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Japan Atomic Energy Agency
Tomioka-machi, Futaba-gun, Fukushima-ken

Tokyo Institute of Technology
(Received September 21, 2022)

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 FY2021.

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 in FY2021.

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 Tokyo Institute of Technology (Tokyo
Tech), National Institute of Advanced Industrial Science and Technology (AIST), and National Research
Nuclear University (MEPhI) as the first year of four years research project. For the criticality characteristic
measurement systems to be developed by the Japanese and Russian sides, both Japanese and Russian sides
investigated existing experimental data and conducted preliminary analysis for the design. Also, a many-core
multi-node parallel computation and data analysis server dedicated for the development of the multi-region
integral kinetic analysis code was deployed. In addition, main conditions to be used for the verification of
the kinetic analysis code were summarized. Furthermore, an online workshop was held between Tokyo Tech
and MEPhI to exchange ideas on how to proceed with the project. The three organizations on the Japanese
side collaborated closely to proceed the research. By the activities, the purpose of the research of the year
was achieved.

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

This work was performed by Tokyo Institute of Technology under contract with Japan Atomic Energy Agency.
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BT — 2 X TR 35 (1) - O ORGHIB W CRIAT 5, SHROERKEICIX,
Wkt GE & 70 2 RO @RE AL LB 72 D, WOl ARSI T D R R O fIlE 12134 D fik
FHEERAWON D, B bERE D &N D o <O PR Nal (T]) o F L— 3
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VR AR T ORI EZ SR E TRIET 5, *AmBe MR & BER/ A NV Z AT L 7z 2t
[EFERES CeEL RS U, 8RR L 4 n B—y RIRFFHECEE CHaxllET 5, R L&
HAH Nal (T1) > FL—va URHER THRIE L, 411.8 keV H U <R3t T DR AL
ET 5, £127 77 4 7HMEFETHERT 2P (3Cf FEFIR) Icon T, B or
EFZIEFE 7D “AmBe HHE TR & OARHHIEIC K > THE T 3 2 @RS CIIET 2,

2.3.3 BRELT 7V 99 AR ISR ER S B BT L O m AL

B2 B BIR D FF R OM A CEA LI WHRH R Y — 7 A7 — v a VO RE&E
Z TR AL T, A0 3 4EEEIE MIK2. 0-Serpent = — RBIREHDO A =—a 7 v /LF ) — R
IR « 7 — 2 Y — " — CEERUEEE OB S R0 HEF 200 a 7HiZE OB E T 5,)
BEMAT D, BALEY—"—ZBWT, BEfFED MIK2.0 =— K& Serpent 21— R& A & b
—/A L, Wa— FOEERRZIT O, v 7 BN TER I -GBS v 2 7R
EERT — X OFEAEIL, 2 U TREARE S s L CE/RT 5, AR T, ERICHWS
NIAE G IR OHAR, SORERASM:, MBS T — 2 72 8 &k a7l & 71 L CRIbER
FROBIS L, = TSN b RIS ENT 5 FED MIK2. 0-Serpent 22— R ODRFEIZH
WD REFEW R RIT A 2 IR ET D

2.3.4 v T UIBFIEREBRE O TEE

7> T IRFZERERE T do Z MEPhT O FN 3 EEEDAFFETIE, . 1IF BREFT 7 U OFHRR - TERE
FRACRID D BB OFFFERCR O34T, 1. MEPhT A3 BIZBRSE A 6D 2 AWCC H it 7 [FIRFR 1 s A
7 LAOBEREER, M. AVCC FHETRIFFE S AT LDV I 2 L— 3 »EF /LB, IV. MEPhI
DR B Z PR 23D 2 BT 7 ) gt RERH R = — K CORIUMSITY ek, @ 4 HEH M FHE S
TWo, FHEHAOFEMZLL IR,

I . Conducting an analytical review of modern scientific, technical, and
methodological literature, affecting the problem of evolution and composition
assessment of fuel debris formed by the Fukushima Daiichi accident
A) Conducting an analytical review of modern scientific, technical, regulatory,
and methodological literature, related to the scientific and technical
problem of the research.
B) Conducting patent research in accordance with GOST 15.011-96.
C) Analysis of existing experimental techniques for determining fuel debris
characteristics.
D) Selection and substantiation of the research direction on technologies for
the determination of fissile material and fission products in fuel debris,

fuel debris characteristics

II. Preparation of experimental systems - a neutron coincidence counter AWCC for
measuring the masses of fissile materials
A) Carrying out experimental studies using the AWCC neutron coincidence counter

to determine the mass of fissile isotopes in a fuel debris sample:
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B)

C)

JAEA-Review 2022-043

1. Modeling the influence of the matrix and shells using various metal
structures and lightweight materials

2. Modeling the influence of non—uniform distribution of fissile materials
in the matrix.

3. Modeling the influence of the spontaneous fission neutron background and
(a, n) -reactions.

4. Modeling the influence of gamma background. Simulation of protection
against gamma radiation. Assessment of the maximum permissible level of
the dose rate of gamma radiation.

5. Estimation of the minimum measurable amount of fissile materials
depending on the background level created by spontaneous fission neutrons
/ (a, n) -reactions and gamma quanta.

6. Choice of AWCC operation mode depending on the mass of fissile materials
matrix composition and sample volume (coincidence counting, full counting,
thermal / fast modes)

Computational planning of experiments at the unique installation of MEPhI for

active neutron analysis of the fissile materials content

Carrying out experiments to estimate the mass of fissile isotopes and fission

products in fuel debris.

II. Development of mathematical models and conducting numerical simulations of

experiments
A) Development of mathematical models for fuel debris characteristics analysis
B) Development of models for fuel debris criticality analysis using neutron
transport programs that implement the Monte Carlo method (MCU, Serpent,
OpenMC) .
C) Verification of the results obtained by both sides

IV. Development and improvement of the CORIUMSITY code designed to simulate fuel

debris after an accident at the reactor facility

A)

B)
C)
D)

The calculation of the isotopic composition from the moment of the start of
the emergency process to a given moment in time

Adding particles with continuous spectra to radiation source

Improving the fuel debris layering algorithm

Verification of the code

2.3.5 MWFIEHEE

WFFEAREE O T THEUFEE A 7 & N BEF R BEE PR IL R FEE o % — (BLF, CLADS &g
Flo) L OHPEA I LT, MR D D, Fo, AFFEEGEHE 2 HEHET D T2 O DT AR
WA T 5, ET-HBEMOEHEL BT D20l e > T AIFITHERI CdH D MEPhT & 42T
A TCORBY—7vay 7 & 1EITH,
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BFN 3 AL D LN Je ORI
1 BB 7 U ORFRERIE > AT L DOBH%E
.11 MtH#s ks

BRI E > A7 AOBFETIEL, 2.3.1 BHC/R L7BUR T, Mo REE, Kk, Mas
FEAMIZ DN T H M s 3 2 RSB RRAT IS K - TIT 5. £ D7 RREE O & mgE
BIZT AT DERED W] RICEE & 72 5, BERMIRA T2 e G I 81 2 ikl E
BROT—4% (F—HWNEDT=DDERIZOWVTILFE 3. 1-1 1TR-7,), 1 7HIOBEF AWCC &
WET—% (F—2 3k [12] [27] 25 8,) Z sk - B L | SRR L O HOT —
ZEUE LT (3R 3. 1-1 B, 1R ) = F L 0B 7 & ORIk 2 B PE 7L
HNZBI9 2 EBR EAEFIZOW TR 21TV, 7T — X IUEE 1T -7 CUHR[13]1Z ), i L
T —23af A FEOFERERIEICEHA I NS,

HREEOEME L TR ERNEZATHARILRKD Y FAZRA—/R—a B a—H
TSUBAME3. 0 IZFB W T IFFIFHR A B L& R 2 — NEK T —% 74 7 7 U OFEERE O %
1T-7=, #Ha— K& L TMP-3, PHITS3, MCNP6. 2, Serpent2 ® 4 =— K, FHlFE A ET — X
747 Z U & LT JENDL-4.0, ENDF/B-VII.1, ENDF/B-VIII, JEFF-3.3 Z#aFf & L C¥f L
Too TARFENTE LT, AU =T L U 1z *He B A & BLE L7 A RICEBW T, HE1FH
PR LHEEZET L, HEERA R U, HREORMEEZX 3. 1-1 1R, BosEk &
LT, B0 emX @& 50 cm DAEOEEEARY =F L (B 0.95 g/em’®) PHEHICER 20
emX [ & 20 em OWNHEIZER & 2RI, FEBRED DR Y =F L IS & 72 HALEIC 2
HPT, EAE2.5 emX®E 50 cm D *He HA (1 &E) ZRE L7, FOLENS *AmBe, *%Cf O
P E A = )L — 2T R VIR T D PR 2 R IR & LTS, *He (p, n) X
IS E T S, P RV F— RS b LT 15085291 [14] OHESEAE A4 ] L 7=, MCNP6. 2 C
HAELTEEET =274 77 VI 2R E2% 3.1-2, £ 3. 1-3 1T, Tz xL
F—MEW P20 IR CE P kL X —2.13 MeV) D578 *YAmBe FRJR (CE¥ ik + o %
X —4.16 MeV) LV @mWRIHZIER L 72 o TWD, T —4 T4 77 U OEVTIE ENDF/B-VITI. 0
PSMIFEZANT—ET DR & oo 7o, BEABUEIRR & LT, FERIFO BEEuEAR (161123
W, 2YAmBe, 2PCE HMEFR & BRPR "He FLBIGHEE &2 W2 ER L SHR O 21T - 72, FEBR
TGRS A VL H-10 em AZEICHPE IR Z . 90 om AZEIZERES *He FLBIGHE 288 E L
T, FHEREIT o 7o, SRS KH 25 (°CE /> AmBe) 13 5EBRMH 0. 988 0. 018, FHHLf
0.991+0.008 720 | RSN T—E LT,

E %50 cm E&50 cm

B350 cm

binduian] TEWTE
3. 11 Pt > Lefr] Z0F
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#3.1-1 RENZ *He LEBIGHEE 2 W 72326k & L T — 4
%
No| eI | wok o A 12 He 5 — yz
R R B e WBIRHE. | MHRaEER Sk
&8 & ERFN A e [15]
RY =F L A .
\ ) RellizRatEcR ik
2 241A B gi‘w,\ £\ X, 3H J:t ﬁl g % ,"f/—“»\
mie | SR He LIRS | s (167
&9
“AmBe, . SR O = 2L
ANYx=F . s
3 | o, s | j HREE Mo EBIRHECE | — ket ﬁ‘
Hr IR k(1410 Fig. 3-5
RY T F B ) L
4 21AmL{ l/i B °He LI HEE U & & [RIFFRH R O BE% iﬁ‘
29pyBe, ¥CF | R Y = F "y e s STk
5 L \ B e HLBIHICE | FIRERHSR O BRI IENE
AnLi Ly [12]
#3.1-2 MAmBe #HRICH T DRME G T — X T4 75 ) T L ORHERE R
Witah= (1/source) B>tk (JENDL-4. 0 kb)
T4 7T V4
SRR s ik B s
JENDL-4. 0 4. 9765E-03 7. 0E-06 1. 0000
ENDF/B-VII. 1 4. 9863E-03 7. 0E-06 1. 0020 0. 0020
ENDF/B-VIII. 0 4.9105E-03 6. 9E-06 0. 9867 0. 0020
JEFF-3. 3 4. 9698E-03 7. 0E-06 0. 9987 0. 0020
7% 3.1-3  PCf BRI T DRl T — 2 74 77 V) Z L OFERER
‘ ¥HzEh=R (1/source) AT (JENDL—4. 0 k)
GATT V4 - . .
FHERE A e S e
JENDL-4. 0 5. 5398E-03 7. 2E-06 1. 0000 0.0018
ENDF/B-VII. 1 5. 5301E-03 7. TE-06 0. 9982 0.0019
ENDF/B-VIII. 0 5. 4569E-03 7. 6E-06 0. 9850 0.0019
JEFF-3. 3 5.5171E-03 7. TE-06 0. 9959 0.0019
10
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3.1.2 F&®

B R RFVERNE > A 7 A OBIEIZ BT D Mihas ORkGET, i b, PERERHIIC L LD T T
1 v v ok TR ORNTER BT A Bl L7z, PORMRNT & LCL KD = F L Gl & CHe b
BIRHEE O ZE DT L2 PHEFRHRIRRICH T 2 r 2 i L, ftR=a— NeT—4 5
A 77V OBGREZAT > 72, PEMRMIARA T 2 TS 2B 2 hEFERBRO T — 4 |
1 > T RIOBERE AWCC OWIET — 4 (F—#133Cik(11][12] [27] 2 B,) sk - Be L, &t
BRREDUWBHOT =4 28 LT, ZhoDTF—ZIIaM4EEZICET 57 —Z 2 M
T, BAEMHTRSEE OB L O A LRI S D,

3.2 BREFF T U OESERHERIE S AT AOMRERER (It « IERIF)
3.2.1 IRHER D HAEFER

FERAEFERE S AT AOBZICHTZ > Tid, 2.3 1 HORLEBAT, BT hafiv
S FH R K D HE 0 B OV M- R HE OB AR TG EE S BB & 7 D, MRMTAG BEARAIE & ik
FEALD T I, ZAVE TEEMMFCIEME L 72 J80dH & *He HLBIFHECE O AGORIZ L 2 P+
FHEEEBRICEET DT — Z A - BEE L7, 3 3. -1 IR JER 27T, No. 1, No.2 @
FEERIT, BEN A EORA & 35 PERAF OB T E AR ESIC BT 2 EBRTH D . B R A
TNENARD R 2 *He eBIFHEE CTHEIME L7 b D TH D, No. 3 DFERRIL, 'AmBe, *2Cf O
HPEF IR B OV ERIE K o THAE S B 7o 128 U =F L sk TE b 72 EKTE "He LB
HHECHE LD TH D, INE - P L-EBRT — X 3R TR Y45 () -Of g o
REHIB W TR LT,

FHE L EROIIC LV HBEREORIELZITIICHTD, EROENEEL D, 4
FEPE M D oA & D *He FLBIFHEE O AA ORI X 2 BB FERICH VT, BVhtET R
DHEHAE K OZE W53 HE % 4 D S BIEIC L 0 Eiid 5, #2378 Nal (T1) > F
L—ya Ul (X3.2-1) ORBHERIERE 47 By [FIRFEHECEEE (4 3.2-2) 12 X 2 HExH
TEEARRTHIE T 5 Z ST R0, RHENS 1 %A O mfsE TR IE L7z, *AmBe FPE1IR & Bén
PNANVEAER UTe B P EFIEES el (B 20 mm, EX 25 pm) MRS L, AR
Nal(TD) > F L—3a UFitide, 4 B -y RIRFFHECEE TENENAE LTz, AT EHEIC &
V. 411.8 keV H o~k T HHFR Nal (TD) > v F L— g UHildso v — 7 s %
60.63+0.41 % (EEfE) LRE LT,

— TR E S AT DET 77 4 TR FIEIC L s THIET 2V AT A THY |
MamBe HHMEFIROHFMEFHHELEERT—X T o, F-ARESHPETRTHD PCf
Z O TR WA MEF O [RIRFF MR OB 2R 21T 5 T2 O % 2°CF e+t
RHLBEETH D, MAm (TN 432 F L BV T2 OREZRIZ L D EED D70y, 25Cf
PRI 2. 645 4E 0 22CF [ZxF L THOTMITE 5 -3 13. 08 4E0 »°Cf O EEA =&
T 2MEND D, DT AT 25 220 FPEFIRIZ OV T SRS A L ERIERE A D 2 AmBe
IR & OFSFRIEIC L > THEFAIH R L SRE (M2 S 3 %) TKRIELZ, 4E
FEIE U 7= IR O el =R1%, 2022 45 1 H 4 BHERS T 3.673£0.0570X10° 1/s (EE
i) &7p-o7=,

11
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3.2.2 &

BRI E > AT AOICH T > T, fHEa— REET — % ORGERICLEE L 70 2 B0,
RY T L7 EOWHM & CHe LLBIFHEE 2 AW - £ T — & OIE L #4757, F7-
SRR RE IO S5 BEHEEE DI S VD H <O H P Nal (T1) > o F
—3 a3 VIR TOMIN B R EZ SR E TRIE Lz, BIEIZIE *AmBe FPEFIR & Bén A L %
il U 7o Brp k1 B AR ES, CafE 4 IS L S8R RE A 4 1 B — v [RIRF RS & e T &
L. BU&fHEZHAR Nal(T]) o F L—3a U THIE L, 411.8 keV B v ~#RICkd
DR FEERIE Lz, 727 77 4 7HMEIETHEAT 2 PR (0 FEHR) 1220
T, BESA NV EREFHZO *AmBe FHPETIR & OFIXHAIEC X o CTHYEF U Z B E T
FEIE L7=,

L —

——

tor i
cﬂckcm&-\!\lam Acceleral —
o voiages MRV AL R 1
o 47
= war
o it .
>

3.2-1 HFMINal(T]) o FL—3 a Ut

12
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[ ETL 4ng-2 COINCIDENCE _COUNIER &

3.2-2 4x By [FEEECERE

13
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3.3 BRELT 7D 99iE G IR ER S BT FIE O = AL

3.3.1 PHREREEAELE

B2 S B BT I ILERF OB TEAN LA E Y — 7 27—y g VORRARE

ORI AT, AF0 3 4EFE I MIK2. 0-Serpent = — REARHEHAD A =—a 7 < /LF / — Rif
BIGHR « 7 — 2 Pr— 3 — CRERMHGEIA DR S BN HAF 200 a7 HIZOHE L $5,)
BEA L, BALZY—"—%[K3.3-11ZR"7, X3.3-1 O LR 4 >OHE/ —F (FH
J— RX1, 3HHE — FX3), MMEAH 2 FEIEALLWSERY -7 27— 3 Th
Bo HIREINT-A /) — ROEEMARRIIFE L TH D7D, Bl LT, BH /) — KD CPU, AEY,
T4 AT BT A T OHAEMERFEREZ TN 3.3-2, X 3.3-3, X 3.3-4 2259, CPU X 52
a7,/ —KRThbV, 4/ —REFH28 27 ThHhd, AEVIE384GB/ "/ — K, T 4 A7 1LSSD
#1894 GB-HDDA 3.7 TB TH D, F£iz, Hak / — Ik L TFUOWHFHEY —27 27—
2y (REET A AV RIA4T) #xy NU—7 H#ESEEREZX 3. 3-5 1R T, Fiaxsh
B — Kb, REET A AV FI747 (K11 TB) ~7T 7 EATELLICREINT
W5, ZHICLY ., B — RCEREETT L, FROWHEFEY —27 25— 9V TRE
DT — X s % [FIRFIZ 54T T & 2 BARBREE DN i S vz,

3.3-1 BERHHARA=—a 7~ F ) — NIFFIEE - 5 — %% — 13—

14
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OR CPU @ 2.10GHz

fpu vme de pse 5 ae mce cxB apic sep mtrr
pbe syscall nx elgh r L nstant_tsc art arch_per » pebs bts r
C [ L t tm2 ssse3

nmi flexpri )
1 r d ad clflush
total cgm_mbm_local dtherm 1

X 3.3-2 EHL/ — R%&H & L7= CPU {1tk

apelladl ~]# lsmem
STATE REMOVAB
online

online
online

3 online
3 online
online

Total online memo
Total offl
[root@

X 3.3-3 EHL — RK&2flE L= ATk

[roo apellafl
NAME MAJ - 0 TYPE MOUNTPOINT
B B893.8G 0O di

) part ,

9 disk —

part /home

3.3-4 EE ) —FRNEHlE LT 4 A7 RT A Tk

15
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X 3.3-5 Hrix/  — NEWERWFIFHEY — 7 AT —2 3 v OFRy U — 7 @ERE

WIZ, BA LT — "= 2B\ T, BEAFD MIK2. 0 == — R[18] & Serpent =1 — R[6] &1 » &
=L L, W 2— ROBWEHRZIT > 7-, MIK2. 0 = — ROBEEMRME R4 X 3. 3-6 (2777, B
VERMEFR ClX, Godiva fALOHIRBERHE19ID B, 7 40— Ky 7 B2 1 Ul
100 27w FI2TFEIT LIz, BEROWIFHREY — 27 27— 3 o TOEITHER & RS 0R RN
BoNnDZ LR LR,

ted at step 0!
started 0 1s now finished!
started at step g!
: Update 1able M is updated!
: Update 1ab 2 1s updated!
: Update variable DEM is updated!
Update variable is updated!
aite variable RAL is updated!
variak i
le RADIZ
» RADI1

am started at step
ep_beg 1is al
CFIJTALLY subroutine: IDs for pr ss/task
CFIJTALLY subroutir Couplings for procpss;taqk
CFIJTALLY subroutir IDs for p /
JTALLY subroutine:
CFIJTALLY s i
CFIJTALLY s
CFIJTALLY s
JTALLY s
CFIJTALLY s

1 1s now finished!

Ly! —

X 3.3-6 MIK2. 0 = — REh{/EREZRAE S5

16
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Serpent =t — N OEMWEMEZRAE B4 X 3. 3-7 IR, BfEfERTIX. =2— FEX¥EDOY 7L
1 (WEERAR OBEBREER) 2FT Lz, o7 VR 1 OFEEHER R, RO
WHIFHE T — 7 A7 —2a U COFRITRERLERZEORENEOLND Z L E2MR LT,

[takezawa@capella®l 1_infinite]$ ./sss2_serialrun_.sh

Serpent 2 beta

A Continuous-energy Monte Carlo Reactor Physics Burnup Calculation Code

of b [n ragy,

- MPI Parallel calculation mode available
- OpenMP Parallel calculation mode not available
- Geometry and mesh plotting ilable
- Default data path set to: " /takezawa/Serpent/xsdata/endfh7"
- Full command used to run Serpent:
sss2 infinite.inp

calculation on Thu Apr 7 14:48:13 2022 at capellad] <—
(A) FHERPBHAARE

Transport cycle completed in 1.08 seconds. <(u—————

Waiting for results from other MPI tasks...
0K

akezawa(@capella®l 1_infinite]$ Ji

(B) RHEH& TRy

[¥] 3.3-7 Serpent =t— REI{EMERAL

7 7 ENTHE S RS R BEE R SV AR PE TR ERR T — X ORI, v v TR
NBASCER A RS & UCEME L7z, &0 34X, MEPhI 3% L 25 LA MB LR, v
ST ENIE I (a2 7 ~A) OWEE S T84 (Institute of Physics and Power
Engineering : LA'F, IPPE EW&FL.) DOFEAIFARICIT 2 B S FZHRAE R I BId 5 3k [20]
[21JIcEHT DL L L\ [A]SCHRk 2 MEPhI 225 AT L72, BHAMITIEFIER T 7'V Deepl Pro %
HAWTa o7 3% JGEIC /RO b, @i L=,

EEBIZH O DT REGIFIROMER, SOSERASIE, WA T — 272 8, a7 IR
AFN 5 AR T ERIT 5 T E D MIK2. 0-Serpent =t — R DRRFEEIZ TV B (R 22 fRMT S0 D A
FERAR 3.3-1 177, ZOKRRIL, RIEMHSEY 70y A a7 )L AJF BARS-6 & Kl
RARY T F LR VRS A Stand B TRERL SN D EEHITE T AL R LI & Bk T
AR MR EAG DRI CH 5, 2 OERROBEERIE, SCHER[20] [21]<° TPPE O 7R

17
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— A=V [22]F TR STV S, BREE LI HZE @ﬁﬁLf%D BN I EREES R
T UMEZHE im TCa—T7 4 U7 ENTWD, FEEHSITIE, He-Ar-Xe A L—H —fi
BHELTHASNTWD, 7L REERZ BAAET 2 BRIL, i¢ﬁ5W@ HIREBZRIL TS 597
MREF L., 0P IETIRERRNICER I Y S, TO%, [CEREREEZ A7) v g T
BARS-6 72 OBRMIAICHE L, EDORISEEZ AT D, 7L A BARS-6 K ORERAEA K
Stand B ORIFEHEEE SR D H IS E L, 4 DOEAREFHIAE (K 3. 3-1 O EHERSCS
HODBRUERR 72 &) st LTStk [20] [21J1CR ST 5, A% ol Ehi x| £ RGO
AR ZPHET D & & HIT MIK2. 0-Serpent =1 — R DR EEIZ i H AT RE 22 fih O HEEG R FZBREE D F —
HERRT D,

% 3.3-1 MIK2. 0-Serpent =t— R DORFEFIC W D ARE A 22 fRAT St

L AR AR O

* BARS-6 {4k (> n=7)

PR GIET T > (JEMEEE 90 %)

U235 B & 105 kg

2N M (ZeBRT X 3 IL)
A X EE 220 mmX & & 220 mm

=7 TR 350 mm 2> 1500 mm
- Stand B fiAf (WIHIERGT)

" " EIET T (RAEEE 90 %)
A AR SH 5 un Ta—F (27
B L OEREL AF— )b

BREHZ L D HhZE He-Ar—Xe & A

" e " 3 Ay A AN

PREH VBLEAR D IR B (U235 305 B R 2 0 & L)
PRBHE VAR DB R TV =T A

PRBHE VB AR D Hh 22 AR (HEE)

BRIV - BBER O MR LR S

49 mm,” 50 mm, 2500 mm

JBOERS - RS RYyzFL v
B TOMER #10.7
LHRDOER #1 1700 mm
LHIRAE 700 FREE
A T 52 mm

BARS—6 & Stand B o (i FEAE 475 mm

- BOSEEBRAGAE

i JEE R e B10 & s OIRAWE
S JEE e AR 15—200 Beore/sec (B o : 0.0069)

. BT — 2 (RIS AUSE)

Stand B (WIHIRXAH1AR)

CHR[20] DX 9, k(211 DK 8

Stand B (& DREEHERR R &)

SCHER[20] D 9
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3.3.2 FtL¥

SN2 FE B BRI ) ILFERF L OSSR CEA L WHIEHEY — 7 AT —v a3 Y OFERE
R ST, A 3 4EBEIL MIK2. 0-Serpent =t — FBHRHH D A =—a 7 < /LF /) — Rif
BIGHHE « T—Z P —N"—%E AL}, BALET——ZBW\T, BEHFED MK2.0 2— K&
Serpent 2 — RZ A VA h—/L L, iz — FOBEMRZIT -7z, a2 7 [EN TEM S -k
BIFHER SV A RYEFIRIEBR T — & OFEFMFAAIL, 2 o T REAB STk A R & L THER L
Too AAETIE, FRICHWONTEGIFERROMER, RISERASM, Bk — 50 L
ZurTMEHIILTHRERBRVBEHLMIL, v TINS5 £EICETT 5 TED
MIK2. 0-Serpent = — ROARFEICH WD REWRMT R ZRE LT, Sk bolkex. MIK2. 0-
Serpent = — R ORRFEIZE H ATRE 72 O AR IR E DT — X R T 5,

3.4 v U RINFFERERE O I N M OVRIR
3.4.1 A0 3 AR RN L OER

o > 7 IAFZERERE T & D MEPhT O FN 3 L OMFZE T, 1. IFEET 7'V OfEL « TR
FRIZBE 0 2 i OWFFERER D434, 1. MEPhI 23R A %%%@waww#ﬁ%ﬁﬁ%ﬁvz
7 LOEMERMETR, M. AWCC FMEFRIFEFHR S AT LDV 2 2 b— a3 »ET /LRI, IV. MEPhI
DR B IZBATS A HED DK 7 ) B REFH . = — R CORIUMSITY OB O 4 B H A GFHE ST
W,

HA T TIX, ZRETIC IF FISMZ T, F=v/) T4 VKRR —< A )VETDREFT
FEBATEMICED DB OMIEM A OGH N ED 5N TN D, TDORERIT, BT ORET
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I . Conducting an analytical review of modern scientific, technical, and
methodological literature, affecting the problem of evolution and composition

assessment of fuel debris formed by the Fukushima Daiichi accident

The objective of this work is to conduct a literature review and form a set of
fuel debris characteristics and parameters based on the results of the public domain
studies. This complex will be used in further work on fuel debris modeling and
calculating the fuel debris characteristics using specialized precision neutron
transport codes. The developed complex is based on parameters such as a fuel debris

nuclide composition, fuel debris elements geometric and density characteristics, a
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fuel debris structure (a level of homogeneity of fuel debris elements), and others
Since many research results contradict each other, it was decided to form several
extreme cases, which differ significantly in a number of parameters. These
contradictions based on the serious difference amongst the results of computational
and experimental studies carried out by the scientific community.

This review examined sources containing information on the following topics:
the Three Mile Island [23], the Chernobyl [24], the Fukushima Daiichi NPP accidents
[25], Fukushima—1 reactor core structure research, formation of fuel debris research,
Three Mile Island NPP fuel debris samples research, data on the physical examination
and measurements of fuel debris samples at the Three Mile Island NPP, the results
of fuel debris formation modeling and its characteristics, data on the Fukushima
Daiichi NPP monitoring, data on non—destructive gamma spectrometry methods and
their applicability to the fuel debris analysis, data on the features of the fuel
debris morphology and phase formation during the accident, methods for assessing
fuel debris composition, and others. In total, 40 independent data sources were
studied in this work.

The result of this work is a set of extreme cases containing the entire
parameters set necessary to create and calculate the fuel debris model. Each case
reflects the idea of fuel debris composition and structure, according to various

scientific organizations data.

II. Preparation of experimental systems — a neutron coincidence counter AWCC for

measuring the masses of fissile materials

B Completion, purpose, and preparation for operation of the neutron coincidence
counter AWCC

As a part of the project, a neutron coincidence counter of the AWCC type was
prepared for measurements (Fig.3.4-1)[26]. The AWCC consists of: JCC-51 type
detection unit[27], JSR-14 type neutron-neutron coincidence analyzer; personal
computer with appropriate software. The AWCC can operate in active and passive
modes. To operate in the active mode, two AmLi neutron sources with an intensity

of 5.5 10* n/s each are installed in the counter.
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Fig.3.4-1 The AWCC at the National Research Nuclear University MEPhI[26]

The JCC-51 is designed to accommodate test samples and detect neutrons. The JCC-
51 is a hollow cylinder with an outer diameter of 49 cm and an inner diameter of
20 cm. The walls of the JCC-51 are made of high—-density polyethylene. The walls of
the JCC-51 contain 42 °He thermal neutron counters with preamplifiers and signal
conditioning amplifiers. The counters are divided into six groups. Signals from
each group of the counters are fed to a common output JCC-51 Signal. The +HV input
is high voltage. +5 V input - supplies voltage to the amplifiers. The JCC-51 end
caps accommodate the two detachable AmLi neutron sources.

JSR-14 is a neutron coincidence analyzer based on shift register logic. JSR-14
is designed as a stand—alone device, which connected to JCC-51 with a special cable.
Through this cable high voltage and electronic circuit supply voltage are delivered
from JSR-14 to JCC-51, and signals from slow neutron counters are sent to JSR-14.

The measuring system is controlled via a personal computer with NCC software.
The exchange of information between the JSR-14 and the computer is carried out
through the RS-232 port

To confirm the metrological performance of the AWCC, three series of repeated
measurements were carried out. In each series, the measurements were carried out
for three days, 10 measurements daily by different operators

1st Series. Active mode, Thermal Mode geometry, without sample, measured value:
total pulse count rate from the AmLi-sources

2nd Series. Active mode, Thermal Mode geometry, uranium metal sample, measured

values: total pulse count rate and double coincidence count rate.
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3rd Series. Passive mode, FAST mode geometry, the PuBe—source, detected value:
full count rate.
Obtained results confirmed the stability of the AWCC neutron coincidence counter,

AWCC fully complies with its technical specifications

B JInvestigation of the non—uniformity of the neutron detection efficiency over

the volume of the AWCC measurement cavity

To assess the influence of the debris sample geometry on the analysis of the
results, measurements with the displacement of neutron sources over the counter
cavity volume are carried out

At the first stage, measurements in the passive AWCC mode with the FAST mode
geometry were made:

e the 1st series of measurements was carried out with the PuBe—neutron source;

e the 2nd series of measurements was carried out with a sample of metallic

natural uranium of a cylindrical shape weighing 807.48 g.

. Development of mathematical models and conducting numerical simulations of

experiments
B Verification of the neutron coincidence counter AWCC model
The model of the neutron coincidence counter AWCC in precision codes that

implement the Monte Carlo method, namely, in the Serpent[6], MCU[28] and OpenMC
[29] programs were developed at this stage of work (Fig.3.4-2).
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Fig.3.4-2 The model of the neutron coincidence counter AWCC in the MCU code

The three programs were used to calculate the volume—integrated neutron flux
and the absorption reaction rate in the *He—counters. The calculations were carried
out using the library of evaluated nuclear data ENDF/B-VII.O0[30]. 100 million
neutron histories were simulated in each calculation. The results of the volume—
integrated neutron flux calculation in the °He—counters are shown in Fig.3.4-3. The

results of the absorption reaction rate calculation in the °He—counters are shown
in Fig. 3. 4-4.
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Fig.3.4-3 Results of the integral neutron flux calculations in °He—counters
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Fig.3.4-4 Results of the absorption reaction rate calculation in *He—counters

B Experiments numerical simulation

The numerical simulations of the experiment at the neutron coincidence counter

AWCC with a sample of metallic natural uranium were carried out using the MCU,
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Serpent and OpenMC codes. The results show good agreement. There is a little
difference between MCU and Serpent/OpenMC which are caused by different

implementation of the thermalization library

IV. Development and improvement of the CORIUMSITY code designed to simulate fuel
debris after an accident at the reactor facility

Development of code for fuel debris characteristic evaluation was conducted.
The code is intended to simulate decay processes in spent nuclear fuel and materials
formed after an accident at nuclear facilities (e.g., in fuel debris). The code can
form a layer structure of fuel debris based on coefficients set by users, perform
isotope kinetics simulation (decay processes), calculate activities, decay heat and
radiation spectra of radioactive materials. The information about radiative decay
was collected from the ENDF/B-VII.O library.
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