEHE
21T MIEEIRE T L A2 LT,

Vi = Wo + w1X1 + Wy Xy +(IJ3X3 +(IJ4X4

HIBAZEE RIVEBIITRO LB Th D, 7ok, H#EKIIT —# O L L TESYL

(Min-Max normalization) %477,

R T B . BBRHEROIGE (g BORET & BRI e HeBilRHECE
X3 BROERI e WBIRHE, x, 1 2 AOEE He HHIFEE)
RSy, < Koy B, SERRIGEER R sy ZMEi B
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HIALEIC KT DK EFREEK 3. 1-1 1T, ASBEICBEL T, o7, B
BT E EKTE He FLBIGHECE | EE “He HLBIRHECE OAHBIITIRV DY, @®ﬁ%%bmm%
%iﬁzﬁ@ WZDOWTIEL, AKRGEOHIMNZEOCEHEEENHMT 28R 03 H 5, ¥ 3. 1-2 12, Koy

Bk A ERROTOMEEZRT, 7771, ERLEFET—2D5H 71 EHOTF—
S TRT 24TV, 750 3 BITHGE LR R Th 5, BROEKIE *He LLBIFHEE OFHEERIC
K o5 s N ETZ D Lo T Y, BYREZ AW TEEIC K L CEBREOMEITES
Beh#ElZ /s> T b,

%ﬁ%%@mﬁ?bﬁ@%@%%ﬂ&r&m%#oﬁmﬁ%%mﬁbfm\%yfw
EOMITIROAS, BEREEAE RN 5 & KR HER OGRS M 2 @M H
X 3.1-4 | \ﬁ@@m+:ﬂﬁéﬁﬁ %ﬁ@ﬁ%%r# %ﬁﬁ&%%@ﬁiﬁ%
370 < PRIME AN REHE 3 2 Em I

Bt I ﬁ#é&AﬂﬁF@g%l315_r¢ B A e B LTI
EAE “He HLBIGHBUE 2 DWW TIL, B0 R S O AR FHECR B IN T 2 BIfR A3
HbH, X3.1-6 12 #”Wﬁﬁﬁgzﬂféiﬁ BT OfERZ R T, TAMEE FEED
mikkﬂmﬁ%@%M & B3 B R 22 < & E RV Tl RIZRHES 5,

I D DEGE R FIEORE - FHI T, BSGEHAEEE LT,
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3.1-2 KEABITHT DIEHTRIR
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Response of outer counter (normalized)

(SMED) tRHHER

T AKERE

Min: 0.00 kg
Max: 7.54 kg

RTETREAR?
train  0.871248
test 0.866203

W -0.1436
W, 0.0649
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w5 1.0520
W, 0.1932
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W, -0.4792
W, 0.3506
W, 0.3474
w5 0.2746
W, 0.5034
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PEBERHN (FRZEREde - AR TR) [Fn 5 4]
(50 5 B D ERENE K ORR]

B AEEE A~ b RIS Lo igR S R T L TV =T ADER, K
o E, BARE O EZENT 27200 FEEZMAE DR T AT A2 T,
BREFT 7V OREESFFERIE > A7 A OPERERERAE R (3. 2.3 1) 2 W TR L7z, ¥ 3. 1-
T2, #RO *He PLBIFHEE & BGHEM & *He LBIFHEE \CXF 95, B o 7 & v it
RERRBRRE OB L EREK NZ Dk (C/E) Z/Rd, SUSER, Y a=TERELKEEGT K
RIZBWT, FHEIL 5% LUNDOREE CEREZFH L TV AHRERE RS> TWD, o, BHE
He LLBIFHEE O M &7 0 OFHECE, RRFFHICRIZZNLZI 4% LN, 10%UND
KEE Lo,

KEAREICK D TRMEE EEOMEEDZEDZH (1o) 1X0.97 kg &0 | KEHE S L
TIX0.078 g/em® &7p o7z, TOENKGTIED FIRME & HEE S5, HERMEATRIZEAL
T, BUFRRUT L 2 FAE & EEEOEA K 3. 1-8 1T777, HEREIfER 0. 8 A5 TId. TAME
W L CEBROEIIRERIBZI > TWD, —HTPEME 1.0 T, EBROMEIT 1. 00~
1. 14 OMRIZIE Y | FEER M BT 5, BoRMgfEEIc L T, BRI L 2 PIEME & 52
BROfE A X 3. 1-9 | TR, BoZMfEaE 0.5 kg LLEGH S TWZEA. TAEEIE
0.5 kg LEDEE 72D | ZOMEMN TR E 725, JE Y AT DO ERORIE & k1
JEHIZE 10° source/s @ *'Am—Be IR Z W56 OFH R A K 3. 1-1 12T, B
DOREFEEIZx L CTHa 72 G E TH D 1% DFEEDORIEIZIE, F/N T 4. 9 R ORI ERERH]
MBI/ D, ARG LNTAERIL, WELERE G E LT, BT 7 U R0
1 mm RIEOERICHEARREE B2 DD, EREOBRET 7 Vic 20T, EHE2 cm 03
B ERERNRELSRD ZENDN->TEY, IR EEZIEMICIRY AN 7=
WZIFTRIZ B3 2 FaTE RO BUS & FARZI R 2 B0 ANV T — &% OWERPA LB L 72 5,

BREYT 7 ) D53 T ICTE 3 2 FEREE G AR IS\ ik, b BEOEMIN (727
oA TP, RNy TR R 2 AU EELEE, XBRCT IR, Ry T~ R 0
Bt ST DB RO R EERIE > AT T 7 7 ¢ TR 0 A
PEFIRIC L D P25 L C, BT 7 VNTREE 2FEESHENLRAET P14
A%, RETESNTWAT 77 ¢ THMETEE, PR E LTD-T eI S L <X
D-D FHETFIREZHND DO TH Y | ZEEDEIFRTPCV (Primary Containment Vessel : Jii1-
PR gR) A TORENEESNTND, =T, KRVATAFa T Ny AT A
THY, PCV NTOREMNARETH D, PCV WTOEHNPHFT ST D 8y 7 ik
B, Mo 22D O H B RHPETZET 2 HIETHLN, X2V UL ETT o OHFE
PEZBIOPEIZ X > CFEAT 20N H 5, X R CT IEITWE D S E & BIREHE N BT
MAlRER FIETH Y, 7277 4 THMEHELMAGDE T, LVFHMIEELZ W ETX5H
REMER D %,

3.1.4 F&¥

[0 5 FJE D FEha N M OV R ]

B AFEE TR LIzRgz TR ONAMET —F o EnEEY 7 7
VR = LD RE, KEEAE., BRAZE EORIEZEHT 5 - DOFiEEZ G - FHE L
oo BUOHUBRELT 70 L LT, BESNDLT 7 VIR, Mk, KEEGFEEZALLI=Y
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FOREEERT 7DD FIEEMAGDETRIE L AT JZOWT, BEHT T OER
FRPERIE > AT L OVERERBRRS R 2 IV T B RMUZFR ORI IR AL, KR, WIS W HEZR
PREFT 7 U IERCINE R 72 & OMERE 25T L 7=, F 72, X B CTIER EF 7 Y IIHEN O
T 7V OFFEERET SO FiEE g U, ERAEOBLAN DR FIEORE I LT,
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4 3.1-7  EKJE *He FLBIGHEE o0 F2BRME & FH A ME
3. 1-1  EEFURFERIE > X 7 b O EMERE
2 EKTE °He ERIE °*He HE °*He
ar =
(BOE A &) () 2 BEF

&/ NEREE [1/source] 5.68X107° 2.44 X107 1.64x10™*

B RIEE [1/source] 6.64X107° 6.67X10* | 4.43x10™*

I/ NEHEBCER [1/s] 0.57 2. 44 16. 4

RFHECER [1/s] 6. 64 66. 7 44. 3

AT AR S 1% B2 E R [h] 4.9 1.1 0.17
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3.2 BREFF T U OBERSFURMERE S 2T A OVERERER (IR« FERT)

[0 3 FRE~BFn b ]

3.2.1 MeHasDFEMEEER [5F0 3 R ~7Fn 4 £ R
(50 4 5 £ o]

B3 FEITIL, BARERERE S AT AOBRFIZH > T, FHEa— NEeET —% O
RERIC LB L 72 B B, R Y =F L 70 EORGEEM & He HLBIRHE 2 W e KR T — ¥
DL LR AT o7, £z, FHEFHRSHREIZHO LD G EeED b Eh 5
T <O Nal (T1) ¥ F L— a U TOMRIEZE L SR E CRIE Lz, 1K
EIZIE, *MAm-Be WP & BER/SA VA ER L 7o Buh Ve EFIEMES CaE 2 R L,
FHERE R An By RIRFFHEEEE CTHaHAlE L, A C&E 2 8 Nal (T1) o F L —
Ta VISR TTHIE LT, 411.8 keV Y~k 2R EKIE LTz, £/, 77
T THMEETHEA T S RER (5Cf YRR IZoW T, BN A L ERRIEF A D
2Am-Be HH 7R & OFEXHAEIZ £ - T, TSR % @RS E CIKRIE Lz,

B A IR ER & L C Bl (RY =F Lo ok, B & hdETR (%%%cr
IR, 2Am-Be FRJE, NMEZRAIR) OMAEDOENLRLERIZBWNWT, &FE - &V A Y
— & AW TS EIEIC X 2 Y-S0 OFEMEIE . *He FRBIRHECE 2 W7 [RIRFF S
B i Uz, T OFEBRIZ LY | BOEMIRRIZIT 2 kIR O HoE - R L — KA
PBEH R [ S0 P M 1328 O I A TR SR AT 2 RS E CRREET 2 72 D O L Eg 7 — ¥
ZEUG LT, RIRFFHEGRIE > A7 A OBERGEZITV, EWEICEET 22 L 2R L,

3.2.2 EFEIEER [&Fn 5 ]
[45Fn 5 4R D RN A K Ol ]

B AFEICEG Lz, WES AT ACHERT 2 4 50 *He WHFHE GRF2 6 LE
B 2HR) 1ToWT, BT EFIERELS T H D ERIFO RN A L & 2 An-Be HPE TR A
WA SZIZB W TRIE L, WIE L7ZBEOEREE % X 3. 2-1 (28T, EKJE *He il
FHECE XSRS AP W TS L7, E72, BEE O He WHIRHEE TR A LD
SLCHAG U7z, BRE L7oicR i) 291 3IE. &l ok X 23E THRIE ST
Wb, TNENOMMERORKE A, 3%LANO EEE CEI LT,

BEIE L7 *He HeflEHE 2 VT, 3. 2-2 IR TIHIES AT LA ARE LT, HIES A
T AL, PNSREFT 7 U 2063 5 2= ME (B£E20 ecmX &S 40 cm) ZASHCX
HZEMAZTRYFEHTr L 912, 5 enEDO SIS 7 uv s ZOEY Z 1 cm JEO BC FYEF R
M. ZOIEE 10 emEORY =F L o CHT KRR L > T D, WRIDO SIS 7r v 71N
2. BROEKIE *He HLBIGHEE & okl 1 X BRI *He HLBFHECE DELE S b, SMUDR Y
TF L UNICHEE O He HBIFHEGE N E SN D, BELEZMEY AT L2 HWT, R
HE DIFFEFREAT o 1o, HEE D HPVEF 2T 272012, PCf AR AP IR
ZRNE S AT LR JUCELE LT, MBS *He ELBIRHEE IC X DMIEZIT o7, HfFlFHER
B OGS IR 6T 5 R 2 X 3. 2-3 |\ T, AREESZUC L 0, IFIFFRFEZNR
A U728 500 us ANICHIE STV D OB S, 380313 3. 99+0. 13X 10°
counts/source TH Y | FIRFAENFIRETH D Z & D3O BT,
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3.2.3 PEEERHMEABR [5Fn 5 ]
(450 5 4B D FEh N K OV ]

R LUT-HES AT LEHAWT, SUS, Yva=r7, arrU—h, K, Aou#ELELHE
HE DR THREIT 7 ) R LT o 7V 2 ERLL T, *"AmBe #RIRA A L7255 & |
WAL MR A A L 72 SR L 0 MEREREmEREBR & FEf L7, fEA L7297 uid, 3 mmERD
SUS (SUS304, #FREE7.93 g/em®) & a=7 (Zr0, 60%. Si0, 40%. B 4.0 g/cm’) .
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Cij(t) for prompt neutron
[Secondary fission/source fission]
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