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Research Background and Purpose No.3

(Excerpts from solicitation information)

[Purpose of developing technology for sorting and distinction between fuel debris and radioactive waste]

® During the decommissioning of the Fukushima Daiichi Nuclear Power Station, it is not logical to regard all objects retrieved
from inside the Primary Containment Vessel (PCV) as fuel debris.

® The work from retrieving fuel debris to storing it can possibly be streamlined if a distinction can be made between fuel
debris and radioactive waste using the results of measuring the amount of nuclear fuel material contained in the retrieved
objects as a guideline.

® Prospective measurement technologies that can measure the amount of nuclear fuel material have been provided during
the Decommissioning and Contaminated Water Management Project (“Development of Technology for Further Increasing
the Scale of Retrieval of Fuel Debris and Reactor Internals” (FY2019-2020) Same shall apply hereinafter). However,
evaluation of the measurement errors, which is necessary for establishing the method of sorting and distinction based on
the amount of nuclear fuel material, has not been started.

® Hence, it is essential to select factors influencing measurement errors arising from the amount of material other than
nuclear fuel material (water content, quantity of metallic components, quantity of control rods, quantity of concrete
resulting from MCCI (Molten Core Concrete Interaction), etc.) contained in the objects retrieved from inside the PCV, the
status of filling inside the canisters, etc., and analyze and evaluate the impact that they have on measurement errors, in
order to select the required measurement technologies and equipment for establishing sorting technology in the future,
with the measurement technologies™ studied during the Decommissioning and Contaminated Water Management Project
in mind.

*1) Passive gamma rays measurement, passive neutron measurement, active neutron measurement, radioaparency
measurement, cosmic rays scattering measurement

® Technology for the following items will be developed.
@ Analytical evaluation of factors influencing measurement errors of prospective measurement technologies

@ Study of future research and development plans aiming for application of sorting technology to actual equipment

|
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Objective No.4

[Project goal]

To create the research and development plan aiming for future application to actual equipment and identification of issues in
the measurement technologies, which is required for developing technology for sorting the objects retrieved from the Primary
Containment Vessel during fuel debris retrieval, into fuel debris and radioactive waste for the purpose of further increasing the

scale of fuel debris retrieval.

[Development steps based on the solicitation information and positioning of this year’s research]
(Step 0) Investigation of the technology concerning sorting and distinction (FY2019-2020)

(Step 1) Feasibility study of measurement (Analyzing the possibility) < This year’s research (TRL2)
@ Setting the purpose and target (shape, density, etc.) of measurement
@ Nuclear materials — Evaluating the behavior of radiation incident upon the detector
@ Identification, etc. of technical issues contributing to the concept of measurement

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios

(Step 3) Basic design and software development
(Step 4) Comprehensive verification tests using test manufacturing, simulated radiation source, etc.

* The results taking into consideration the positioning of this year’s research in the development plan up to practical
application at the start of the project have been referred to for the above-mentioned details. Investigation - Feasibility
Study - Concept - Basic design - Verification test - Fabricating actual equipment - Actual operation are defined as
the steps involved in general development.

Olnternational Research Institute for Nuclear Decommissioning
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Implementation Items, their Correlations, and Relations with Other Research (1/2)N0'

5

[Overview of implementation]

Factors influencing measurement errors arising from the amount of material other than nuclear fuel material contained
in the objects retrieved from inside the Primary Containment Vessel, the status of filling inside the canisters, etc., were
selected, with the prospective measurement technologies™ provided during the FY2019 Decommissioning and
Contaminated Water Management Project in mind, and their impact on measurement errors was analyzed and evaluated
by means of simulation.

(1) Analytical evaluation of factors influencing measurement errors of prospective measurement technologies

Factors that were expected to influence measurement errors of prospective measurement technologies™ provided
during the Decommissioning and Contaminated Water Management Project were selected, the fluctuation range of
each factor for each measurement technology was analytically simulated, and the extent to which each factor
influences the measurement errors was analyzed and evaluated. Also, the necessity to continue further analysis and
evaluation in the future, and issues in technological development that will become necessary in the future for reducing
the measurement errors were studied.

(2) Study of future research and development plans aiming for application of sorting technology to actual equipment

Technical issues described above (1) that must be resolved in the future for the purpose of practical application of
the sorting technology were identified based on the evaluation results and technical issues studied in FY2019. Further,
organizing the conditions required according to the mid-and-long term research and development plan for resolving
those technical issues was considered.

*1) Passive gamma rays measurement, passive neutron measurement, active neutron measurement, active/passive neutrons +
passive gamma rays measurement, radioaparency measurement, cosmic rays scattering measurement

S
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Implementation Items, their Correlations, and Relations with Other Research (2/2) No.6

The following information was exchanged with other projects.

Input and output information related to the FY2020 Subsidy Project of Decommissioning and Contaminated Water Management
- Development of technology for further increasing the retrieval scale of fuel debris and reactor internals
(Development of technology for sorting and distinction between fuel debris and radioactive waste)

ID Requesting project Providing project Content (overview) Required by (time-line) Use application of information Remarks
Setting the analytical conditions for analytical
) ) o ) o evaluation of the parameters influencing Information exchange as
1 Debris Retrieval PJ Characterization PJ Fuel debris characterization November 2020 .
measurement errors in the measurement needed
technologies
Setting the analytical conditions for analytical
) ) ) ) evaluation of the parameters influencing Information exchange as
2 Debris Retrieval PJ Canister PJ Shape of canister November 2020 }
measurement errors in the measurement needed
technologies
Setting the analytical conditions for analytical
Treatment and Shape of the waste storage evaluation of the parameters influencin Information exchange as
3 Debris Retrieval PJ . P ) 8 November 2020 P ) ¢ &
Disposal PJ container measurement errors in the measurement needed
technologies
Identification of technical issues for the
Process for containing, transfer purpose of practical application of the sorting
) ) . and storage of fuel debris, and ) and distinction technology, and pre-conditions |Information exchange as
4 Debris Retrieval PJ Canister PJ April 2021 . i
future development plans for consolidating the goals of the main needed
concerning those systems processes in developing the sorting and
distinction technology

Note) In this document, other related projects are expressed with the following abbreviations.

Debris Retrieval PJ: Development of Technology for Further Increasing the Retrieval Scale of Fuel Debris and Reactor Internals
Characterization PJ: Development of Technology for Fuel Debris Characterization and Analysis

Canister PJ: Development of Technology for Containing, Transfer and Storage of Fuel Debris

Treatment and Disposal PJ: Research and Development for Treatment and Disposal of Solid Wastes

Olnternational Research Institute for Nuclear Decommissioning
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Implementation Schedule

No.7

—

Study of future research and development plans aiming for application of sorting
technology to actual equipment

@ Identification of technical issues for the purpose of practical application of the
sorting technology

@ Study of research and development plan (contents, duration, conditions)

@ Consolidation of goals of the main processes

Major milestones (Debriefing session / presentation, etc.)

ct Steering
v

FY2020 FY2021
Nov Jan Mar May Jun Jul Aug Sept Oct Nov Dec Jan Feb Mar
] Analytical evaluation of factors influencing measurement errors of prospective
measurement technologies Fing} settings ased on the investidation and fluctuation|range setfings
@ Selection of influencing factors Sglection of influenciry v
Fact-find jation perthining to thje influengng factorg
@ Setting the fluctuation range of the influencing factors (To be feviewed ds approprate)®
Sktting the fluctuation e influencng factord
*1: Additipnal study joased on fhe
progress pf analytichl simulatipn
® Analytical simulation Al technical leasuremeht technolpgies / Stufly of analytical techijiques
of base ¢ pns
Setting ¢f sensitivify analysis|condition
(To|be reviewpd as appfopriate)™
Setting ¢f analysis|model
Tolbe reviewed as appfopriate)*
C¢mpletion pf analysig
Analytica} simulatioh (Passive neutron njeasuremgnt) Y
Gompletion| of analysis
Analyticdl simulatign (Passivd gamma raiys measyrement) ¥
> e _ _
Copnpletion of analysis
Analytical simulation (Actilve neutror] measuretpent) v
Conjpletion of pnalysis
Analyticpl simulatign (Passivp/active nqutron megsurement |+ y rays mjeasuremept) v
Completion of ganalysis
Analytical sjmulation (X-ray tranpmission fieasuremdnt (high epergy X-rgy CT method)) ¥
Conipletion of pnalysis
Analyftical simulption ((})smic rays sfattering fhjeasuremgnt (Muon pcattering fnethod)) v
@ Study of the necessity of detailed analysis and consolidation of technical issues
Btudy of the necessitly of detail¢d analysi4 and consplidation of technicallissues

o

eptification pf technicql issues

Committs

Study of research|and develppment plgn

Consolidption of gogls of the nain procgsses \l/

i i Hroject Steg¢ring  Fihal
Irfterim Repprt 4 s hal report
e Meeting P Conmittee Meeting P

v v v
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Project Organization

No.8

Tokyo Electric Power Company Holdings, Inc.

o Fukushima Daiichi Nuclear Power Station
Decommissioning Project Management

International Research Institute for Nuclear Decommissioning (IRID)

o Coordination of overall planning and technology management
o Coordination of technology administration including technology
development progress management

[

Mitsubishi Heavy
Industries, Ltd.

Hitachi-GE Nuclear
Energy, Ltd.

Toshiba Energy Systems
and Solutions Corporation

Japan Atomic Energy
Agency

(1) Analytical evaluation of the
sorting technology
(Coordination, analytical
evaluation of factors
influencing measurement
errors, review of items
implemented by other
companies)

(2) Study of the future R&D plan
pertaining to the sorting
technology (Coordination,
study of research and
development plan, review of
items implemented by other
companies)

(1) Analytical evaluation of the
sorting technology (Analytical
evaluation of factors
influencing measurement
errors, review of items
implemented by other
companies)

(2) Study of the future R&D plan
pertaining to the sorting
technology (Study of

R&D plan, review of items
implemented by other
companies)

(1) Analytical evaluation of the
sorting technology
(Analytical evaluation of
factors influencing
measurement errors, review
of items implemented by
other companies)

(2) Study of the future R&D plan
pertaining to the sorting
technology (Study of R&D
plan, review of items
implemented by other
companies)

(1) Analytical evaluation of the
sorting technology (Setting
up the conditions for
analytical evaluation of factors
influencing measurement
errors, review of items
implemented by other
companies)

(2) Study of the future R&D plan
pertaining to the sorting
technology (Study of R&D
plan, review of items
implemented by other
companies)

Project teams to cooperate
for technological
development

Development of Analysis and
Estimation Technology for Fuel
Debris Characterization

Research and Development for
Treatment and Disposal of Solid
Wastes

Development of Technology for
Containing, Transfer and Storage
of Fuel Debris

MHI-NS Engineering Co., Ltd. Hitachi Industry & Control Solutions, Ltd. Los Alamos National Laboratory

* Analysis of parameters influencing « Analysis of parameters influencing « "Study of applicability of cosmic rays

L] measurement errors (Setting up the —| measurement errors (Development of —  scattering measurement (Muon scattering
conditions / actual evaluation) input/output conditions, actual evaluation, method) under high radiation environment”

+ Provision of analysis results as organization and compilation of analytical related to technological issues for the purpose

feedback to the equipment data) of practical application of the sorting
+ Study on various technical issues and technology
methods for resolving them

Olnternational Research Institute for Nuclear Decommissioning
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No.9
ltems reported in the final report

2. Implementation Details

(1) Analytical evaluation of factors influencing measurement errors of prospective measurement
technologies

@ Selection of influencing factors
@ Setting the fluctuation range of the influencing factors
@ Analytical simulation

2.1Analysis conditions
2. 2 Analysis results
2.2.1 Passive neutrons
2.2.2 Passive gamma rays
2.2.3 Active neutrons
2.2.4 Passive/active neutrons + passive gamma rays
2.2.5 X-ray transmission measurement
2.2.6 Cosmic rays scattering measurement

' D OIlnternational Research Institute for Nuclear Decommissioning
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2. Implementation Details — (1) Analytical evaluation of factors influencing No.10
measurement errors of prospective measurement technologies

@ Selection of influencing factors

The assumed validation parameters for each measurement I
[

| — —
| Identification of assumed variation technology were identified, including the reason for
I parameters selection. :

s 4

Study of the maximum and minimum
values of the parameters

The maximum and minimum values of the parameters were
studied along with the reasons and basis, while stepping
further up to the measurement technology.

T e — - -—-——-_—_——-_—_—_—-__—___—___—__—___—_————— -
| Organization of variation The variation parameters that were identified above were organized. |
| parameters The parameters that were likely to have comparable effects as per |
I ' the analytical simulation model were organized. |
' — — The identified parameters were examind against the :
I Organization of variation parameters measurement principle for each measurement technology to |
I required for each measurement determine if they have an impact. At this time, the reason was |
| technology indicated as well. Also, the studies of the analytical I
[ ™ parameters was prioritized so that a significant conclusion |
[ ‘ can be obtained. 1

; ; |
: Organization of the The results, including the validity of the reason, were I
| resulting influencing factors organized. :
| |
| |
| |
| |

“@ Analytical simulation == === = = " - T T - - - — m e ——— === I
L The analytical conditions were determined and analytical l
: Determination of analytical conditions and simulation was implemented for each measurement I
I implementation of analytical simulation technology. I
e e e e e e e e e e e e e e e |

_— RSSO s
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2. Implementation Details - (1) @ Selection of influencing factors (1/2) No.11

Table  Prospective measurement technologies

Symbol Measurement technology

The parameters that were likely to fluctuate in the case of each on S SO S S
measurement technology were identified, and from amongst them, Py e e e e e e
influencing factors (D to (0) that were likely to have a significant An T ———————

influence on the measurement errors were identified. Also, the

Passive/active neutron measurement + y rays

. . . . PAN+P
measurement techniques that the influencing factors influenced and ™Y measurement technology
their basis were consolidated. . X-ray transmission measurement (High energy X-ray CT
method)
M Cosmic rays scattering measurement (Muon scattering

method)
Table: Results of selecting the factors influencing measurement errors (1/2)

Measurement

Influencing factor technique that the Basis of the measurement technique
factors influence

@ Fuel debris Al The absorption/scattering effect of radiation differs depending on the difference in fuel debris composition
:«:; composition (mixing ratio of fuel components and structures).
= Gd content The absorption/scattering effect (energy distribution) of radiation (particularly neutrons) emitted by fuel debris
o Pn, An, PAn+Py, M . . . . ’
= (percentage) differs depending on the difference in amount contained (percentage).
o
S =) @IS Pn, An, PAn+Py, M Same as above
5 (percentage)
o The radiation emitted by fuel debris is different than that emitted by uranium fuel. Also, fuel debris
2 MOX All o . . . .
composition changes and the absorption/scattering effect of radiation differs as well.
- ® Burn-u Pn, Py, An, Since the composition of the fission products (FP) and the actinoids that form the fuel debris changes, the
= P PAn+Py, M type of radiation, the absorption/scattering effect of radiation in the fuel debris, etc. differs.
§ @ =° iiesiEn The rate of emission of FP nuclides along with fuel meltdown.
o rate Py, X, M The rate of emission of volatile FP nuclides at the time of fuel meltdown has an impact on the intensity of
g gamma rays and distribution of energy emitted by the fuel debris.
(2]
(9]
= @ Cooling period FP)RnE\F(’yAR/I Same as “@ Burn-up”
—

eSS
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2. Implementation Details - (1) @ Selection of influencing factors (2/2) No.12

Table Prospective measurement technologies
Pn Passive neutron measurement technology
Py Passive gamma rays measurement technology
An Active neutron measurement technology
PATPY o rementteatmology
X X-ray transmission measurement (High energy X-ray CT
method)
M Cosmic rays scattering measurement (Muon scattering

method)

Table: Results of selecting the factors influencing measurement errors (2/2)

Measurement

Influencing factor | technique that the Basis of the measurement technique
factors influence

» ® Moisture The absorption/scattering effect (energy distribution) of radiation (particularly neutrons) emitted by fuel debris
o Pn, An, PAn+Py, M . . . : .
o £ content differs depending on the difference in moisture content.
(2]
% o (® Filling rate All Absorption/scattering effect of radiation differs inside the container.
=. 0
: —
® © @ Uneven
7 % distribution All Same as above
= Container All The intensity (beam, etc.) of radiation reaching the detector differ depending on the container.
= ® Irra_dla_Ltlng The mutual interactions within materials such as fuel debris, etc. differs depending on the energy of the
) radiation An, PAn+Py, X C L
S o irradiating radiation source (neutrons, X-ray).
20 source
3= . . - . . . .
= Detector Al The intensity (beam, etc.) of radiation reaching the detector differs depending on the location of the detector,

and thickness of shield and moderator, for each measurement technique.

| =
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2. Implementation Details - (1) @ Setting the fluctuation range of the influencing factors (1/2)

No0.13

On the basis of the properties of fuel debris and the principle of each measurement technology, the fluctuation range
(minimum to maximum, etc.) of the identified influencing factors (@ to (0) were set. (Table below)

Table : Results of setting the fluctuation range of the influencing factors (1/2)

Influencing factor Fluctuation range of the influencing Basis of the measurement technique
factor

Fuel @ Fuel debris
debris composition
properties
Gd content
(percentage)
B content
(percentage)
MOX
Fuel @ Burn-up
debris
based

® FP emission rate

@ Cooling period

1RI1

The fluctuation range was set based on
the mixing ratio of fuel components
(UO,) and structures (ZrO,, SUS,
concrete).

(Details were organized based on
the analysis conditions.)

Minimum Gd content contained in
actual fuel debris to maximum Gd
content after more gets added at the
time of retrieval

From 0% to maximum B content after
more gets added at the time of retrieval

MOX present or MOX absent
Approx. 1.3 to approx. 51.3GWd/t

Emission of volatile FP such as Cs, etc.
absent to emission present (99%)

20 to 40 years after the accident

(Note 1) “Subsidy Project of Decommissioning and Contaminated Water Management (Development of technology for fuel debris
characterization and analysis)” in the FY2016 Supplementary Budget

Since there can be infinite number of combinations of the mixture of fuel (UO,) and structures (ZrO,,
SUS, concrete) in fuel debris, the following was assumed as the typical state of fuel debris.
- Molten debrisMete 1)
+ Uranium-rich debris
- Metallic debrisMNote 1)
= MCCI debris(Note 1)

Type Definition

Molten debris Fuel debris in which (U,Zr)0O, is the major component

Uranium-rich debris Fuel debris in which UO, is the major component

Metallic layer accumulated at the bottom due to

Metallic debris difference in density

MCCI debris Layer of oxides consisting of concrete components

(1) Combustible Gd contained in fuel, (2) Gd,O; added to maintain sub-criticality were assumed. (1)
is considered to be likely to mix evenly in fuel debris, and hence was assumed to be equivalent to
“actual conditions”. The largest amount of (2) was assumed to be likely to be in the container.

(1) B contained in control rods, (2) B,C added to maintain sub-criticality were assumed.

However, as control rods melt before fuel rods, considering the likelihood of control rods not mixing
evenly in fuel debris and fuel debris that does not contain control rods being retrieved, (1) was
assumed to be 0%. The largest amount of (2) was assumed to be likely to be in the container.

MOX fuel is not loaded in Units 1 and 2. MOX fuel is loaded in Unit 3.

1.3GWdlt is the lowest burn-up per node in Unit 2 excluding the region with natural uranium. It is the
least in Units 1 to 3 and includes the minimum value of other units as well.

51.3GWdlt is the highest burn-up per node in Unit 2. It is the highest in Units 1 to 3 and includes the
maximum value of other units as well.

The rate of emission of volatile FP nuclides at the time of fuel meltdown has an impact on the
intensity of gamma rays and distribution of energy emitted by the fuel debris. Hence 0 emission to
high emission was assumed.

From full-scale retrieval (FY2031) to Completion of decommissioning based on the Mid-and-Long-
Term Roadmap.

Olnternational Research Institute for Nuclear Decommissioning
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No.14

2. Implementation Details - (1) @ Setting the fluctuation range of the influencing factors (2/2)

Table : Results of setting the fluctuation range of the influencing factors (2/2)

Influencing factor Fluctuation range of the influencing factor Basis of the measurement technique

Status of ® Moisture content

storage in
containers

® Filling rate

@ Uneven distribution

Container

Measuring ©)

system Irradiating Active neutron
radiation measurement
source
X-ray
transmission
measurement

Detector
(Location of the detector,
shielding thickness, etc.)

(Note 2) Subsidy Project of Decommissioning and Contaminated Water Management in the FY2018 Supplementary Budget - Development of Technology for Containing, Transfer and Storage of Fuel Debris
(Note 3) Subsidy Project of Decommissioning and Contaminated Water Management in the FY2014 Supplementary Budget - Development of Technology for Containing, Transfer and Storage of Fuel Debris

1RID

0.1wt% to 70vol%

10 to 50vol%

Following indicate extremely uneven distribution.

- Radiation source unevenly located at the
center of the container

- Radiation source unevenly located near the
surface of the container

Following are containers that are being
considered in the projects.

= Unit can

= Canister

- Waste storage container (or inner container)

1.13MeV (average energy)
2.45MeV
14MeV

Maximum Xx-ray energy
6MeV

9MeV

15MeV

Set for each measurement technology

0.1wt% was set based on the target drying value of 0.1wt% (N°te 2 from the
Canister PJ, on the premise that drying is performed before measurement.
70vol% was set by rounding up the maximum moisture content of 65.1vol%
(residual amount of water considering the causes of error) from the draining test
data.

A fluctuation of +20% from the filling rate of 30% (based on the information from
the Subsidy Project of Development of Technology for Containing, Transfer and
Storage of Fuel Debris) based on the specifications of the unit can was
assumed.

If fuel debris is collected in containers, there can be infinite possibilities of
uneven distribution. Hence, extremely uneven distribution was assumed and
first the extent of impact was verified.

From the perspective of verifying applicability, containers from the Debris
Retrieval PJ and Canister PJ that are currently being implemented, were
considered.
= Unit can
* Canister (Note 2)

Waste storage container (or inner container)

1.13MeV: Photonuclear reaction due to Bremsstrahlung X-rays
2.45MeV: D-D reaction
14MeV: D-T reaction

Selected based on the length up to which X-rays can penetrate through the
objects filled inside the container, and the X-ray energy of the linear electron
accelerator for non-destructive inspection that is available as a product in the
market.

Research Report (Final Report) March 2021
Research Report (Final Report) March 2017
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2. Implementation Details No.15
(1) Analytical evaluation of factors influencing measurement errors of prospective
measurement technologies

@ Selection of influencing factors
@ Setting the fluctuation range of the influencing factors
@ Analytical simulation

2.1Analysis conditions
2. 2 Analysis results
2.2.1 Passive neutrons
2.2.2 Passive gamma rays
2.2.3 Active neutrons
2.2.4 Passive/active neutrons + passive gamma rays
2.2.5 X-ray transmission measurement
2.2.6 Cosmic rays scattering measurement

' D Olnternational Research Institute for Nuclear Decommissioning
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No.16
2. Implementation Details — (1) @ Analytical simulation (Division of implementation)

. Development of fuel debris radiation source model: Japan Atomic Energy Agency (JAEA)

Analytical simulation of each measurement technique: As per the table below

“ Measurement technology 1 Analysis led by Applicable ci%c:gr(y():r(g?s-sectlonal

. MHI* MCNP5 (JENDLA4.0)
1 Passive neutron measurement technology Hitachi-GE** PHITS 3.20 (JENDLA4.0)
5 Passive gamma rays measurement MHI MCNP5 (JENDL4.0)
technology Hitachi-GE PHITS 3.20 (JENDLA4.0)
. MHI MCNP5 (JENDLA4.0)
3 Active neutron measurement technology Hitachi-GE PHITS 3.20 (JENDLA.0)

4 Passive/active neutron measurement + MU MCNP5 (JENDL4.0)
Gamma rays measurement technology

X-ray transmission measurement (High

energy X-ray CT method) Hitachi-GE PHITS 3.20 (JENDLA4.0)

Cosmic rays scattering measurement Toshiba ESS

(Muon scattering method) Corporation*** ASRHIUE NI R

*1: Measurement technology selected as a prospective technology that can be applied for sorting and distinction, during the FY2019 study.
*2: The applicable code and cross-sectional library is different for each company, but in the case of the measurement technologies for which the analysis work will be split between MHI and
Hitachi-GE, trial calculations were performed while keeping the calculation system and radiation source conditions the same, the results of those calculations were compared, and it was
verified that results meeting the goals of the feasibility study this time can be obtained.
The applicable code and cross-sectional library of Toshiba ESS is used extensively and has a proven track record.
*Mitsubishi Heavy Industries, Ltd.: MHI
**Hijtachi GE Nuclear Energy, Ltd.: Hitachi GE
***Toshiba Energy Systems and Solution Corporation: Toshiba ESS

l Rl D Olnternational Research Institute for Nuclear Decommissioning



No.17

2. Implementation Details — (1) @ Analytical simulation (Overall flow)

@ Selection of influencing factors

@ Setting the fluctuation range of the influencing factors

L

3 Analytical simulation

Development of the fuel debris
radiation source model (data on every material)

Development of model for the fuel debris collected
in containers considering the influencing factors
(material mixing conditions, type of container, etc.)

Implementation of particle transport simulation
with the Monte Carlo method (MCNP, PHITS code)
for every measurement technology

Evaluation of the beam in front of the detector
for each sensitivity analysis case

(Including the detector response depending

on the method or case)

TRID

Particle transport simulation
(Neutron, photon, electron, muon)

Muon

Container

Hypothetical detector
(Tally)

(Cm244, Plj240)

\Neutrons

Photon

U235, Pu239
induced fission

FP (Cs137, Eul54, Co60)

Collected materia?\

Olnternational Research Institute for Nuclear Decommissioning



2.1Analysis conditions — Development of fuel debris radiation source model (1/2)

No0.18

A model depicting the basic composition, photon source, and neutron source to be used for analyzing various types of fuel debris was developed.

Divided into 24 parts
in the axia| direction

lI ”” lI lI lI lI lI II 1
A

3D nuclide inventory data (Note 1)
Example of Unit 2: 13,152 regions
(Burnable poison and trace
impurities are considered)

Combustion composition
of fuel

Activation composition of
the structures

Approx.

1,600 nuclides _

Conditions for creating radiation source depending on the influencing factors
(Conditions in blue are base cases)

Volatile FP emission simulation

Noble gas, Cs, etc.
19 elements -

Calculation of nuclide
decay

Approx.

1,600 nuclides

- Region with minimum burn-up (1.3GWd/t)Note 2)

- Entire reactor core region (23GWd/t)
* Region with maximum burn-up (51GWd/t)

- High emission rate (99%) model

- Model based on the FP emission test tote3)

= No emission model

- Duration of decay after accident: 40 years (Around FY2051)
- Duration of decay after accident: 30 years (Around FY2041)

 Time period of starting further scale up
(20 years: around FY2031)

Development of radiation model per unit volume element (@:voxel) for each radioactive material (UO,/MOX, ZrO,, SUS)

Creation of photon
source

Composition for calculating
particle transport

Creation of neutron
source

A line spectrum of approx. 33,500
units was created from the nuclear
data (ENDF/B-VIII.0 decay library),
and radiation source with major
contribution of (ExI) and I, where | is
the strength and E is the energy, and
radiation source of major nuclides
(Eul54, etc.) that are targeted in the
passive gamma rays method wi

For the rest, a 47 group \ rays
structure (10keV-20MeV)
was used to reduce the
number of groups.
Energy (MeV)

1RID

Nuclides that largely contribute to
the absorption reaction rate and the
overall reaction rate were selected
(approx. 99.8% of the whole) from
nuclides that can be handled with
the nuclide transport library of the
MCNP, PHITS, GEANT codes.

The total number of spontaneous fission (SF) nuclides
was obtained considering SF nuclides (60 nuclides) from

Element Emiss(iOz? rate
Noble gas 99
I 97
Cs 84
Te 80
Mo 77
Rb 53
> Cd 44
Ba 35
Sb 30
Pd 27
Ag 9.2
Tc 7.1
Ru 1.8
Sr 14

The percentage of
emission (100% - emission
rate = residual ratio) until it
anchors as fuel debris after
the accident.

Th232 to Fm257. The neutron energy spectrum was
expressed in terms of Watts for the effective mass
represented by the nuclides with maximum contribution
(Cm224 or Pu240).

SF neutron source

Energy (MeV)

(Note 1) Atomic Energy Society of Japan (AESJ) FY2021 Spring Annual Meeting (3B01, 3B02), FY2021 Fall Meeting (1106).

(Note 2) Represented by Unit 2 as Unit 2 encompasses the burn-up range of Units 1 and 3. The region with natural uranium is not
included while indicating the minimum burn-up.

(Note 3) PHEBUS-FPT4 test: Nucl. Eng. and Technol. 38(2), pp.163-174 (2006).

Olnternational Research Institute for Nuclear Decommissioning



2.1Analysis conditions — Development of fuel debris radiation source model (2/2) No.19

Development of voxel-based mixed fuel debris model for simulation

® Handling of a great number of sensitivity analysis cases in an integrated manner
® Avoiding unrealistic models by using correlated parameters

(Example of correlation: The average density of fuel debris with a higher

uranium concentration tends to be high.)

A variety of fuel debris was simulated by adjusting the number of voxels
for each material collected in the hypothetical container.
(The radiation source is proportionate to the number of voxels.)

< I
Unit can
Canister
Waste storage
container
SN—

3

1D

Fuel debris material (voxel)

* UO, (contains BP) i MOX (contains BP)

ZrO, ' B,C
* Control rods / criticality

prevention material

Sus Gd,0,4
Criticality prevention

material
H,0 Concrete
For adjusting the
moisture content Size: 1cm?
Empty Weight: Material density
: Radiation source is
For adjusting the filling rate present.

and apparent density

18 types of voxel data were created including the difference in the
radiation source model.
= A variety of fuel debris was simulated by using various combinations.

Molten debris: (U 5, Zry5)0,

Uranium-rich debris

MCCI (Molten Core Concrete
Interaction) debris

Metallic debris

Olnternational Research Institute for Nuclear Decommissioning




2.1Analysis conditions - Base case analysis conditions (1/2) No.20

€  Setting of base case analysis conditions
(Sensitivity analysis: The sensitivity with respect to the minimum to maximum analysis results of individual influencing factors (parameters) was investigated on
the basis of the analysis results (beam, etc.) based on these conditions.)
Table: Base case analysis conditions

Burn-up 23GWd/t Recent average burn-up of the Unit 2 reactor core planned to be investigated (Note 1)
SR:udr':gon FP emission rate Standard emission model Emission rate based on the FP emission test (Phebus-FPT4)
Cooling period 20 years Time period of start of full-scale retrieval (FY2031)
Container: Smallest single container
The mesh structure on the side and bottom was not modeled (Thickness was
considered as well)
o Target container Unit can Height: Area contributing to the dose rate, represented by 200mm wherein the amount of
Radiation radiation source becomes smaller
transport. Other information about the container: According to the information from the Canister PJ and
computation Debris Retrieval PJ
container
model Active neutron 14MeV D-T reaction
measurement
Irradiated
radiation energy X-ray transmission Has the ability to penetrate through the measurement target, shows intermediate values for the X-
9MeV ray energy of the linear electron accelerator for non-destructive inspection that is supplied as a
measurement
product.
UO,: 50% - Assumed to be molten debris. (mixture of UO, and ZrO,)
ZrO,: 50% The mixing ratio was according to the information from the Characterization PJ.
SUS: 0% = The combustible Gd contained in the fuel was considered in the UO, composition.
Fuel debris composition Conc: 0% (Gd,0, MNete 2 was set to be absent.)
(Volume ratio) Gd,05: 0% = As control rods melt before fuel rods, they were assumed to not mix uniformly in the fuel
Radiation B,C: 0% debris. (B,C Nete 3 was set to be absent.)
transport MOX: 0% - MOX fuel was not considered.
computation Empty (porosity): 0% = The porosity was considered to be 0%
L%?Lgsks)irtlison Value set based on the risk of hydrogen burning. (During the transport period (7 days), hydrogen
model Moisture content (Wt%) 1wt% concentration inside the canister reduces the 1.5wt% moisture content that has reached 4vol%.)

According to the information from the Canister PJ

30vol%

. . . . . "
(Empty: 70vol%) According to the information from the Debris Retrieval PJ

Filling rate (vol.%)

The homogeneous model was used (UO,, ZrO,, H,0, Empty were uniformly distributed inside the

Uneven distribution - .
unit can.)

(Note 1) JAEA-Data-Code-2012-018, (Note 2) Criticality prevention material added for maintaining criticality was assumed.
(Note 3) Absorption material inside the 1F control rods was assumed.
*Subsidy Project of Development of Fuel Debris Retrieval

B ~
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2.1 Analysis conditions - BaSe case analysis conditions (2/2) No.21

Table : Pre-conditions (Container and density)

I T T T S

200mm Area contributing to the dose rate, represented by 200mm wherein the amount of

Depth radiation source becomes smaller
Quter I Planned value (According to the information from the Debris Retrieval PJ)
diameter
Inner 206mm
Container diameter
=}
o
L <
Wall Siblsl 2 The mesh structure on the side and bottom was not considered. ! |
thickness Bottom: 5mm = |
o~
Material SUS316L According to the information from the Canister PJ |
Density 7.98g/cm3 According to JIS G 4304 (SUS316L) |
{ ]
uo, 10.525g/cm? Actual conditions ‘ |
) Unit can
ZrO, 5.56g/cm?3 Actual conditions . .
Actual — ' ' Figure  Proposed structure of the unit can
density H,O 1.0g/cm? (F,rgg“sg(‘)‘;/fr';?gf'l"ftﬁagfg'ggf,‘é'; Tables FY2018 (Set by rounding up the density of From the Subsidy Project of Decommissioning and Contaminated Water Management
’ in the FY2018 Supplementary Budget - Development of Technology for Containing,
Air Og/cm3 Handled as void Transfer and Storage of Fuel Debris  Research Report (Final Report) March 2021

Table : Policy for developing models

Image illustrating the assumed state of containing of fuel debris

(example) Analysis model

Air (Empty) or Water (H,0)

- —-

— —— Abundance of each component material
1 Q (UO,, ZrO,, H,0, Empty) was mixed
o’ — throughout the container.
o/ Further, the filling rate was modeled by

homologizing it with the apparent density
of fuel debris with respect to the total
capacity of the fuel debris canister.

It was assumed that clumped
fuel debris is randomly filled in

. the container.
Fuel debris _—
The model of the detector system
(UO,, Zr0,) e
Container (Unit can) —— conforms to each measurement
method.

- e
‘ Rl D Olnternational Research Institute for Nuclear Decommissioning




2.1 Analysis conditions - Procedure of sensitivity analysis No-22

® The variations in the beam, etc. that reaches the detection surface were verified based on the fluctuation range of the influencing

factor as per the procedures given below.

1. With the results obtained using base case conditions as a guideline, individual influencing factors were changed to verify
variations.

2. From the above-mentioned results, in order to understand physical phenomenon and enable systematic speculation

regarding variations that occur when multiple influencing factors are closely connected, cases wherein multiple influencing

factors were changed were analyzed as typical cases as well.

(@ Burn-up: Unit 2 core average
(@ FP emission rate: Test (Phebus-FPT4) base
@ Cooling period: 20 years

@ Irradiating radiation source:
14MeV (*Active neutron measurement)
9MeV (* X-ray transmission measurement: Maximum
@ Fuel debris composition: energy)
UO,: 50 (vol%)
ZrO,: 50 (vol%)
SUS, concrete: 0 (vol%)
B,C, Gd,04: 0 (vol%) Radiation reaching the detector
MOX: 0 (vol.%)
Empty (porosity): 0 (vol%)
® Moisture content: 1 (Wt%) 3
® Filling rate: 30 (vol%) Detector
@ Uneven distribution: None (=uniform) Container: Unit can (Detector position, shielding thickness, etc.)

(¢ 210mm X H200mm) [ i

® Based on the above analytical evaluation, in order to reduce (predict) the variations caused by influencing factors, “@ Study of the
necessity of detailed analysis and consolidation of technical issues” will be implemented, and will be linked to future research and

development planning.

| S
I R' D Olnternational Research Institute for Nuclear Decommissioning



2.1Analysis conditions - Influencing factors to undergo sensitivity analysis for the measurement No.23

techniques

Influencing factors to undergo sensitivity analysis (parameter study) for the measurement techniques are indicated by “o” in
the table. Its basis has been listed as well.

Measurement technique

Influencing factor p P Basis, etc.
Passive . : Combination Cosmic rays )
(@) (@) O @) (@) @)

The absorption/scattering effect of radiation differs depending on the fuel debris
composition.

@ Fuel debris composition

The absorption/scattering effect (energy distribution) of radiation (particularly neutrons)

Gd content (percentage) O - O O - O emitted by fuel debris differs depending on the difference in amount contained
(percentage).
B content (percentage) O - O — - O Same as above
MOX o o o _ o o The source of radiation emitted by fuel debris is different. Also, as the fuel debris
composition changes, the absorption/scattering effect of radiation differs as well.
@ Burn-up (@) (@) (@) (@) = (@) Same as above
® I-:P‘(fISSIOH e = (@) = = (@) (@) Same as above
emission rate
@ Cooling period (@] (@] (@] - - @] Same as above
. _ _ _ The absorption/scattering effect (energy distribution) of radiation (particularly neutrons)
© Moisture content o o o emitted by fuel debris differs depending on the difference in moisture content.
® Filling rate O O O O o O Absorption/scattering effect of radiation differs inside the container.
@ Uneven distribution (@) (@) (@) @) (@) @) Same as above
. o o o _ o o l’g::t ;rimrt]irr\sny (beam, etc.) of radiation reaching the detector differs depending on the

The mutual interactions within materials such as fuel debris, etc. differ depending on
© Irradiating radiation source - - O — o — the energy of the irradiating radiation source (neutrons, X-ray).
(*) Only active n measurement, radioparency measurement

Detector The intensity (beam, etc.) of radiation reaching the detector differs depending on the
(Location of the detector, Q(Note 3) QO Note 3) QNote 3) - ONote 3) (@] location of the detector, and thickness of shield (moderator), for each measurement
shielding thickness, etc.) technique.

(Note 1) Passive/active neutrons + passive gamma rays
(Note 2) Influence of all factors was investigated except 9 that is not related to cosmic rays scattering measurement (Muon scattering method). Only the influence of change in composition was handled in the 4
cases of MOX, burn-up, FP emission rate and cooling period.

(Note 3) representative detector position, moderator, etc. were set.
| T T e |
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2.1Analysis conditions - Sensitivity analysis conditions (1/2)

No.24

The analysis conditions for the influencing factors (D to @) to undergo sensitivity analysis (parameter study) were set.

Fuel debris @ Fuel debris

properties composition
Gd content
(percentage)
B content
(percentage)
MOX

Fuel debris @ Burn-up

based

(Composition of
fuel components
(U0O,, Zro,) and
intensity of
radiation source)

® FP emission rate

@ Cooling period

Table: Sensitivity analysis conditions (1/2)

Influencing factor Fluctuation range of the influencing factor Analysis conditions

The fluctuation range was set based on the mixing
ratio of fuel components (UO,) and structures (ZrO,,
SUS, concrete).

Minimum Gd content contained in actual fuel debris
to maximum Gd content after more gets added at the
time of retrieval

From 0% to maximum B content after more gets
added at the time of retrieval (Note that, as control
rods melt before fuel rods, considering the likelihood
of control rods not mixing evenly in fuel debris and
fuel debris that does not contain control rods being
retrieved, the minimum content was assumed to be
0%.)

MOX present or MOX absent

Approx. 1.3 to approx. 51.3GW/t

Volatile FP emission absent to emission present
(99%)
(Refer to No. 14 for details.)

20 to 40 years after the accident

Since there can be infinite number of combinations of the mixture of fuel (UO,) and
structures (ZrO,, SUS, concrete) in fuel debris, the following was assumed as the
typical state of fuel debris.

- Molten debrisMote 1)

= Uranium-rich debris

- Metallic debrisMNote 1)

- MCCI (Molten Core Concrete Interaction) debris®Note 1)

Total 8 cases. (Refer to No. 26 for details.)

(1) Actual conditions < Base
(2) Set assuming Gd,O, is added to maintain sub-criticality.

(1) 0% <« Base

(2) B,C/UO, volume ratio = 0.034

(Equivalent to actual conditions: Core average of the amount of B mixed before the
accident)

(3) Set assuming B,C is added to maintain criticality.

(1) MOX absent (Units 1 and 2) < Base
(2) MOX present (Unit 3)

(1) Approx. 1.3GWd/t (Lowest burn-up per node)
(2) Approx. 23Gwd/t (Average) < Base
(3) Approx. 51.3GWd/t (Highest burn-up per node)

(1) Zero emission
(2) Emission rate based on the FP emission test (Phebus-FPT4) — Base
(3) High emission (99%)

(1) 20 years after the accident < Base
(2) 30 years after the accident
(3) 40 years after the accident

(Note 1) “Subsidy Project of Decommissioning and Contaminated Water Management (Development of technology for fuel debris characterization and analysis)”

in the FY2016 Supplementary Budget

1RID

Research Report (Interim report) March 2018
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2.1Analysis conditions - Sensitivity analysis conditions (2/2)

Table: Sensitivity analysis conditions (2/2)

No0.25

Influencing factor Fluctuation range of the influencing factor Analysis conditions

Status of ® Moisture content
storage in
containers
® Filling rate
@ Uneven distribution
Container
Measuring ©) Active
system Irradiating neutron
radiation measurement
source
X-ray
transmission
measurement

Detector
(Location of the detector,
shielding thickness, etc.)

0.1wt% to 70vol%

0.1wt% was set based on the target drying value of 0.1wt% (Note 1) from
the Canister PJ, on the premise that drying is performed before
measurement.

70vol% was set by rounding up the maximum moisture content of
65.1vol% (residual amount of water considering the causes of error)Mote
2) from the draining test data.

10 to 50vol%

A fluctuation of £20% from the filling rate of 30% (based on the
information from the subsidy project of Development of Fuel Debris
Retrieval) based on the specifications of the unit can was assumed.

Following indicate extremely uneven distribution.
- Radiation source unevenly located at the center of the container
= Radiation source unevenly located near the surface of the container

Following are containers that are being considered in the projects.
= Unit can

- Canister

- Waste storage container (or inner container)

1.13MeV (average energy)
2.45MeV
14MeV

Maximum x-ray energy
6MeV

9MeV

15MeV

Set for each measurement technology

(1) 0.1wt%

(2) wt% <« Base

(3) Set upon seeing the results of (1), (2), and (4) and considering
the necessity.

(4) 70vol%

(1) 10vol%
(2) 30vol% <« Base
(3) 50vol%

Same as on the left
(Refer to No. 27 for details)

(1) Unitcan < Base

(2) Canister

(3) Waste storage container
(Refer to No. 28 for details.)

(1) 1.13MeV: Photonuclear reaction due to Bremsstrahlung X-
rays

(2) 2.45MeV (D-D reaction)

(3) 14MeV (D-T reaction) < Base

(1) 6MeV
(2) 9MeV <« Base
(3) 15MeV

Same as on the left
(For details, refer to the models of the measurement techniques
in Section 2.2.)

(Note 1): Subsidy Project of Decommissioning and Contaminated Water Management in the FY2018 Supplementary Budget - Development of Technology for Containing, Transfer and Storage of

Fuel Debris

Research Report (Final Report) March 2021

(Note 2): Subsidy Project of Decommissioning and Contaminated Water Management in the FY2014 Supplementary Budget - Development of Technology for Containing, Transfer and Storage of

Fuel Debris

TRID

Research Report (Final Report) March 2017
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2.1 Analysis conditions - Sensitivity analysis conditions - Fuel debris composition (Details) N0.26

» Fuel debris composition based on the FY2018 report of the Characterization PJ (Molten debris < Base >, metallic debris, MCCI
(Molten Core Concrete Interaction) debris) + Uranium-rich debris was assumed.
» The sensitivity of nuclear fuel components, SUS and concrete to fluctuations in fuel debris components was investigated.
(Since components other than UO, become shielding material, cases in which the detection efficiency gets worsened and
cases in which measurement is affected were investigated.)

Chart enumerating the fuel debris composition (voxel) and volume ratio (vol%)

Composition inside the container (Note 1)

15% 15%

0, 0, q . .
Molten (50%) (50%) 0% 0% Based on FY2018 report of the Characterization PJ
dletols 7.5% 22.5% 0% 0% Sensitivity investigation based on fluctuations in nuclear

(25%) (75%) ° 0 fuel components
Uran_lum rich 30% 0% (0%) 0% 0% Base: Sensitivity investigation based on fluctuations in nuclear
debris (100%) Base: Base: Volume fuel components
' ’ Base: 1wt% .
% % | fuel
el 0.075% 0.075% 29.85% 0% > > | i z)g:bfiglr’]'g"':jg Based on FY2018 report of the Characterization PJ
debris (0.25%)  (0.25%)  (99.5%) Fluctuations  Fluctuations ' ac el
1.05% 1.05% 7 204 20.7% considered considered based on Fluctuations
MCCI (?; 50/; (?; 50/(; (2' 4(y°) (6§°/§ based on based on sensitivit considered Based on FY2018 report of the Characterization PJ
s s . . sensitivity sensitivity analysisy based on
L 0 0, o analysis analysis sensitivity

i?/r:asslttilg:att)i/on (;g;;) (%202) (2802) 0% analysis Sensitivity investigation based on fluctuations in SUS
based on
- 15% 15% 0% 30% Sensitivity investigation based on fluctuations in
el (25%) (25%) ° (50%) concrete components
components TR ‘At ; ;
that form 15% 15% % 15% fs:csrlglgtyé (l)r:r\]/gcs)trllgittlsn based on fluctuations in
fuel debris (33.3%) (33.3%) (33.3%)

(Only neutron measurement)

(Note 1) Percentage inside the container. (Percentage when fuel debris components are considered as 100% is mentioned inside parentheses.)
*Subsidy Project of Development of Fuel Debris Characterization

| s
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2.1 Analysis conditions - Sensitivity analysis conditions - Uneven distribution model No0.27
B System for analyzing cases of uneven distribution
Nuclear fuel material (UO, and ZrO,) and other material was separated and distributed unevenly in the container.

Example: Cases of uneven distribution of MCCI (Molten Core Concrete Interaction) analyzed with the Passive y, neutron, Active neutron
methods: At the center in the horizontal direction (#1-24) and on the exterior surface in the horizontal direction (#1-25)

Unit [cm]
Top view Transverse cross-sectional view (A-A’)
Material other than ! < 2(?'6 >
nuclear fuel (SUS + i 10.3
Concrete + H,0) i
MCCI at the i
center in the 9.75 i
horizontal - !
direction A i U -’- ----- -
1
i
Nuclear fuel materts 9.75 i
(UO, + Zr0,) L
i !
Material other than 1 < 20.6 R
nuclear fuel (SUS + Unit can 10.3,, IR 2.18

MCCI on the Concrete + H,0)
exterior
surface in the ! 9.75
horizontal A A TN B
direction

Nuclear fuel materiah 9.75

(UO, + Zr0,)

2

|
l R' D Olnternational Research Institute for Nuclear Decommissioning



2.1

Analysis conditions - Sensitivity analysis conditions — Shape of the container

No0.28

Type of container

Shape of container

Evaluation model

@ 240mm X 928mmH
Plate thickness 10mm

J

(Unit: mm)
1. Unit can % b 7 9210
)
210
@ 210mm x 200mmH \
Plate thickness 2mm Figure: Proposed structure Fuel
=1 : 1
: debris —9
. ) ? | of the unit can 200
[Reference: Subsidy project of 2 i
. 4 |
Development of Fuel Debris : From the Subsidy Project 59 0
i | of Decommissioning and Contaminated Water
Retrieval]
! Management in the FY2018 Supplementary |e \
| Budget - Development of Technology for 2 Unit can
7* I Containing, Transfer and Storage of Fuel Debris . . . .
T Unit can Research Report Horizontal cross-section Vertical cross-section
- (Final Report) March FY2021
240
2. Canister 25y 2

Canister

i /

00

Treatment and Disposal of Solid
Waste]

From the Subsidy Project

of Decommissioning and Contaminated Water

Management in the FY2018 Supplementary Budget

(R&D for Treatment and Disposal of Solid Wastes)”
FY2019

Accomplishment Report dated December FY2020

[Reference: Subsidy project of _Figur_e Proposed structure of can_ister 928
(simple installation structure / inner diameter
Develgp_ment of Technology for 220mm / without air supply mechanism) 30
Containing, Transfer and Storage 9240 - <
Of Fu el Debris] From the “Subsidy Project 7
of Decommissioning and Contaminated Water Management in / X
the FY2018 Supplementary Budget (Development of Technology Unit can Fuel debris
for Containing, Transfer and Storage of Fuel Debris)”  FY2020 . . . .
Final Report dated June FY2021 Horizontal cross-section Vertical cross-section
. 500
3. Inner waste container
il | 500 |
500mmE x 300mmH ' '
Plate thlckness 2mm Inner waste container
aste storage container) 500
[Reference: Subsidy Project of ! .\ 300
Figure: Proposed structure of the waste storage -
Research and Development of ontainer 770) N RN

Horizontal cross-section

SR

Inner waste container T uel debjis
Vertical cross-section

1RID
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2. Implementation Detalls

No0.29

(1) Analytical evaluation of factors influencing measurement errors of prospective
measurement technologies

@ Selection of influencing factors

@ Setting the fluctuation range of the influencing factors

@ Analytical simulation

2.1 Analysis conditions
2. 2 Analysis results
2.2.1 Passive neutrons
2.2.2 Passive gamma rays
2.2.3 Active neutrons
2.2.4 Passive/active neutrons + passive gamma rays
2.2.5 X-ray transmission measurement

@ @ ©) @ ® ® @ ©) ®
Fuel debris (€To] B MOX Burn-up FP Cooling Moisture Filling Uneven Container Irradiating Detector
composition content content emission period content rate distribution radiation
rate source

2.2.1

Passive n M. £
No. 40
No. 42
No. 45

TRID

No. 47
No. 37 No. 48
No. 52 No. 52 No. 42 No. 38 _ No. 41 No. 39 No. 40 No. 58 No. 50 _ No. 56
to 54 to 54 ‘ No. 43 No. 46 No. 44 No. 42 to 62 ' ’
No. 72
No. 45
to 75

Olnternational Research Institute for Nuclear Decommissioning



= 2.2 Analysis results

2.2.1 Passive neutrons - Measurement concept No.30

Fuel debris contains nuclides (Cm-244, etc.) that originate from fuel and emit neutrons as a result of spontaneous fission.
In particular, since Cm-224 predominantly becomes a neutron generating nuclide as combustion progresses, it is assumed
that this nuclide will be measured.

® However, the neutron beam becomes relatively small when the neutrons get absorbed due to the moisture contained in fuel
debris or due to the neutron absorption material (Gd,B,C) for maintaining sub-criticality, or when fuel has a low burn-up.
Thus, the width of the neutron beam that reaches the measuring surface varies depending on the properties of fuel debris.

Hence, by determining the width to be measured based on the analytical evaluation, issues such as the

measurement range of the detector required for the measurement system, adjustment of the measurement

distance or the neutron moderator system, etc. were identified.

| o Container [~———] Neutron detector

I 7 — h AW /

Fuel debris
~

Neutron spectrum (n/cm2/s/ Au)

W-13 1.0%-09 1.0F-0F 1.0F-01 1.0F«01
R

Energy (v,
Example of analysis output (Moderator: Polyethylene) Neutron

Olnternational Research Institute for Nuclear Decommissioning
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= 2.2 Analysis results
2.2.1 Passive neutrons - Analysis model

In order to make it possible to study the changes in the radiation flux depending on the distance from the
container, multiple layers of space were provided for cylindrical detectors at a fixed distance from the container

(unit can, etc.).

No0.31

— The detectors were selected and placed based on the changes in the radiation flux.
The changes were used for studying shielding, etc.

Unit can
Fuel debris Fuel debris mm
200mm / |
""""" -3 / ke el Il
A A 150mm
S T 1016mm
______________ \ NN (ORI
\ ' ®210mm
T-cross Tally Unit can
T-cross Tally e e L LT L L Voo
Analysis model top view , _ _
A-A’ cross sectional view
Tt Olnternational Research Institute for Nuclear Decommissioning



= 2.2 Analysis results
2.2.1 Passive neutrons— Analysis model N0.32

Flow of study from beam to the detector installation location, detector response, etc. (PHITS analysis case)
The installation method, etc. of the prospective detector was studied for the base case as per the
flow mentioned below.

The prospective detector was selected based on the detection sensitivity (cps/nv) and y tolerance dose rate (Gy/h) — He-3, B-10, etc.
* Detection sensitivity: Sensitivity with respect to neutrons (cps/nv), y tolerance dose rate: maximum y dose rate (Gy/h) such that y/n can be differentiated

Acqwsmon of beam data \\\ Following are 2 beam data. Output result of MCNP/PHITS, etc.
\\ *Neutron flux originating from fuel debris (no moderator)
~— 1 - Gamma flux originating from fuel debris
© Calculation cases for detector simulation * Neutron / gamma flux = Energy flux ®(E)[1/cm?/s] from every neutron / gamma ray
were selected from the energy spectrum of the
neutron flux originating from fuel debris. Fuel debris ® Cadmium thickness [mm] @ Moderator thickness [mm]
- (For preventing back-scatter) (For thermalizing fast components)
@ Distance (mm) from the container to the ﬁ% 9'“'6 le s
detector or the shielding thickness (mm) was g > o X Moderator
set based on the dose rate (Gy/h) of the gamma -] e f ethl
flux originating from fuel debris and the gamma Cadmium i _ (Polyethylene, etc.)
tolerance (Gy/h) of the prospective detector. d
o ; I Detector
@ M(_)derator thickness (mm) required for | _ (He-3, B-10, etc.)
decelerating the fast neutrons was set based on the ---------1 I /
energy spectrum of the neutrc_)n flux originating from | Big picture (Image)
fuel debris. Moderator (polyethylene)
~— . I
@ Cadmium thickness (mm) required for >—
controlling back-scattering of thermal neutrons was — ---------- ! | At c
Hiel debfis
set bas;:‘ld on ';lhe energ(yj/ spect(um of the neutron Unit @ Distance [mm] from the container to the detector U
ux when a moaerator Is present. nit can (For bringing it down up to the y tolerance dose rate)
~——
Detector simulation was performed with the @bOVE- = = = = = o e o o e o e e o o o cDetectorS
mentioned conditions for determination (calculation
cases, detector position, etc.). Applicability assessment items
(Big picture image) 1) Placement of detector ... Parameters set for D to 3 for each individual prospective detector
e — 2) Measurement time ... Calculated in terms of count rate (cps) from neutron flux (nv) and detector sensitivity (cps/nv)

for each individual prospective detector after the installation of (D to @
. . . Preliminary calculation of measurement time was performed based on the required statistical parameters.
Measurement time for each container was studied 3) Possibility of detection ... Whether or not each individual prospective detector can be used, based on the

based on the detector simulation results measurement time limitations

|
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= 2.2 Analysis results

2.2.1 Passive neutrons - Table listing the analysis cases (1/3)No-33

« Considering the analysis conditions described in No. 2-1 as the base case, the analysis conditions that changed

to influencing factors (No. 2-2 to 29) were assumed as the sensitivity analysis conditions. All 29 cases

* Influencing factors that changed from the base case under the sensitivity analysis conditions are highlighted
blue. Here, the parameters that changed in association with the above-mentioned changes are indicated by
yellow hatching.

Composition inside the container *1

Zr0O, : 15vol%(50vol%)

Empty : Remainder

(®210mm x H200mm)

Olnternational Research Institute for Nuclear Decommissioning

. . e e T e et = FP emission Cooling Uneven S o d ¢
ase No. | Tyne of fuel ithin the filling factor urn-up . L ontainer anged parameter
P ) Outside the filling factor rate period distribution
debris Composition Total (Filling factor)
) U0, : 15v0l%(50vol%) H,0 (water content): 1wt% ) Unit can
2-1 Molten debris 30vol% 23.0GWd/t Standard 20 years Uniform Base case
Zr0, : 15v0l%(50vol%) Empty : Remainder (®210mm x H200mm)
Fuel debris
U0, : 7.5vo0l%(25vol%) H,0 (water content): 1wt% Unit can N
2-2 30vol% . 23.0GWd/t Standard 20 years Uniform composition
Zr0, : 22.5v0l%(75vol%) Empty : Remainder (®210mm x H200mm)
(UO,, Zr0,)
H,0 (water content): 1wt% ) Unit can
2-3 MOX : 30vol% 30vol% 0GWd/t Standard 20 years Uniform MOX
Empty : Remainder (®210mm x H200mm)
U0, : 5vol%(50vol%) H,0 (water content): 1wt% ) Unit can .
2-4 10vol% 23.0GWd/t Standard 20 years Uniform filling factor
Zr0, : 5vol%(50vol%) Empty : Remainder (®210mm x H200mm)
U0, : 25vo0l%(50vol%) H,O (water content): 1wt% . Unit can .
2-5 50vol% 23.0GWd/t Standard 20 years Uniform filling factor
Zr0, :25v0l%(50vol%) Empty: Remainder (®210mm x H200mm)
U0, : 15v0l%(50vol%) 6dz03 : 3vol% Unit can
2-6 30vol% H,0 (water content): 1wt% 23.0GWd/t Standard 20 years Uniform Gd content
Zr0, : 15v0l%(50vol%) (®210mm x H200mm)
Empty: Remainder
) 0 0 G4203 : 30vol% .
U0, : 15vol%(50vol%) ) Unit can
2-7 30vol% H,0 (water content): 1wt% 23.0GWd/t Standard 20 years Uniform Gd content
Zr0, : 15v0l%(50vol%) (®210mm x H200mm)
Empty: Remainder
) 0 0 B,C : 0.51vol% .
U0, : 15vol%(50vol%) . Unit can
2-8 30vol% H,0 (water content): 1wt% 23.0GWd/t Standard 20 years Uniform B content
Zr0, : 15v0l%(50vol%) (®210mm x H200mm)
Empty: Remainder
B,C : 10vol%
U0, : 15vol%(50vol%) 4 ? ) Unit can
2-9 30vol% H,0 (water content): 1wt% 23.0GWd/t Standard 20 years Uniform B content
Zr0, : 15v0l%(50vol%) (®210mm x H200mm)
Empty: Remainder
U0, : 15vol%(50vol%) H,O0 (water content): 0.1wt% ) Unit can )
2-10 30vol% 23.0GWd/t Standard 20 years Uniform Moisture content
|



= 2.2 Analysis results

2.2.1 Passive neutrons - Table listing the analysis cases

(2 /3)No.34

Composition inside the container *1
FP emission Cooling o .
Case No. Type of fuel Within the filling factor Burn-up . Uneven distribution Container Changed parameter
Outside the filling factor rate period
debris Composition Total (filling factor)
U0, : 15vol%(50vol%) FAD s s e Unit can
2-11 Molten debris ) . . 30vol% 70vol% 23.0GWd/t Standard 20 years Uniform (6210 H200mm) Moisture content
Zr0, : 15v01%(50v0l%) Empty : Ovol% mm x mm
U0, : 15vol%(50vol%) H,0 (Moisture content): 1wt% ) Unit can
2-12 30vol% 1.3GWd/t Standard 20 years Uniform Burn-up
Zr0, : 15v01%(50v0l%) Empty: Remainder (®210mm x H200mm)
U0, : 15vol%(50vol%) H,0 (Moisture content): 1wt% ) Unit can
2-13 210, : 15v0l%(50v0l%) 30vol% . R § 51GWd/t Standard 20 years Uniform (0210 H200mm) Burn-up
r0, : 15vol%(50vol% mpty: Remainder mm x mm
U0, : 15vol%(50vol%) H,0 (Moisture content): 1wt% ) Unit can ) .
2-14 210, - 15v0l%(50v0l%) 30vol% Emoty: Remaind 23.0GWd/t Standard 30 years Uniform (0210 H200mm) Cooling period
r0, : 15vol%(50vol% mpty: Remainder mm x mm
U0, : 15vol%(50vol%) H,0 (Moisture content): 1wt% ) Unit can ) )
2-15 20, : 15v0l%(E0v0l%) 30vol% . R g 23.0GWd/t Standard 40 years Uniform (0210 H200mm) Cooling period
r0, : 15vol%(50vol% mpty: Remainder mm x mm
U0, : 15vol%(50vol%) H,0 (Moisture content): 1wt% i irection |Unit can
2-16 2 SO 30v0l% 20 (Moistu IO | s 0eWdst | Standard | 20 years |HOTiZontal direction jUni Uneven distribution
Zr0, : 15v0l%(50vol%) Empty: Remainder (Center) (®210mm x H200mm)
U0, : 15vol%(50vol%) H,0 (Moisture content): 1wt% Horizontal direction [Unit can o
2-17 30vol% ) 23.0GWd/t Standard 20 years . Uneven distribution
Zr0, : 15v01%(50v0l%) Empty: Remainder (Exterior surface) |(®210mm x H200mm)
U0, : 15v01%(50vol%) H,0 (Moisture content): 1wt% _ Canister .
2-18 30vol% 23.0GWd/t Standard 20 years Uniform (®220mm x H840mm, Container
710, : 15v0l%(50vol%) Empty: Remainder .
Thickness 10mm)
Waste storage container
U0, : 0.48vol%[3.7k H,0 (Moisture content): 1wt%
2-19 SIS 2 ST (9;[4 T‘])/) 10.48vo0l% ? S ’ 23.0GWd/t Standard 20 years Uniform (Internal container Container
: 10vol%(95.4vol% iTID8Y5 [RSmENelEr O ®500mm x H300mm)
H,0 (Moisture content): 1wt% Unit can Fuel debris
2-20  |Uranium-rich U0, : 30vol% 30vol% 23.0GWd/t Standard 20 years Uniform »
Empty: Remainder (®210mm x H200mm) composition (type)
|
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= 2.2 Analysis results

No0.35

2.2.1 Passive neutrons - Table listing the analysis cases (3/3)

Composition inside the container *1
FP issi
Case No. Type of fuel Within the filling factor Burn-up emission Cooling period Uneven distribution Container Changed parameter
) Outside the filling factor rate
debris Composition Total (Filling factor)
U0, : 0.075v0l%(0.25v0l%) ) )
. . H,0 (Moisture content): 1wt% . Unit can . »
- etallic debris | Zr0, : 0.075v0l%(0.25vol% vol% . andar years niform uel debris composition (type
2-21 Metallic deb b ( ) 30vol% 23.0GWd/t Standard 20 Unif Fuel deb t (type)
SUS : 29.85v01%(99.5v0l%) Empty: Remainder (®210mm x H200mm)
5 .02Vol7 .oVOol7
U0, : 15vol%(25vol%)
H,0 (Moisture content): 1wt% ) Unit can ) »
2-22 Zr0, : 15vol%(25vol%) 60vol% 23.0GWd/t Standard 20 years Uniform Fuel debris composition (SUS)
ST e TG Tl Empty: Remainder (®210mm x H200mm)
a Vol7 VOIl7
U0, : 1.05vo0l%(3.5v0l%)
223 |mca Zr0; : 1.05vol%(3.5vol%) 30vol% H,0 (Moisture content): 1wt% 23.06Wd/t Standard 20 - Unit can Fuel debri ition (type)
- . o 9 Vo . andar ears niform uel debris composition e
SuUsS .(7:.2voIA(24vo|A:) ° Empty: Remainder Y (®210mm x H200mm) P v
oncrete :
20.7vol%(69vol%)
U0, : 15vol%(33.3vol%) ) ) »
H,0 (Moisture content): 1wt% . Unit can Fuel debris composition
2-24 Zr0, : 15vol%(33.3vol%) 45v0l% 23.0GWd/t Standard 20 years Uniform
. N Empty: Remainder (®210mm x H200mm) (Concrete)
oncrete : 15vol%(33.3vol%
U0, : 15vol%(25vol%) ) ] »
H,0 (Moisture content) 1wt% ) Unit can Fuel debris composition
2-25 Zr0, : 15vol%(25vol%) 60vol% 23.0GWd/t Standard 20 years Uniform
Concrete : 30v0l%(50vol%) Empty: Remainder (®210mm x H200mm) (Concrete)
oncrete : 30vol%(50vol%
U0, : 0.075v0l%(0.25v0l%) H 0l (Morst N RN Unit Fuel debri ition (Type)
) . oisture content): 1wt% orizontal direction nit can uel debris composition (Type
2-26 Metallic debris . 0 9 30vol% z 23.0GWd/t Standard 20 years
z:j)sz ’ gfgsvo:;g:svo:;; ’ Empty: Remainder g (Center) (®210mm x H200mm) Uneven distribution
: 29.85v01%(99.5v0l%
U0, : 0.075v01%(0.25v0l%) H,0 (Moist tent): Lwis Horizontal directi Unit Fuel debri ition (Type)
oisture content): 1wt% orizontal direction nit can uel debris composition (Type
2-27 . I 9 30vol% z 23.0GWd/t Standard 20 years
Z10;: 0'075V°ME0'25WM’; 0 Empty: Remainder Y (Exterior surface)  |(®210mm x H200mm) Uneven distribution
SUS : 29.85v01%(99.5vol%
U0, : 1.05vo0l%(3.5v0l%)
. 0 0,
208 |mca Zr0, : 1.05v0l%(3.5vol%) 30vol% H,0 (Moisture content): 1wt% 23.06Wd/t Standard 20 years Horizontal direction [Unit can Fuel debris composition (Type)
- - 0, 0, .
SUS : 7.2vol%(24vol%) 0 Empty: Remainder (Center) (®210mm x H200mm) Uneven distribution
Concrete :
20.7vol%(69vol%)
U0, : 1.05vol%(3.5vol%)
. 0 0,
Zr0, : 1.05vol%(3.5vol%) H,0 (Moisture content): 1wt% Horizontal direction [Unitcan Fuel debris composition (Type)
2-29 SUS : 7.2vol%(24vol%) 30vol% 23.0GWd/t Standard 20 years i o
s Empty: Remainder (Exterior surface) |(®210mm x H200mm) Uneven distribution
Concrete :
20.7vol%(69vol%)

*1: Percentage inside the container. Percentage, when 100% is considered to be within the filling rate, is mentioned inside parentheses

TRID
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= 2.2 Analysis results

2.2.1 Passive neutrons - Analysis cases N0.36

»  Sensitivity analysis related to the following analysis conditions was conducted, and the trend with respect to each
influencing factor has been consolidated.

Remarks
Total Moisture Burn-u Cooling U content considered
uo, ZrO, SuUSs Concrete - P period as the analysis
(Filling rate) content (Gwdit) "
(Years) condition

2-1 Base 15vol% 15vol% Ovol% 30vol% 1wt% 23.0 20 8.79kg
2-3 MOX S?JAV?)TEA) Ovol% 0vol% - 30vol% 1wt% 0.0 20 17.0kg
2-4 Filling rate (low) 5vol% 5vol% Ovol% - 10vol% 1wt% 23.0 20 2.93kg
2-5 Filling rate (high) 25vol% 25vol% Ovol% - 50vol% 1wt% 23.0 20 14.6kg
210 MOiStu(lrgv\f)ome”t 15v01% 15v01% ovol% - 30v0l% 0.1Wt% 23.0 20 8.79Kg
2-11 MOis“&:%ﬁ;’”tem 15v01% 15v01% 0vol% - 30vol% 70v0l% 23.0 20 8.79Kg
2-12 Burn-up (low) 15vol% 15vol% Ovol% - 30vol% 1wt% 1.3 20 8.98kg
2-13 Burn-up (high) 15vol% 15vol% Ovol% - 30vol% Iwt% 51.0 20 8.58kg
2-14 Cooling period 15vol% 15vol% Ovol% - 30vol% 1wt% 23.0 30 8.79kg
2-15 Cooling period 15vol% 15vol% Ovol% - 30vol% Iwt% 23.0 40 8.79kg
2-21 Metallic debris 0.075vol% 0.075vol% 29.85vol% - 30vol% 1wt% 23.0 20 0.04kg
2-23 MCCI debris 1.05vol% 1.05vol% 7.2vol% 20.7vol% 30vol% 1wt% 23.0 20 0.615kg
2-24 MCCI debris 15vol% 15vol% Ovol% 15vol% 45v0l% 1wt% 23.0 20 8.79kg
2-25 MCCI debris 15vol% 15vol% 0vol% 30vol% 60vol% 1wt% 23.0 20 8.79kg

S
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= 2.2 Analysis results —
2.2.1 Passive neutrons - Analysis results [Fuel debris type] No-37

1E+02 ——2-1 (Molten debris) @1cm
-2-4 (Molten debris) @1cm
2-5 (Molten debris) @1cm
1E400 | ——2-21 (Metallic debris) @1cm
—2-23 (MCCI) @1cm

1E+02 ~2-1 (Molten debris) @15cm

-2-4 (Molten debris) @15cm
——2-5 (Molten debris) @15cm
1E+00 ~—2-21 (Metallic debris) @15cm
—-2-23 (MCCI) @15cm

Neutron spectrum (n/cm2/s)
Neutron spectrum (n/cm2/s)

1611 1£-10 1E-08 1E-08 1£-07 LE-08 1E-05 1504 1E-03 1E-02 L1E-01 1E+00 1E+01 ’“1;,” 15-10 16-09 1£-08 1E-07 1E-06 1E-05 1E-Q 1£-03 1E-02 1601 15400 1E+01
Energy (MeV) Energy (MeV)
Neutron spectrum at 1cm of the container surface Neutron spectrum at 15cm of the container surface
cloal o Lo L L
(égxg:% (égxg::jg) ovol% ovol% 30vol%
- As compared to molten debris, the shape ba | Moltn vl _— - N
debris (50vo0l%) (50vol%)
of the neutron spectrum of MCCI and 25 Zoval 2O g oo Sovols
metallic debris indicated an increase in 221 pis  (Ooovolk)  (Oowolk)  (@0svobe o Sovom
thermal neutron flux. 2:23 Mccl (1;395?,\’0[}% (15955:,\’0(}!;3 (72'553&) ?é’gi!‘f%’ o

| I EEESSE
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= 2.2 Analysis results =

2.2.1 Passive neutrons - Analysis results [Burn-up] No.38

1E+03 ¢

1E+02 —2-1 BUi’h-Up (base) @1lcm
16+01 || ——2-12 Burn-up (low) @1cm
1E+00 r ——2-13 Burn-up (high) @1cm
1E-01 -

1E-02 k
1E-03 |

m (n/cm?/s)

1E-11 1E-09 1E-07 1E-05 1E-03 1E-01 1E+01
Energy (MeV)

Neutron spectrum at 1cm of the container surface

- The intensity of neutron beams
changed depending on burn-up, but
the shape of the neutron spectrum did

not change.

TRID

1E+03 g
1E+02 &
1E+01 |
1E+00
1E-01
L1802
E 1603 |
~ E
S 1E-04
€ 1E-05 [
2
£ 1E-06 &
Q :
S1E-07 |
S 1E-08 |
§1E 0 |
TR
Z1e10
1E-11 [

1E-12 L ——
1E-11 1E-09

2-1

2-12

2-13

—_—2-1 Burh-Up (base) @15cm
———2-12 Burn-up (low) @15cm
~——2-13 Burn-up (high) @15cm

1E-07 1E-05 1E-03 1E-01 1E+01

Energy (MeV)

Neutron spectrum at 15cm of the container surface

uo,

15vol%
(50vol%)

Molten 15vol%
debris (50vol%)

15vol%
(50vol%)

Burn-up
(Gwdlt)

ZrO, Concrete | Filling rate

15vol% 0 . ;

(50v0l%) Ovol% Ovol% 30vol% 23.0
15vol% 0 ) ;

(50v01%) Ovol% Ovol% 30vol% 1.3
15vol% 0 . .

Govolyy  OvoI% 0vol% 30v0l% 51.0
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= 2.2 Analysis results

2.2.1 Passive neutrons - Analysis results [Moisture content] No-39

1E+03 1E+03
1E+02 1E+02
1E+01 1E+01
1E+00 1E+00 -

: 1601
1601 |

1E-02 L

= =
mom
o o
w N

1E-03 [

16-04 L

16-04 [

= =
mom
o o
[} wv

Neutron spectrum (n/cm?/s)

Neutron spectrum (n/cm?/s)

1E-05 ———2-11 Moisture content (|70vol) ——2-11 Moisture content (70vol)
1E-06 ———2-1 Moisture content (1wt) 1E-07 —2-1 Moisture content (1wt)
1E-07 ~2-10 Moisture content (0.1wt) 1E-08 ——2-10 Moisture content (0.|1wt)
1608 | — R — o o R 1609 | — o e E—
1E-11 1E-09 1E-07 1E-05 1E-03 1E-01 1E+01 1E-11 1E-09 1E-07 1E-05 1E-03 1E-01 1E+01
Energy (MeV) Energy (MeV)
Neutron spectrum at 1cm of the container surface Neutron spectrum at 15cm of the container surface

fuel debris Zro, Concrete Filling rate ST
- As moisture content increased, fast

(;gzg:zf;) (égzg:zf;) ovol% ovol% 30v0l% 1wt%
neutron flux decreased and thermal ol I R
2-10 often Vo' Vo' ovol% ovol% 30vol% 0.1wt%
debris (50vol%) (50vo0l%)
neutron ﬂ ux increas ed . 2-11 0 LD ovol% ovol% 30v0l% 70v0l%
(50v01%) (50v01%)

| =
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= 2.2 Analysis results =

2.2.1 Passive neutrons - Analysis results [MCCI]

1E+03

E = 2-25MCCI conc. 30vol%
1E+02 [

: e 2-24MCCI conc. 15vo0l%
1E+01 1

= 2-1 Molten debris Ovol%

16400

= =
mom
o o
o fay

1E-03 |

Neutron spectrum (n/cm?/s)

[ = =
m m m m
o o o o
I e G B

1E-08 L

1E-09 ™ N R - R R
1E-11 1E-09 1E-07 1E-05 1E-03 1E-01 1E+01

Energy (MeV)

Neutron spectrum at 1cm of the container surface

- As concrete increased, thermal

neutron flux increased.

1E+03 ¢

1E+02

1E+01 k

1E+00 L

Neutron spectru
I = =
m m m
o o o
~ ()} (93]

1E-08 |

1E-09 —
1E-11 1E-09 1E-07

1604 [

No0.40

e 2-25MCCI conc. 30vol%
e 2-24MCClI conc. 15vol%

= 2-1 Molten debris 0vol%

Neutron spectrum at 15cm of the container surface

1E-05
Energy (MeV)

1E-03

1E-01

1E+01

Case Type of
fUetdebns -- Flllmg -

Molten 15vol%
debris (50vol%)

15vol%
2-24 MCCI (33v0l%)
15vol%

2-25 MCCI (25v0l%)

15vol%
(50vol%)

15vol%
(33vol%)

15vol%
(25vo0l%)

Ovol%

Ovol%

Ovol%

Ovol%

15vol%
(33vol%)

30vol%
(50vol%)

30vol%

45vol%

60vol%
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:=2?fAhaIysis results =

2.2.1 Passive neutrons - Analysis results [Cooling period]  No#4l

1E+03 ¢ ; 1E+03 ¢

3 —=2-15 Cooling period 40 years F == 2-15 Cooling period 40 years
16402 2-14 Cooling period 30 years 16402 2-14 Cooling period 30 years
1E+01 L ——2-1 Cooling period 20 years 1E+01 E = 2-1 Cooling period 20 years

16400 1400 L

= =
m m
o o
o =y

1E-03 |

Neutron spectrum (n/cm?/s)
Neutron spectrum (n/cm?/s)
= = = = = = =
m m m m m m m
S o & o & & o
~N ()] v H w N =

= = = =
m m m m
o o o o
N IS a B

1€-08 L 1€-08 L

1609 | et it e i e e 1609 | s s e e e e
1E-11 1E-09 1E-07 1E-05 1E-03 1E-01 1E+01 1E-11 1E-09 1E-07 1E-05 1E-03 1E-01 1E+01
Energy (MeV) Energy (MeV)
Neutron spectrum at 1cm of the container surface Neutron spectrum at 15cm of the container surface

Based on the dose rate obtained from the results of this
analysis and the results of passive gamma rays analysis,

to be implemented. [Years]

15vol% 15vol%
. . . (sozgl%‘:) (sozgl%z) 0vol% ovol% 30vol%
- The intensity of neutron beams changed depending on
Molten 15vol% 15vol%
. . . 2-14 ) Ovol% 0vol% 30vol% 30
cooling period, but the shape of the neutron spectrum did debris  (50vol%6)  (50vol%) o o o
not change. 215 égxg:zf;) (égxg:;‘:) ovol% Ovol% 30v0l% 40

— Fast neutrons and thermal neutrons (integrated value) flux was evaluated based on the above results.

_— S e ]
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= 2.2 Analysis results

2.2.1 Passive neutrons - Analysis results [U Mass] No.42
Fast neutrons (0.5MeV to 5MeV) Thermal neutrons (0.4eV or less)
Case Type of fuel U Mass Ilcm 5 Case U Mass Icm 2
No. debris (kg) (n/cm?2/s) 15¢m (nfem?/fs) No. (kg) (n/cm?2/s) 15¢m (nfem?/s)
2-1 Molten debris 8.786 1.19E+02 3.83E+01 2-1 8.786 3.20E-04 1.03E-04
2-4 Molten debris 2.929 4.21E+01 1.35E+01 2-4 2.929 5.37E-06 1.66E-06
2-5 Molten debris 14.643 1.85E+02 5.95E+01 2-5 14.643 4.28E-03 1.38E-03
2-21 Metallic debris 0.044 3.00E—02 6.37E—02 2-21 0.044 3.94E-06 9.53E-07
2-23 MCCI 0.615 8.57E+00 2.75E+00 2-23 0.615 4.28E-05 1.37E-05
2-3 MOX 17.0 4.36E+01 1.40E+01 2-3 17.0 4.78E-05 1.54E-05
2.0E+02
@ Molten debris @1cm Y= 12.915%.% 1E02 .
o Molten debris @15cm w
X o MCCI@1cm Base case (2-1) .- & ros Base case (2-1)
E 1.5E+02 MCC@15cm E '
S ©® Metallic debris @1cm S
= Metallic debris @15cm £ 1.E-04
8 1.0E+02 x MOX@1cm 8 o @ Molten debris @1cm %
Qo x MOX@15¢cm o Molten debris @15cm
c c
o o LlE05 oMCCl@1cm
= MOX = ® ° MCC@15¢m
2 S0e01 o 2 ® Metallic debris @1cm
1.E-06 Metallic debris @15cm
. Molt debri XMOX@1cm
15y olten debris
0.0E+00 ‘=" Lo XMOX@15cm
0 2 4 6 8 10 12 14 16 18 0 ) 4 6 8 10 12 14 16 18
U Mass (kg) U Mass (kg)
Fast neutrons (Integrated value of 0.5MeV to 5MeV) Thermal neutrons (Integrated value of 0.4eV or less)

- Fast neutron flux was almost directly proportional to the U mass in the case of molten debris, MCCI and metallic debris.
As MOX was almost unburnt, less number of neutrons were generated. Hence it is not considered to be directly
proportional to U mass.

|
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= 2.2 Analysis results

2.2.1 Passive neutrons - Analysis results [Burn-up]

Fast neutrons (0.5MeV to 5MeV)

No0.43

Thermal neutrons (0.4eV or less)

Case Type of fuel Burn-up lcm 5 Case Burn-up lcm 5
No. debris (GWdH) (nfcm2/s) 15¢m (n/em?/s) No. (GWdh) (nfcm2/s) 15¢m (n/em?/s)
2-12 Molten debris 1.3 4.38E-02 1.41E-02 2-12 1.3 9.69E-08 3.09E-08
2-1 Molten debris 23.0 1.19E+02 3.83E+01 2-1 23.0 3.20E-04 1.03E-04
2-13 Molten debris 51.0 6.63E+02 2.13E+02 2-13 51.0 2.23E-03 7.29E-04
1.E+03 | 1.E-02 |
®Molten debris @1lcm ®Molten debris @1cm °
w »  1.E-03
c:.\n 1.E+02 eMolten debris @15cm NQ ®Molten debris @15?m ®
e | e
g g 1.E-04
~— 1.E+01 ~
P pas
5 5
E Base case (2-1) E 1.E-05
S 16400 & Base case (2-1)
5 5 1E06
@) @)
=z Z
1.E-01
1.E-07 °
°
1.E-02 1.E-08

10

Burn-up (GWd/t)

100

Fast neutrons (Integrated value of 0.5MeV to 5MeV)

10

Burn-up (GWd/t)

Thermal neutrons (Integrated value of 0.4eV or less)

- The neutron flux leaking from the container largely changed by orders of magnitude depending on the burn-up.

1R

1D

Olnternational Research Institute for Nuclear Decommissioning

100



=22 Analysis results
2.2.1 Passive neutrons - Analysis results [Moisture content] No-44

Fast neutrons (0.5MeV to 5MeV) Thermal neutrons (0.4eV or less)
Type of fuel . .
Case . Moisture content 1lcm 5 Case Moisture content lcm 5
No. debris (vol%) (n/cm?/s) 15cm (n/cm?/s) No. (vVol%) (nfcm2/s) 15cm (n/cm?/s)
2-10 Molten debris 0.24 1.22E+02 3.92E+01 2-10 0.24 2.37E-06 8.68E-07
2-1 Molten debris 2.44 1.19E+02 3.83E+01 2-1 2.44 3.20E-04 1.03E-04
2-11 Molten debris 70.0 3.01E+01 9.64E+00 2-11 70.0 1.22E+01 3.93E+00
1.E+03 1.E+02
® Molten debris @1cm Lol @ Molten debris @1cm s
w ® Molten debris @15cm mn ) °
> S 16400 @ Molten debris @15cm
- :
é 1es02 s L\:/ Lot
................... - ) -0.02x
5 e e Y > p2o8oe X 1E02
e T Y ) =
= T ................... c 1.E-03
S T e o
% 1.E+01 Basecase (2-1) Tt ® % 1.E-04 @
P y = 39.825¢00% Z 1E0s T
LE06 : Base case (2-1)
1.E+00 1.E-07
0 10 20 30 40 50 60 70 80 0.1 1 10 100
Moisture content (vol%) Moisture content (vol%)
Fast neutrons (Integrated value of 0.5MeV to 5MeV) Thermal neutrons (Integrated value of 0.4eV or less)

- Along with the increase in moisture content, the fast neutron flux decreased,
and the thermal neutron flux increased largely by orders of magnitude.
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= 2.2 Analysis results

i i No0.45
2.2.1 Passive neutrons - Analysis results [MCCI]
Fast neutrons (0.5MeV to 5MeV) Thermal neutrons (0.4eV or less)
Percentage of Percentage of
C T f fuel 1 C 1
l\?j.e y%lil())risue concrete (n /c(r:nn; /s) 15cm (n/cm?/s) ,\?j_e concrete (n /Cfn"; /s) 15cm (n/cm?/s)
(vol%) (vol%)
2-1 Molten debris 0 1.19E+02 3.83E+01 2-1 0 3.20E-04 1.03E-04
2-24 MCCI 15 1.15E+02 3.72E+01 2-24 15 1.98E-03 6.44E-04
2-25 MCCI 30 1.12E+02 3.59E+01 2-25 30 8.15E-03 2.65E-03
1.E+03 1.E-02
[}
¢ glcm e @Iicm
% e @15cm g e @15cm
E BIPRY C SE— P ey = 119.19¢0.002x E . o
R S
X x
g ............... . ............... ..y — 38_326e‘0002x q_g 1E—03
= t =
o o ’
£ 1p01 Basecase (2-1) =
(O] ()
pd pd
<+— Base case (2-1)
1.E+00 1.E-04
0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30 35
Percentage of concrete (vol%) Percentage of concrete (vol%)
Fast neutrons (Integrated value of 0.5MeV to 5MeV) Thermal neutrons (Integrated value of 0.4eV or less)

- Along with the increase in percentage of concrete, even though there was just a slight
decrease in the fast neutron flux, the thermal neutron flux increased by orders of magnitude.
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—2.2 Analysis results

2.2.1 Passive neutrons - Analysis results [Cooling period]  No-46
Fast neutrons (0.5MeV to 5MeV) Thermal neutrons (0.4eV or less)

Case Type of fuel Cooling period lcm Case Cooling period lcm

No. debris (Years) (n/cm?/s) 15¢m (nfem/s) No. (Years) (n/cm?2/s) 15¢m (nfem?/s)
2-1 Molten debris 20 1.19E+02 3.83E+01 2-1 20 3.20E-04 1.03E-04

2-14 Molten debris 30 8.26E+01 2.66E+01 2-14 30 2.21E-04 7.15E-05

2-15 Molten debris 40 5.77E+01 1.86E+01 2-15 40 1.54E-04 4.98E-05

1.E+03 1.E-03

® Molten debris @lcm @ Molten debris @1cm

® Molten debris @15cm

® Molten debris @15cm

@ Q _
; T -
5 S *0.0007(1/2)" (x/19.0)
Y . y =245.7(1/2)2(x/19.1) % A
S LER02 [ e S 1E04 o\ @
= D = A
9 ‘@ 9 --------- °
5 5 Base case (2-1) —
g .............. o... = g y -
f 79.:0(1/2)3 (x/19.1) 0.0002(1/2)"(x/19.0)
Base case (2-1)
1.E+01 1.E-05
10 20 30 40 50 10 20 30 40 50
Cooling period (Years) Cooling period (Years)
Fast neutrons (Integrated value of 0.5MeV to 5MeV) Thermal neutrons (Integrated value of 0.4eV or less)

- The half-life of the neutron flux was 19.1 years which is slightly longer than the a
decay half-life of Cm-244 which is the main neutron radiation source.

Olnternational Research Institute for Nuclear Decommissioning

3

1D



= 2.2 Analysis results
2.2.1 Passive neutrons - Analysis results No.47

. . . . P He-3
Study of a representative detector, measurement system (for identifying ! Rl o Sl SOk Rilp-o) oy
issues) (1/2) o b Y \ e i
‘representative detector : Helium 3 proportional counter 7 “’f i ! MApprox. 3,000 3
- Size and shape of detector : 1 inch cylindrical detector, length 40 inches - :z i o bmS ™ —
» Moderator : High density polyethylene g 107! i i / i j
- Distance up to the detector : 150mm CART S SR 3 : _
(From the outer surface of the unit can & He (n,p) i 1
to the outer surface of the detector) :f b i 1
<Analysis model> : L e S T LR AT SSUFT SR SR
: 0.025eV 0.leV Neutron Energy (eV) 2MeV
: <Detector response> He-3 cross sectional area (From JENDL4.0)

~

-

1
1
1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
| | o |
—~ 1 1  § I
. = =
E 1 1 1
S T —
! ~ 1 1 r—-’l 1 |
v 1 1 o | 1 |
: Polyethylene A :3< ' ! L;—J ! i
' 0.95g/cm3 \ } = ' | ‘
Radiation source \ He-3 detector = I i i
UO,+Zr0, | 2 : :
; £ zZ 1 1 -
ET b —Without moderator
S 1 1
§ g Vo — With moderator
g o D [ 1
1S 1 1 1
8 0.025e\f |0.1eV 2Mey
N . . H
_y LOE-O7? 1.0E-0S ( 0f
i ' ¥ Energy (MeV
H ECDZOGmmE § ay ( )
i $210mm I100m Neutron flux (Radiation source: Trial calculation case, detector distance 15cm)

- Eﬁ;¢25.4mm

50mm ! i< | — By installing polyethylene, measurement efficiency of He-3 detector increased several 1000 times.

|
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= 2.2 Analysis results
2.2.1 Passive neutrons - Analysis results No.48

Study of a representative detector, measurement system (for identifying issues) (2/2)

All neutron beams (n/cm2/sec)

Relation between U content and incident beams

3.50E+02
3.00E+02
30vol%
No.2-20
2 50E+02 . .
e (Uranium-rich)
2.00E+02
1.50E+02

1.00E+02

5.00E+01

0.00E+00

7.5v0l%
No.2-2

15vol%
No.2-1

Base case
( ) @ All neutron beams

*Burn-up constant at 23GWd/t

; o AR
0 200

0.075vol%
No.2-21
(Metallic debris)

TRID

4000

Ptate's
oL

<Helium 3 proportional counter Incident

beam>

- As a result of the analysis in which only the
amount of Uranium was changed, it was
found that the amount of Uranium and all
incident beams have a positive correlation.

-Even under conditions wherein polyethylene is
present, Uranium content and incident beams
were proportionate.

— However, the inclination is believed to
largely change with variations in other
parameters such as burn-up of fuel debris,
etc. (Refer to No. 43)

- The impact of the self-shielding effect caused
by changes in the density (filling rate) of fuel

8000 10000 12000 14000 18000 12000 20000 debris did not appear significantly in any of the

Weight of U (g)

incident beams.
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= 2.2 Analysis results
2.2.1 Passive neutrons — Other sensitivity analyses (1/8) No.43
The sensitivity of the neutron count rate was studied with respect to the following influencing factors:

» Neutron absorption material
» Configuration of container
» Fuel debris composition (SUS)

Case Total
-- (Filling rate)

15vol% 15vol% Ovol% 30vol% Base

2-2 7.5v0l% 22.5v0l% Ovol% 30vol% = Molten debris
2-6 Ovol% 15vol% Ovol% 30vol% Gd,0O;: Moderate

Gd content
2-7 15vol% 15vol% Ovol% 30vol% Gd,Og: High
2-8 15vol% 15vol% Ovol% 30vol% B,C: Moderate

B content
2-9 15vol% 15vol% Ovol% 30vol% B,C: High
2-18 15vol% 15vol% 0vol% 30vol% Canister (®220mm X H840mm)

Shape of
2-19 15vol% 15vol% 0vol% 30vol% Waste storage container container
2-20 30vol% Ovol% Ovol% 30vol% - Molten debris
2-21 0.075vol% 0.075vo0l% 29.85vo0l% 30vol% - Metallic debris
2-22 15vol% 15vol% 30vol% 60vol% - Metallic debris

|
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= 2.2 Analysis results
2.2.1 Passive neutrons — Other sensitivity analyses (2/8) No.50

Waste storage container (Inner container) (No. 2 - 19)

> Impact due to difference in shape of container — If the container is bigger than the unit can, the distance up to the detector increases.

Hence incident beams decrease.

7.00E+02
Unit can
| 6.00E4+02
15vol% X 4
- No0.2-18 (Canistey)
5.00E+02

1016mm
(40in)

Other common conditions:

L]

210mmE 4 00E+02 . Burn-u_p 2_3GWd/t
- FP emission rate:
Standard
410mm

= Moisture content 1wt%

\

Entire neutron flux (n/cm2/sec)

Vertical cross-section :gtfctor 205102 30vol% ﬁg%g‘gge%eel;ﬂg rigg;ars
Waste container No.2-20 (Uranium-rich)
(Inner container) 3 00E+02
— All neutron beams
7.5vol% 15vol% ?
No.2-2 -
1. 00E+02 No.2-1 (Base case)
* £
ET
a2
— 0.00E+00 @&
0 \OOO 10000 15000 20000 25000 30000 35000 40000
500mm 0.075v0l% N
e [DVIL7D 0.2-19 :
. Weight of U
800mm No.2-21 (Waste container 2 ©
— (Metallic debris) (Inner container))
Vertical cross-section He-3 detector

|
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=2=ZAnaIyS|s results =
2.2.1 Passive neutrons — Other sensitivity analyses (3/8) No.51

Impact depending on the amount of neutron absorption material (Gadolinium, Boron)

contained
Neutron
Cl\?se Ty%eetc)):i;uel uo, ZrO, SUS Concrete Filling rate absorption REINEE
: material
15vol% 15vol%
= 0, 0, 0, -
2-1 (50v0l%) (50v0l%) Ovol% Ovol% 30vol% Base
15vol% 15vol%
= 0, 0, 0, . 0 o
2-6 (50v0l%) (50v0l%) Ovol% Ovol% 30vol% Gd,05: 3vol% Gd content: Moderate
15vol% 15vol% .
- 0, 0, 0, . 0 -
2-7 otten (50v0l%) (50v0l%) Ovol% 0Ovol% 30vol% Gd,0O4: 30vol% Gd content: High
debris B content: Moderate
(Equivalent to actual conditions: Set
0, 0,
2-8 15vol% 15vol% Ovol% Ovol% 30vol% B,C: 0.51vol%  based on the core average of the
(50v01%) (50v01%) .
amount of B mixed before the
accident)
0 0,
2-9 15vol% 15vol% Ovol% Ovol% 30vol% B,C: 10vol% B content: High
4

(50vol%) (50vol%)

Other common conditions:

» Burn-up 23GWd/t

* FP (fission product) emission
rate: Standard

- Moisture content 1wt%

» Homogeneous model

» Container: Unit can

_— S
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= 2.2 Analysis results

2.2.1 Passive neutrons — Other sensitivity analyses (4/8) No.52

Relation between the amount of neutron absorption material (Gadolinium, Boron) contained and the incident beams (1/3)

<Analysis model> ; [Without polyethylene]

== <Helium 3 proportional counter Incident beam>
7 ! ~ N
/s i
’ PR RN \\ 1.0E+02
/ 7/ ! N\ \
/ / \ \
o \ LI 1.0E+01
\
U ]‘ ....... — @
1 I T 1.0E+00
! \\ /I / 5
\ \ s s X
\ S ; _7 / o 1.0t
S N == ’ < Slow
~o -7 £ neutrons are
=== 2  10£02 absorbed
! Polyethylene g
—_—q ! 0.95g/cm3 | o
: Rgdiation source g S oEia
! 3 / \—’ -—ca5e2-1(Base case)
I Z 10804 1 1
|
I e | case2-7(Gd,0O, _30vol %
| E I 2Ys
snusLh o 5 -~
I g 1.0¢ : | case2-9(B,C _10vol%)
1 5 "l_
I " ! " \ [R———
I K Ed>206mmE H 1.0E-06
v 0om 1.0E-11 1.0£-09 1.0E-07 1.0£-05 1.0E-D3 1,0E-01 1.0E+01
! : ®210mm 3' > Energy (MeV)
L. > Neutron spectrum at the location of the detector

—= In cases with neutron absorption material, as slow neutrons (<1eV) got absorbed, they did not appear in the spectrum.
- Since the cross-sectional area of Gd is large in the MeV region as well, the neutron flux between the fast and slow neutrons is
greater than the base case.
- Since the absorption cross section of B in the KeV region is large, the neutron flux is lower than even the base case.

|
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= 2.2 Analysis results

2.2.1 Passive neutrons — Other sensitivity analyses (5/8)

No0.53

Relation between the amount of neutron absorption material (Gadolinium, Boron) contained

and the incident beams (2/3)

<Analysis model> :

: Polyethylene
! 0.95g/cm?3

A

L b He-3 detector

Radiation source \
UO,+ZrO,

,_200mm

5 ; ECDZOGmmE '

i ®210mm . 100m

- Eﬁ—-¢25.4mm
oM i<

3

1D

[With polyethylene]

Neutron spectrum (n/cm2/sec)

1.0E+01

<Helium 3 proportional counter
Incident beam>

1.DE+00

1.0E-0

——rase2-1(Base case)
—case2-6(Gd,0,_3vol%)
casel-7(Gd,05_320vol%)

e case2-8(B,C _0.51vol%)

—case2-9(B,C _10vol%)

o4
1.0E-11 1,0E-09 1.0E-07 1.0E-05 1.0E-03 1.0E.01

Energy (MeV)
Neutron spectrum at the location of the detector

1.DE+D1

— Impact of the neutron absorption material did not appear significantly in the spectrum.

(The slow neutrons inside the unit can are absorbed by the neutron absorption material, but slow
neutrons on the unit can side of polyethylene do not reach up to the detector region due to the
deceleration/absorption effect of polyethylene regardless of the presence of the absorption
material, and are believed to not have any impact.
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= 2.2 Analysis results

2.2.1 Passive neutrons — Other sensitivity analyses (6/8)

No0.54

Relation between the amount of neutron absorption material (Gadolinium, Boron) contained

and the incident beams (3/3)

No.2-1
150 (Base)

140 No.2-6 °
(Gd,05: 3vol%) No.2-7
(Gd,05: 30vol%)

Other common conditions:

* Burn-up 23GWd/t

- FP emission rate: Standard
- Moisture content 1wt%

* Homogeneous model

+ Container: Unit can

Entire neutron flux (n/cm2/sec)
Entire neutron flux (n/cm2/sec)

o

40 6.0_ 8.0 10 12.0 140

Weight of Gd
(kg)

No.2-1
(Base)
160
e
No.2-8 —
(B,C: 0.5vo0l%) No.2-9

(B,C: 10v0l%)

04 0.6
Weight of B
(kg)

—+=Even if neutron absorption material was added, there was hardly any decrease in the entire neutron flux.
- As the spectrum in the thermal neutron energy region that is mainly detected by the He-3 detector does not change
depending on the amount of Gd and B added, it is believed to have only a slight impact on the neutron count.

TRID
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= Analysis results

2.2.1 Passive neutrons — Other sensitivity analyses (7/8) NO.55

Response spectrum for a representative detector
> Correlation with Uranium content

Total .
-- (Filing rate) | 2 eoment e

Base 15vol% 15vol% Ovol% - 30vol% 8.79kg

Molten debris

2-2 (Spot with less 7.5vo0l% 22.5v0l% Ovol% - 30vol% 2.93kg
U)
2-18 Canister 15vo0l% 15vol% Ovol% - 30vol% 35.1kg

2-20 IElEEn GBS 30v0l1% ovol% ovol% ; 30v0l% 17.6kg
(Uranium-rich)

2-21 Metallic debris 0.075vol% 0.075v0l% 29.85v01% - 30vol% 0.04kg

i Metallic debris e 0 9 - 9
2-22 (Lot of SUS) 15vol% 15vol% 30vol% 60vol% 8.79kg

Other common conditions:

* Burn-up 23GWdit

* FP emission rate: Standard
* Moisture content 1wt%

* Homogeneous model

S e e e e e e e
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= 2.2 Analysis results

2.2.1 Passive neutrons — Other sensitivity analyses (8/8) No.56

Response spectrum for a representative detector
Correlation of U content and beams incident upon the Helium 3 proportional counter

7.00E+02
6.00E+02 Canister—_ L
£
ET 15vol% x 4

S OOE+02 g T No.2-18 (Canister)
. Unitcan — |
(S}
[}
v
N 4.00E+02
5
< ¥ Burn-up constant at 23GWd/t
X
5 3.00E+02
= 30vol% Other commoh conditions:
o No0.2-20 (Uranium-rich) - FP emissior) rate: Standard
= - Moisture coftent 1wt%
o 2.00E+02
c - Homogenedus model
o ® Entire neutron flux
S 15vol%
W 1.00E+02 No.2-1 (Base case)

7.5v0l%  No.2-22 (30% addition of SUS)
No.2-2
0.00E+00
O S000 10000 15000 20000 25000 30000 35000 40000
0.075vol% Weight of U (g)

No.2-21 (Metallic debris)
—=Quantity of U and all incident beams had a positive correlation (when the burn-up was constant)
- The impact of the self-shielding effect caused by changes in the density (filling rate) of fuel debris does not appear
significantly in all the incident beams.
*The impact is minor even when SUS is present (Case 2-22).
-In the case of canister ($220mm X H840mm), since neutrons emitted from the top and bottom ends of the container are
likely to leak outside the system, the neutron flux becomes lower than the direct line of proportion of the unit can (Case 2-

e EEEES
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= 2.2 Analysis results
2.2.1 Passive neutrons — Sensitivity analysis Uneven distribution (1/6) No.57

Analysis by changing the method of filling fuel debris into the container

M Tally settings of the uneven distribution cases
#The tally was divided into 6 parts for the horizontal direction (outer surface) cases only.

Tally Unit can

(Region divided into 6 parts)
eI debris

Unit can
A A’ STsem|li ‘ )
9.75cm i i
1o - - ———— = i
\ 10.30m /

i Tally
! (No vertical division)

Cross sectional view A-A’

Top view

The location and dimensions for installing the tally for the unit can are the same as described in slide No. 56.

|
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= 2.2 Analysis results

2.2.1 Passive neutrons — Sensitivity analysis Uneven distribution (2/6) No0.58

Molten debris Uneven distribution case spectrum

1E+03
1E+02 #2-1_Base case

1E+03

. #2-1_Base case
1es0r %216 tally_all —#2-18_tally_all
—#2-17 _tally_all 1E+01 —#2-17 tally all
1E+00 k|——#2-17 tally cl 1E+00 —#2-17 tally cl
@ 1E-01 »  1E-01
N &
E 1E-02 £ 102
£ 1E-03 £ 1E03
g 1E-04 E  1e04
$ 1E-05 S 1E05
o o
2 1E-06 » 1E-06
c
£ 1E07 S 1w
2 — 5
> 1E-08 2 1E08
1E-09 1E-09
1E-11  1E-09  1E-07  1E-05  1E-03  1E-01  1E+01 1E-11  1E-09  1E-07  1E-05  1E-03  1E-01  1E+01
Energy (MeV) Energy (MeV)

Neutron spectrum at 1cm of the container surface  Neutron spectrum at 15cm of the container surface

- When fuel debris was thickened, thermal neutron flux increased.
Even when fuel debris was unevenly distributed, the shape of the neutron
spectrum did not change depending on the location of the sensor.

=S
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= 2.2 Analysis results

2.2.1 Passive neutrons — Sensitivity analysis Uneven distribution (3/6) Molten debris No.59
Fast neutrons (0.5MeV to 5MeV) Thermal neutrons (0.4eV or less)
Case tall 1cm 15cm Case tall lcm 15cm
No. y (n/cm?2/s) (n/cm?2/s) No. y (n/cm?2/s) (n/cm?2/s)
2-1 (Molten base) | all 1.19E+02 | 3.83E+01 2-1 (Molten base) | alll 3.20E-04 | 1.03E-04
2-16 (Center) all 9.44E+01 3.27E+01 2-16 (Center) all 8.41E-03 2.84E-03
all 9.65E+01 3.28E+01 all 8.71E-03 2.90E-03
1 1.28E+02 3.74E+01 1 1.15E-02 3.38E-03
2-17 (Outer > | 1.07E+02 | 3.47E+01 2-17 (Outer > | 9.61E-03 | 3.08E-03
surface) surface)
3 8.18E+01 3.05E+01 3 7.47E-03 2.67E-03
4 7.39E+01 2.88E+01 4 6.71E-03 2.49E-03
=8 R II II } || | I | I I

(Molten (Center)

base)

Fast neutrons (Integrated value of 0.5MeV to 5MeV)

(Outer surface)

Case No.

(Molten (Center)

base)

(Outer surface)

Case No.

Thermal neutrons (Integrated value of 0.4eV or less)

- + When fuel debris was unevenly distributed, thermal neutron flux was 1 order of magnitude higher than the base case, but

the impact of uneven distribution on the measurement position was not more than 2 times.

- The farther away the fast neutron flux was from the surface of the container, the smaller was the fluctuation.

TRID
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2.2.1 Passive neutrons — Sensitivity analysis Uneven distribution (4/6) MCCI No.60
Fast neutrons (0.5MeV to 5MeV) Thermal neutrons (0.4eV or less)
1cm 15cm 1cm 15cm
Case No. tally (n/cm?/s) (n/cm?/s) Case No. tally (n/cm?2/s) (n/cm?/s)
2-23 (MCCI base) all 8.57E+00 2.75E+00 2-23 (MCCI base) all 4.28E-05 1.37E-05
2-28 (Center) all 7.19E+00 2.51E+00 2-28 (Center) all 6.57E-05 2.12E-05
all 8.16E+00 2.65E+00 all 5.04E-05 1.62E-05
1 1.93E+01 4.42E+00 1 4 87E-05 1.59E-05
2-29 2 8.68E+00 3.16E+00 2-29 2 5.14E-05 1.58E-05
(Outer surface) (Outer surface)
3 4.37E+00 1.83E+00 3 4.96E-05 1.63E-05
4 3.57E+00 1.49E+00 4 4.87E-05 1.63E-05
gi 11:1 - A % 1.0¢ =1
E ,I:::, - - e - .= - - — g 1.0E-0¢ l,.--. I,_l Il:: lIJ I:l lm Im
2 all all 1 2 all 31| al 1 . 4
z 2-23 2-29 2-23 2-28 2-29
(MCCI (Center) (Outer surface) (MCClI (Center) (Outer surface)
base) base)
Case No. Case No.

Fast neutrons (Integrated value of 0.5MeV to 5MeV) Thermal neutrons (Integrated value of 0.4eV or less)

- The farther away the fast neutron flux was from the surface of the container, the smaller was the fluctuation
caused by uneven distribution of fuel debris.
The fluctuation in thermal neutron flux was by and large small.

1RID
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= 2.2 Analysis results
2.2.1 Passive neutrons — Sensitivity analysis Uneven distribution (5/6) No.61

Comparison of the beams from molten debris and MCCI

Fast neutrons (Integrated value of 0.5MeV to Thermal neutrons (Integrated value of 0.4eV or
5MeV) less)
25600 OF+(
- [}
< ® 2-16{all) S 0 3564 ® 2-16(all)
é 3 2.0E+00 - = g ° 4
;8 2-17(1) x = J.LE« 2-17(1)
x> 22 i ® :
= .92 156400 2-17(2) = o 2-E+01 ° 2-17(2)
= .5 o9 s @
S8 I ®2-17(3) B T AR ®2-17(3)
MOIten £ £ 10E<00 3 3.17(4 Q OB 1564 ®2-17(3
o0 ' ®2-17(4) c s 2-17(4)
debris - | B £ 1060
S OE-01 c o
c o O = S0E00
8 = %' 3
fd "G Q.0E«00 s O O0E«00
§. S 1 10 100 o § 1 10 100
g0 Distance from the surface of &= Distance from the surface of
the container (cm) the container (cm)
2.5E+00 4 0E+01
= ' ® 2-28(all) = 356401 ® 2-28(all)
5 2.0E+00 STy T sneing —
E o) ><
= § 1.5E+00 — 2-29(2) 2 g-‘ SE401 2-29(2)
gg ®2-29(3 § © 206401 ®2-29(3)
3 = 1.0E+00 5 81“ 01
Q i k4 e22 B Pasndabhi ® 2:29(4)
MCCI s 0 ' ‘ go
°c= . - e O 108401
= 5.0E-01 ‘ o =
s S g 5.06400
g %é_.;.,;.g,,;.u %’ 'g 006400 @ @
= @ 1 1 100 s 2 1 10 100
o= Distance from the surface of a9 Distance from the surface of
the container (cm) the container (cm)

- = The fluctuations due to uneven distribution were larger in fast neutron flux in the case of MCCI as against
molten debris.
= The impact of uneven distribution on thermal neutron flux was small as compared to the case of molten debris.
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= 2.2 Analysis results =

2.2.1 Passive neutrons — Sensitivity analysis

> Uneven distribution of metallic debris

Impact was verified by means of the flux after penetrating polyethylene.

Case

No.

—+ Since the distance up to the tally changes due to uneven distribution, there is

variation in the incident beams.

+ Since self-shielding effect does not appear in passive neutron measurement, there
is little variation due to uneven distribution of the fuel debris locations as compared

to passive gamma measurement.

<Uniform>
'
1.00E+03
(No. 2-21 ~
Polyethylene
Tally
(Distance from outer surface of unit can to
the Tally: 15cm)

1.00E+02

—

Q

Horizontal cross-section 0

(&

e

o

~

Molten debris (Unevenly distributed at R
the center of the container) X 1.00E+01

Fuel debris radius: Approx. 1.3cm =

Distance from outer surface of unit can to "E

the Tally: 15cm o

=

>

Q

[

Tally o
= ~
5 1.00£+00

Polyethylene
Molten debris (Unevenly distributed on
the inner surface of the container)

1.00E-01

270°
Horizontal cross-section

TRID

2-21

2-26
2-27

Uneven distribution (6/6)

No0.62

Type of
fuel debris o Uneven
uo, ZrO, SuUS Filling rate slisiaiton
"gztt;ar'i"sc 0.075v0l%  0.075vol%  29.85v0l% 30vol% Uniform
Metallic ) h75v006  0.075v0l%  29.85v0l% 30vol% U=E
debris distribution

Relation between the weight of Uranium and the entire neutron flux (log log graph)

Other common conditions:

* Burn-up 23GWd/t
* FP emission rate: Standard
* Moisture content 1wt%
- Homogeneous model
= Container: Unit can

Uneven distribution:
Near

Uneven
distribution: Center

Uneven (e}
distribution: Far

No.2-21 (Metallic debris: Uniform)

No.2-18
No.2-20

No.2-1
No.2-2

® Entire neutron flux

10

100

1000
Weight of U (g)

10000 100000
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= 2.2 Analysis results
2.2.1 Passive neutrons — Additional sensitivity analyses (1/8)

B Cases with a combination of fluctuations in 2 influencing factors

No0.63

Molten Metallic McCCl
Fuel debris composition  |MOX Filling factor Gd content B content Moisture content Burn-up Cooling period Uneven distribution Container
Molten |Fuel debris - X X X X X X X X
composition Increase/decrease in flux Can be evaluated by means of the |Can be evaluated by means of the |Can be evaluated by means of the |Can be evaluated by means of the |Can be evaluated by means of the |Can be evaluated by means of the
depending on the filling factor linear sum of each parameter linear sum of each parameter linear sum of each parameter linear sum of each parameter linear sum of each parameter linear sum of each parameter
MOX X X X X X X X A A
Increase/decrease in flux Can be evaluated by means of the [Can be evaluated by means of the |Can be evaluated by means of the Can be evaluated by means of the [Can be evaluated by means of the
depending on the filling factor linear sum of each parameter linear sum of each parameter linear sum of each parameter linear sum of each parameter linear sum of each parameter
Filling factor X X X X X X X A A
Can be evaluated by means of the |Can be evaluated by means of the [Can be evaluated by means of the [Can be evaluated by means of the |Can be evaluated by means of the [Can be evaluated by means of the
linear sum of each parameter linear sum of each parameter - s = |linear sum of each parameter linear sum of each parameter
Gd content 1o 1 case I x x O 1 case O 1case
Il (High Gd - H,0 50v01%) (High Gd) (High Gd)
1
B content LI A x
1O 1case © 1 case 1 case
j (High B - H, O 50vol%) | (High B) (High B)
Moisture — - - - -— - - |/ [}
content / \‘ 1case 1case
i 0,
Burn-up ¢ (70vol%) " (70vol%)
-In order to compare the impact of Gd and B respectively, analysis was performed by setting the same
Cooling - X X
period volume ratio fOf bOth' Attenuates depending on half-life  [Attenuates depending on half-life
- -If the filling rate is 30vol% and water is 70vol%, there is no room to add Gd or B. - -
istibution *As against this, the proposal of keeping the water at 50vol%, adding 10vol% each of Gd and B and
Contner analyzing, was studied. g d
Metallic . . .
oo -For further comparison, the molten debris base case was analyzed by keeping water at 50vol%.

In order to check the extent of impact of Gd, B and moisture content, cases with
combinations of maximum setting values of the factors were additionally analyzed.
(The base cases of the above-mentioned factors have the minimum value or a small
value)

8 +1 (Water 50vol%) = 9 Case

Bl Cases wherein influencing factors in which the neutron count rate is the least were combined: 1 case

The molten debris base case was used for other factors.

=5v01%:5v01%)

1RID

High
(Gd,05 30vol%)

High
(B,C 10vol%)

50vo|% a

.3GWd/t)

At the center in
the horizontal
direction

Filling rate Gd content B content Moisture Burn-up Uneven
content distribution

10vol%
(UO,:Zro,

Total
— 10 cases

_—

+If filling rate is 30vol%, moisture content is 70vol%, Gd is 30vol%, B is 10vol%, then 100vol% is exceeded.

*Proposed parameters: The following conditions wherein water is 50vol% were studied.

If filling rate is 10vol%, moisture content is 50vol%, Gd is 30vol%, B is 10vol%, then the total is 100vol%.

In this instance, even the case mentioned above with a combination of 2 influencing factors was analyzed while
keeping water at 50vol%.

Olnternational Research Institute for Nuclear Decommissioning




= 2.2 Analysis results

2.2.1 Passive neutrons — Additional sensitivity analyses (2/8) No.64
Remarks
Total . Cooling U content considered
uo, ZrO, Concrete (Filling Moisture Burn-up Period _Un_eve_n as the analysis
content (Gwadt) distribution .
rate) (Years) condition
15 15 0 30 .
o o 0,
2-1 Base vol% vol% vol% vol% 1wt% 23.0 20 Uniform 8.79kg
Step 2 analysis cases
Molten/ High
15 15 0 30 50 10 0 ;
2-30 Gd/ Water vol% vol% vol% - vol% vol% vol% vol% 23.0 20 Uniform 8.79kg
50vol%
Molten/ High B
15 15 0 30 50 0 10 .
e JWELED vol% vol% vol% i vol% vol% vol% vol% e el il EhIElE
50vol%
Molten
15 15 0 30 50 0 0 ;
232 LS vol% vol% vol% i vol% vol% vol% vol% 23.0 20 Slilnili] 8.79%g
50vol%
Metal 0.075 0.075 29.85 30 30 0 .
g o 0,
233 Highcd  vol%  vol% vol% vol% W% ol vole 230 A Saieny Btk
Metal 0.075 0.075 29.85 30 o 0 10 .
234 /HighB vol%  vol% vol% - vol% W% o voloe 23.0 20 Loy AR,
Metal 0.075 0.075 29.85 30 70 0 0 .
235 \Water 70% vol% vol% vol% i vol% vol% vol% vol% Eer A i B Ga.g
MCCI 1.05 1.05 7.2 20.7 30 30 0 .
g 0,
236 Highcd  vol%  vol% vol% vol% vol% W% ol vole 230 A Saien U]
MCCI 1.05 1.05 7.2 20.7 30 2 0 10 .
2-37 / High B vol% vol% vol% vol% vol% twt% vol% vol% 23.0 20 Sl 0.615kg
MCCI
. 1.05 1.05 7.2 20.7 30 70 0 0 ;
258l RLiiohieter vol% vol% vol% vol% vol% vol% vol% vol% 23.0 20 Sliltielill] 0.615kg
content
Molten Horizontal
5 5 0 10 50 30 10 . .
2-39  compound vol% vol% vol% - vol% vol% vol% vol% 1.3 20 direction 2.93kg
factors (Center)

S
l RI D O©International Research Institute for Nuclear Decommissioning



= 2.2 Analysis results

N0.65
2.2.1 Passive neutrons — Additional sensitivity analyses (3/8)

Molten debris

1E+03 16403

—2-1 (Base case)
.2-32 (Water 50 vol%)
2-30 (Gd 10 vol%, water 50 vol%)
2-31 (B 10 vol%, water 50 vol%)

—2-39 (Case with compouncll factors)

—2-1 (Base case)
2-32 (Water 50 vol%)
2-30 (Gd 10 vol%, water 50 vol%)

——2-31 (B 10 vol%, water 50 vol%)

- 2-39 (Case with compound factors)

Neutron spectrum (n/cm2/s)

Neutron spectrum (n/cm2/s)
l"T

1E-08

1£-11 1£-09 1E-07 1E-05 1£-03 1501 LE+01 1E-11 1E-0% LEQ7 1E-05 1E-03 1E-01 15401

EnergAy' (MeV) Energy (MeV)

Neutron spectrum at 1cm of the container surface Neutron spectrum at 15cm of the container surface

- Neutron flux decreased on the whole in the cases with compound factors.
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= 2.2 Analysis results =

2.2.1 Passive neutrons — Additional sensitivity analyses (4/8) Molten debris No0.66
Fast neutrons (0.5MeV to 5MeV) Thermal neutrons (0.4eV or less)
Case 1lcm 15cm Case lcm 15cm
No. (n/cm?/s) (n/cm?/s) No. (n/cm?/s) (n/cm?/s)
2-1 2-1
(Molten debris base case) 1.19E+02 3.83E+01 (Molten debris base case) 3.20E-04 1.03E-04
2- 32 (Water 50vol%) 8.18E+01 2.63E+01 2- 32 (Water 50vol%) 3.73E+00 1.21E+00
2-30 (Gd 10vol%) 7.43E+01 2.39E+01 2-30 (Gd 10vol%) 1.08E-01 3.48E-02
2-31 (B 10vol%) 7.46E+01 2.40E+01 2-31 (B 10vol%) 3.22E-02 1.04E-02
2-39 (Compound factors) 6.12E-03 2.07E-03 2-39 (Compound factors) 6.15E-07 2.01E-07
1.0E+0
®lcm 1 0E+01 - lor
® 15cm 1 OEsQ0 ®15cm
A’ g 1.0E01
£ 5 1.0€-02
g, 1 0E+00 é 10e.03
E é 1.06-04
x
=ER § 1.0E-05
E § 1.0E-06
5 Z 10807
% 1.0€.08
1.06-09
(Molten debns base oNater 50vo|%) (High Gd, water 50vol%) (ngh B, water (Compound factors) (Molten debns base (Water 50vol%) (High Gd water 50vol%) (ngh B water (Compound factors)
case) Case no. 50v0l%) case) Case no. 50v01%)
Fast neutrons (Integrated value of 0.5MeV to 5MeV) Thermal neutrons (Integrated value of 0.4eV or less)

- -+ Fast neutron flux in the case with compound factors decreased up to 5 digits of magnitude from the base case.
* In the high Gd/B content cases and cases in which there was no Gd/B content, when the water was 50vol%, the
difference in fast neutron flux was about 9%.
* Thermal neutron beams fluctuated exponentially.
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= 2.2 Analysis results

2.2.1 Passive neutrons — Additional sensitivity analyses (5/8) No.67

Metallic debris

E 16403
Es+D2 1E+4(
1601 1E+01
10+ 1E+00

@ 1E0 T

N N

IS ) IS

o 1E-0 ¥ KER

E [ £

£03 =

T ¢ =

g £04 g 1E.04

o Q.

(%] ‘e n : I JH 7

§ o I i === 2-1 (Base case) § R == — 21 (Base case)

3 — 2-21 (Metallic debris) 3 1E06 .

z | 2-33 (Metallic debris, Gd 30vol%) z 2-33 (Metallic debris, Gd 30vol%)
e i 2-34 (Metallic debris, B 10vol%) s = 2-34 (Metallic debris, B 10vol%6)
1E-O1 U 2-35 (Metallic debris, water 70 vol%) 1E-08 :%-3~5(l\/_let?w—e-b'n‘s “ft?r_?g\ﬂ%)

i -
£0 = 1E-0 L
1E-11 1E09 1E-07 1£-05 1£-03 1E-01 1E401 1£-11 1£-09 1E-07 1E-05 1£-03 1501 16401
Energy (MeV) Energy (MeV)
Neutron spectrum at 1cm of the container surface Neutron spectrum at 15cm of the container surface

- The spectrum of Gd 30vol% sharply decreased in the case of 1eV or less.
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= 2.2 Analysis results

2.2.1 Passive neutrons — Additional sensitivity analyses (6/8) Metallic debris No.68
Fast neutrons (0.5MeV to 5MeV) Thermal neutrons (0.4eV or less)
Case 1cm 15cm Case 1cm 15cm
No. (n/cm?/s) (n/cm?/s) No. (n/cm?/s) (n/cm?/s)
2-21 2-21
(Metallic debris base case) 6.00E-01 1.938-01 (Metallic debris base case) 4.17E-06 1.36E-06
2-33 (Gd 30vol%) 5.27E-01 1.70E-01 2-33 (Gd 30vol%) 7.69E-08 2.46E-08
2-34 (B 10vol%) 5.84E-01 1.88E-01 2-34 (B 10vol%) 1.83E-08 6.00E-09
2-35 (Water 70vol%) 3.26E-01 1.05E-01 2-35 (Water 70vol%) 4 58E-02 1.49E-02
E E+02
Xk Es01 .l
[ "l E+00 -]
g o oLotor
g % 1.0E-02
= :L::i 1 OE-02
[CR o 108
z z
oco I l H Ha
(Metallic debrls base case) G4 30voi% 10wt} (Water 70V0|%) (Metallic debns base case) (64 30wol (B 10val% (Watc—:r 70vol%)
Case No. Case No.
Fast neutrons (Integrated value of 0.5MeV to 5MeV) Thermal neutrons (Integrated value of 0.4eV or less)

- = Fast neutron flux decreased to about half of that in the case of metallic debris base case with 70vol% of water.
= Thermal neutron flux fluctuated exponentially.
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= 2.2 Analysis results = =

2.2.1 Passive neutrons — Additional sensitivity analyses (7/8) No0.69

MCCI

1E+03
E+D2 1E402
1E+01 1E+01
1E+ 1E+%

I p—
£0 = i | 1603 = I
1£.04 | 1E.04 il
1E08 3 | —2-1 (Base case) - ww2-1 (Base case)

Neutron spectrum (n/cm2/s)

. — 2-23(mcc) g —2:23(MCT)
1508 — ‘m 2-36{MCC. Gd30volss) 16-06 L | / 2I6(MCL,  GA30vel)
oy — [r —2.37{MCCL  B10wol%) o — bt ML Bl0veis)
1 1 2-38 (MCCI, water 70vol%) ) — - } —2.38 (MCCI, water 70volo%)
: 7l £-08
¥ £-09
1E-11 1E-09 1£-07 1E-05 1E-03 1E-01 1E401 1£-11 1£-09 1E:07 \E05 JE03 o sE103
Energy (MeV) Energy (MeV)
Neutron spectrum at 1cm of the container surface Neutron spectrum at 15cm of the container surface

- The spectrum of Gd 30vol% sharply decreased in the case of 1eV or less.

|
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= 2.2 Analysis results =

2.2.1 Passive neutrons — Additional sensitivity analysis (8/8) No.70
Fast neutrons (0.5MeV to 5MeV) Thermal neutrons (0.4eV or less)
1lcm 15cm 1cm 15cm
Case No. (n/cm?/s) (n/cm?/s) Case No. (n/cm?/s) (n/cm?/s)
2-23 2-23
(MCCI base case) 8.57E+00 2.75E+00 (MCCI base case) 4.28E-05 1.37E-05
2-36 (Gd 30vol%) 7.56E+00 2.43E+00 2-36 (Gd 30vol%) 1.09E-06 3.50E-07
2-37 (B 10vol%) 8.36E+00 2.69E+00 2-37 (B 10vol%) 3.18E-07 1.07E-07
2-38 (Water 70vol%) 4.80E+00 1.54E+00 2-38 (Water 70vol%) 9.54E-01 3.11E-01
F 1.0£+0
®lcm 1. 0E+01 ®milcm
1.0 ozl — 1.0E:00 = 15cm
g é | DE-01
e o 10t-02
O 106+ E
\\% <= | UL
x 3 1or0
3o T 1oec
g g 1.0E<
T 1080 Q 1o0p07
% = I E
1.0¢ 1 OF-L
(MCCl base case) (G213 B 10vc (Water 70vo|%) (MCCI base case) (Gd ] vol? (8 “ vols ¢ (Wat(;r 7‘Ovol%)
Case No. Case No.
Fast neutrons (Integrated value of 0.5MeV to 5MeV) Thermal neutrons (Integrated value of 0.4eV or less)

- + Fast neutron flux decreased to about half of that in the case of metallic debris base
case with 70vol% water.
* Thermal neutron flux fluctuated exponentially.
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= 2.2 Analysis results

2.2.1 Passive neutrons - Detector response No.71

Study procedure

€ Simulation evaluation [Fuel debris conditions (Molten debris Base case No. 2-1)]
D Optimization of polyethylene thickness
@ Cdimpact, Pb impact

€ Detector response (measurement time) evaluation

®Polyethylene thickness @Cd

Unit can Fuel debris

Fuel debri

—\. @ ST e
A A’
__________ ) 1016mm
e X__ P /,,zl/ ______
] ' ®210mm
Polyethylene Cd Pb T-cross Tally Unit can
________________ Y e e - -
Analysis model top view Cross sectional view A-A
[
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= 2.2 Analysis results =

2.2.1 Passive neutrons - Detector response @ Polyethylene thickness No.72
1E+01
E 10
@ 1E+00 3 T 3
\;/ 1E-01 3 % 6
g 5
2 1E-02 E g 4
z : ——2-1_DR_PE_40mm 2
[ —2-1_DR_PE_50mm £
1603 —2-1_DR_PE_60mm g2
j —2-1_DR_PE_70mm
1E-04 s E— E—— E— Ea— E— 0
1E-11 1E-09 1E-07 1E-05 1E-03 1E-01 1E+01 0 10 20 30 40 50 60 70 80
Energy (MeV) Polyethylene thickness (mm)
Neutron spectrum at 15cm of the container surface Dependence of thermal neutron flux on

polyethylene thickness

- = Thermal neutron flux was the maximum when polyethylene thickness was 50mm to 60mm.
[Hereinafter, 50mm thick polyethylene will be used.]
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= 2.2 Analysis results

2.2.1 Passive neutrons — Detector response @ Cd impact, Pb impact No.73

Thermal neutrons (0.4eV or less)

» Cd impact: Polyethylene 50mm + Cd 1mm Case Leem
> Pbi t Polvethvl 50 + Pb 20 (2-1 Base case) (n/cm?2/s)
Impact. Folye ene mm mm
P y y PE50mm 8.17
PE50mm+Cdlmm 7.33
PE50mm+Pb20mm 8.52
1E+03 1E+01
1E+02
1E+01 1E+00
2 1e+00 =
§ 3 1E-01
£ 1E-01 E
X =
&= 1E-02 >
< 2 1E-02
§ 1E-03 ——2-1 DR_PE_50mm § ——2-1_DR_PE_50mm
= ieos ——2-1_DR_Cd_1mm_PE_50mm 2 eos —2-1 DR_Cd_1mm_PE_50mm
1E-05 ——2-1_DR_Pb_20mm_PE_50mm ——2-1 DR_Pb_20mm_PE_50mm
1E-06 1E-04
1E-11 1E-09 1E-07 1E-05 1E-03 1E-01 1E+01 1E-11 1E-09 1E-07 1E-05 1E-03 1E-01 1E+01
Energy (MeV) Energy (MeV)
Neutron spectrum at 1cm of the container surface Neutron spectrum at 15cm of the container surface
- *With Cd1lmm, thermal neutron flux reduced by orders of magnitude at 1cm of the container surface = It controls the incidence
of thermal neutron flux upon fuel debris.
*There was a small variation in the shape of the neutron spectrum at the 15cm position of the container surface due to Cdimm,
Pb20mm.
[Hereinafter+ 50mm thick polyethylene and Pb20mm+Cd1lmm will be used.]
—
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= 2.2 Analysis results

2.2.1 Passive neutrons - Detector response (Evaluation of measurement time)  No.74

[Preconditions]
» Fuel debris to be evaluated: Molten debris Case 2-1 (Base case), Metallic debris Case 2-21 (Small amount of Uranium)

Case uo, Zro, SUS (I-:ri(I)IEiI Moisture Burn-up C%?ill)ndg Uneven U content
(vol%) (vol%) | (vol%) | Concrete rate)g content 2 (Gwdlt) F()Year) distribution

Molten

- 30vol% 1wt% - - 23.0 20 Consistent 8.79kg
debris
Metallic i
2-21 debris 0.075 0.075 29.85 - 30vol% 1wt% - - 23.0 20 Consistent 0.04kg

» Placement of detector, etc.

Detector

) Polyethylene Lead Detector
The detector was placed 15 cm from the container surface, 50mm polyethylene was placed 50mm thick
- . . . lyethyl
on the inside and outside of the detector, 20mm lead was placed on the inner side of \ polyethyiene
, mm thigk >
the inner polyethylene. lead

>  Detector Note 1)

(D He detector: ®25.5mm, effective length 500mm,

Sensitivity 63.7 cps/(n/cm?/s) = \ .
@ B-10 detector: ®25.5mm, effective length 1,000mm,
Sensitivity 12.3 cps/(n/cm?/s) ~
> Detector Maximum gamma dose rate Note 2) \,
i

(D He detector: approx. 0.1 Gy/h
(@ B-10 detector: approx. 10 Gy/h

I/ L
Fuel /

debris  Unit can

Fuel debris Unit can

The dose rate at a distance of 15cm from the container surface was approx. 1Gy/h

(according to the 2.2.2 Passive Gamma Rays - Analysis Results (2/7 and 3/7)), and as a result of installing 20mm lead, the dose rate at the location of the

detector in this system was approx. 0.1Gy/h. Note 1) https://etd.canon/ja/product/category/proportional/npc.htmi

« Issue: When 20mm lead is installed, there is no margin in the gamma dose rate of Note 2) Neutron Detectors T.W.Crane, M. Baker (1997)

the He detector. Optimization of the detector shielding or its installation location needs to be studied in the future.

S
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= 2.2 Analysis results
2.2.1 Passive neutrons - Detector response (Evaluation of measurement time)  No0.75

1. Molten debris (Case 2-1) [Base case] (1 detector)
1) Thermal neutron flux: From the position of the detector in the system having 50mm polyethylene +
20mm Pb (15cm from the container surface): 8.52 (n/cm?/s)
2) Count rate and measurement time (Measurement time required for 10 error 1% (10,000 counts)):
(D He detector: 5.43E+02 cps (= 8.52 x 63.7) = 18 seconds (= 10,000/5.43E+02)
(@ B-10 detector : 1.05E+02 cps (= 8.52 x 12.3) = 95 seconds (= 10,000/1.05E+02)

2. Metallic debris (Case 2-21) [Small amount of Uranium]
1) Thermal neutron flux: 3.88E-02 (= 8.52 x 0.04kg/8.79kg) (n/cm?/s)
(Assumed to be proportionate to U mass based on 2.2.2 Passive Neutrons - Analysis Results [U
Mass] on Slide No. 66)
2) Count rate and measurement time (measurement time required for 10 error 1% (10,000 counts))
a) When there was 1 detector
(D He detector: 2.47 cps ( = 3.88E-02 x 63.7) = approx. 4,000 seconds (= 10,000/2.47)
@ B-10 detector: 0.477 cps (= 3.88E-02 x 12.3) = approx. 21,000 seconds (= 10,000/0.477)
b)When there were 60 detectors (Maximum number of detectors lined up at a distance of 15cm
from the container surface)
(D He detector: approx. 70 seconds
@ B-10 detector: approx. 350 seconds
= Issue: In the case of fuel debris that contains a small amount of Uranium (Example: metallic
debris), the measurement time was long particularly in the case of B-10 detectors.

|
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=22 Analysis results
2.2.1 Passive neutrons — Summary No.76

» Major findings obtained from the analysis:

Major @ Burn-up = The shape of the neutron spectrum that leaks from the container
® Moisture content does not change depending on the burn-up, however, the flux
changes largely by the order of magnitude. [Refer to No. 43]
-When moisture content increases, the fast neutron flux .
decreases and thermal neutron flux increases. [Refer to No. 44] (@ Burn-up: Unit 2 core average
(@ FP emission rate: Test (Pheus-FPT4) base

@ Cooling period: 20 years

Minor @ Fuel debris composition: *The shape of the neutron spectrum and the neutron flux in the
(Neutron absorption thermal energy area change due to the neutron absorption material,
material) but these changes do not appear significantly at the location of the . .
(® FP emission rate™) detector having a polyethylene moderator. (D Fuel debris composition
@ Cooling period *There is a possibility of correcting the cooling period by means of UOZ: 50 (vol%)
® Filling rate: the retrieval time period and half-life. . 0
. - S Zr0O,: 50 (vol%)
@ Uneven distribution - The filling rate has a minor impact.
Container The farther away the fast neutron flux is from the surface of SUS, Concrete: 0 (v0I%)
the container, the smaller is its impact. B,C, Gd,0,: 0 (vol%)
*There is a possibility of being able to correct the shape of the MOX: 0 (vol.%)
container. Empty (porosity): 0 (vol%)
® Moisture content: 1 (Wt%)
. . e ® Filling rate: 30 (vol%
*1 (@ The FP emission rate is the emission rate of gamma rays and does not have an @ UneVS’n distribuﬂgn; No)ne (= Uniform)
impact on the measurement of neutron radiation. Container: Unit can

(¢ 210mm X H200mm)

» Study of the necessity of detailed analysis and consolidation of technical issues :

* Analysis of the extent of impact of heterogeneity on the flux on the measuring surface
« There is a possibility of correcting the rate of change in flux by correcting the impact of the burn-up
in fuel debris.
« The flux reduces by the order of magnitude due to multiple influencing factors. And, even with the
same amount of nuclear material, neutron flux differs by the order of magnitude depending on the
difference in burn-up. Hence a measurement method that covers a broad range will be studied.
I_R' D . Olnternational Research Institute for Nuclear Decommissioning




2. Implementation Details No.77

(1) Analytical evaluation of factors influencing measurement errors of prospective measurement
technologies

@ Selection of influencing factors
@ Setting the fluctuation range of the influencing factors
@ Analytical simulation

2.1Analysis conditions
2. 2 Analysis results
2.2.1 Passive neutrons
2.2.2 Passive gamma
2.2.3 Active neutrons
2.2.4 Passive/active neutrons + passive gamma rays
2.2.5 X-ray transmission measurement
2.2.6 Cosmic rays scattering measurement

@ @ ©) @ ® ® @ ® )
Fuel debris Gd B MOX Burn-up FP Cooling Moisture Filling Uneven Container Irradiating Detector
composition content content emission period content rate distribution radiation
rate source

222 No.83 No.85 No.85 No.85 No.85 No.84

Passive y _ _ No.86 No.86 _ No.85 No.97 No.94 _ No.89
N85 087 No.88 oo o8 No.88 to 87 No.98 No.95 No.100
' No.91 ’ ’ No.92 No.101

|
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Measurement concept No.78

® Fuel debris contains gamma rays emitting nuclides (Am-241,Cs-137,Eu-154, etc.) originating from fuel and gamma rays emitting
nuclides (C-60, etc.) originating from radioactivation of traces of impurities in metals.

So nuclides originating from fuel need to be identified. Hence the energy spectrum of gamma rays is measured.

Further, since the gamma flux from the nuclides originating from fuel varies depending on the burn-up, etc. or the self-shielding
effect of the gamma rays differs depending on the state of enclosure, there is variation in the gamma flux reaching the measuring
surface.

® Hence, by determining the width to be measured by means of analytical evaluation, issues such as selection of the

nuclides to be measured, the measurement range of the detector required for the measurement system, changeability of

the measurement distance or shielding, collimator, etc. were identified.

1.0E+08

AM241(0.05954MeV) Euisa Co60(1.173MeV)

1.0E+07 .
Eul54(1.27aMeV) Container/~_______3

{ Cs137(0.6617MeV) =4

1.0E+06
- Co60(1.332MeV) \

Gamma rays detector

i
(I

1.0E+O05

Fuel debris
~

1.0E+04

1. 06403

Count rate (cps)

1.0E+02

1.0E+01

1.0E+00O + '
o 200 400 600 800 1000 1200 1400 1600 1800 2000 Gamma rays
Energy (keV)

Example of analytical output (Ge detector)

|
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Analysis model No.79
In order to make it possible to study the changes in the radiation flux depending on the distance from the container, multiple layers of space
were provided for cylindrical detectors at a fixed distance from the container (unit can, etc.).

— The radiation dose rate calculated based on the changes in radiation flux will be used for selecting the detector, and

studying the shielding, collimator, etc.

Unit can

Fuel debris , 10mm

Fuel debris 200mm 1
T ""\\"'ﬂ / B [~

150mm

A A’
e (e 1000mm |
—p
_ /' ®210mm
T-cross Tally \ Unit can
T-cross Tally
\ Cross-sectional view A-A’

T-cross Tally

Analysis model top view
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Table listing the analysis cases (1/2)

No0.80

« Considering the analysis conditions described in No. 1-1 as the base case, the analysis conditions with changed
influencing factors (No. 1-2 to 24) were assumed as the sensitivity analysis conditions. All 24 cases
* Influencing factors that changed from the base case under the sensitivity analysis conditions are highlighted
blue. Here, the parameters that changed in association with the above-mentioned changes are indicated by
yellow hatching.
Composition inside the container*1l
Case No. Type of fuel Within the filing factor Burn-up FP emission rate Cooling period Uneven distribution Container Changed parameter
N Outside the filling factor
debris Composition Total (Filling factor)
R U0, : 15vol%(50vol%) UO, (Moisture content): 1wt% Unit can
1-1 Molten debris 30vol% . 23.0GWd/t Standard 20 years Uniform Base case
ZrO, : 15vol%(50vol %) Empty: Remainder (®210mm x H200mm)
UO,; : 7.5vol% (25vol%) H,O (Moisture content): 1wt% . Unit can Fuel debris composition
1-2 30vol% 23.0GWd/t Standard 20 years Uniform
Zr0O, : 22.5v0l% (75vol%) Empty: Remainder (®210mm x H200mm) (Uo2, zro2)
13 YIE5% s Sualn S0vol% H,O (Moisture content): 1wt% 0GWd/t Standard 20 Unif Unit can MOX
: : 30vole o Empty: Remainder andar vears nitorm (&210mm x H200mm)
UO, : 5vol%(50vol %) H,O (Moisture content): 1wt% . Unit can o
1-4 10vol% 23.0GWd/t Standard 20 years Uniform Filling factor
ZrO, : 5vol%(50vol%) Empty: Remainder (®210mm x H200mm)
U0, : 25vol%(50vol %) H,O (Moisture content): 1wt% Unit can
1-5 50vol% 23.0GWd/t Standard 20 years Uniform Filling factor
ZrO, :25vol%(50vol%) Empty: Remainder (®210mm x H200mm)
UO, : 15vol%(50vol%) H,O (Moisture content): 1wt% Unit can
1-6 30vol% 1.3GWd/t Standard 20 years Uniform Burn-up
ZrO, : 15vol%(50vol %) Empty: Remainder (®210mm x H200mm)
UO, : 15vol%(50vol%) H,O (Moisture content): 1wt% Unit can
1-7 30vol% 51GWd/t Standard 20 years Uniform Burn-up
ZrO, : 15vol%(50vol %) Empty: Remainder (P 210mm x H200mm)
UO, : 15vol%(50vol%) H,O (Moisture content): 1wt% Unit can
1-8 30vol% 23.0GWd/t Zero emission 20 years Uniform FP emission rate
ZrO, : 15vol%(50vol%) Empty: Remainder (®210mm x H200mm)
UO, : 15vol%(50vol%) H,O (Moisture content): 1wt% Unit can
1-9 30vol% 23.0GWd/t High emission 20 years Uniform FP emission rate
ZrO, : 15vol%(50vol%) Empty: Remainder (®210mm x H200mm)
UO, : 15vol%(50vol%) H,O (Moisture content): 1wt% Unit can
1-10 30vol% 23.0GWd/t Standard 30 years Uniform Cooling period
ZrO, : 15vol%(50vol%) Empty: Remainder (®210mm x H200mm)
UO, : 15vol%(50vol%) H,O (Moisture content): 1wt% Unit can
1-11 Molten debris 30vol% 23.0GWd/t Standard 40 years Uniform Cooling period
ZrO, : 15vol%(50vol%) Empty: Remainder (®210mm x H200mm)
U0, : 15vol%(50vol%) H,O (Moist tent): 1wt% Hori tal di ti Unit
1-12 g ) ; 30vol% 20 Tloisture content): tw 23.0GWd/t Standard 20 years orizental direction | =nit can Uneven distribution
ZrO, : 15v0l%(50vol%) Empty: Remainder (Center) (®210mm x H200mm)
UO, : 15vol%(50vol%) H,O (Moist tent): 1wt% Hori tal di -t Unit
1-13 8 ° ° 30vol% 2 clsture conten w 23.0GWd/t Standard 20 years orizontal direction nitean Uneven distribution
ZrO, : 15v0l%(50vol%) Empty: Remainder (Outer surface) (®210mm x H200mm)
. o o h Canister
U0, : 15vol%(50vol%) H,O (Moisture content): 1wt% N
1-14 30vol% 23.0GWd/t Standard 20 years Uniform (®220mm x H840mm, Thickness Container
ZrO, : 15vol%(50vol%) Empty: Remainder
10mm)
. Waste storage container
UO, : 0.48vo0l%I3.7k; H,O (Moist tent): 1wt%
1-15 2 L €l 10.48vol% 2 eolsture conten W 23.0GWd/t Standard 20 years Uniform (Inner container (1 ®500mm x Container
SUS : 10vol%(95.4vol%) Empty: Remainder H300mm)
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Table listing the analysis cases (2/2)

No0.81

Composition inside the container*1l

Within the filing factor

Concrete :
20.7v0l%(69vol%)

Empty: Remainder

(outer surface)

(®210mm x H200mm)

Case No. Burn-up FP emission rate | Cooling period Uneven distribution Container Changed parameter
I f fuel debri Outside the filling fact
ype of fuel debris utside the filling factor
Composition Total (Filling factor)
) . H,0 (Moisture content): 1wt% ) Unit can Fuel debris composition
1-16 Uranium-rich U0, : 30vol% 30vol% 23.0GWd/t Standard 20 years Uniform
Empty: Remainder (®210mm x H200mm) (Type)
UO; : 0.075v01%(0.25vol%) ) , ] -
1417 [Metallic debris 210, - 0.075v0l%(0.25v0l%) 30v0l% Hz0 (Moisture content): lwt% 23.0GWd/t Standard 20 years Uniform Unit can Fuel debris composition
- 10, : 0.075v01%(0.25vol% o ) ) .
SUS : 29.85v01% (99.5v0l%) B Ram e (®210mm x H200mm) (Type)
U0, : 15v0l%(25vol%) . . . .
118 210, : 15vol%(25v0l%) 60vol% H,0 (Moisture content): 1wt% 23.06Wd/t Standard 20 years Uniform Unit can Fuel debris composition
- r0, : 15vo0l%(25vo0l% o ) ) .
U s ST Empty: Remainder (®210mm x H200mm) (SUs)
U0, : 1.05v0l%(3.5v0l%)
. 0, 0,
1-19 Mcal Zr0; : 1.05vol%(3.5vol%) 30v0l% H,0 (Moisture content): 1wt% 23.06Wd/t Standard 20 Unif Unit can Fuel debris composition
- . 0, 0, VO . andart ears nitorm
sus .(7:.2v0%(24v0%) 6 Empty: Remainder y (®210mm x H200mm) (Type)
oncrete :
20.7vol%(69vol%)
UO, : 15v01%(25vol%) ] _ ] B
H,0 (Moisture content): 1wt% . Unit can Fuel debris composition
1-20 210, : 15v01% (25vol%) 60vol% , 23.0GWd/t Standard 20 years Uniform (0210 H200mm) ( )
Concrete : 30vol%(50vol%) Empty: Remainder mm x H200mm oncrete
U0, : 0.075v01%(0.25vo0l%) . . Fuel debris composition
. . H,0 (Moisture content): 1wt% Horizontal direction |Unit can
1-21 Metallic debris Zr0, : 0.075v0l%(0.25vol%) 30vol% R " 23.0GWd/t Standard 20 years (conter) (0210 H200mm) (Type)
m . Remainder center, mm X mm
SUS : 29.85v0l%(99.5v01%) Y Uneven distribution
U0, : 0.075v0l%(0.25v0l%) . . Fuel debris composition
H,0 (Moisture content): 1wt% Horizontal direction [Unit can
1-22 Zr0, : 0.075v0l%(0.25vol%) 30vol% 23.0GWd/t Standard 20 years (Type)
Empty: Remainder (outer surface) (®210mm x H200mm) O
SUS : 29.85v0l%(99.5v01%) Uneven distribution
U0, : 1.05vol%(3.5vol%)
. ) 9 Fuel debris composition
123 |mcal Z10; : 1.05vo1% (3.5v0l%) 30v0l% H,0 (Moisture content): 1wt% 23.06Wd/t Standard 20 Horizontal direction |Unit can (T )p
- . o o Vo . andar years ype
SUS : 7.2vol%(24vol%) ’ Empty: Remainder (center) (®210mm x H200mm) pe
Concrete : Uneven distribution
20.7v0l%(69vol%)
U0, : 1.05v0l%(3.5v0l%)
. 9 9 Fuel debris composition
Zr0; : 1.05vol%(3.5vol%) H,0 (Moisture content): 1wt% Horizontal direction [Unit can P
1-24 SUS : 7.2v0l%(24v0l%) 30vol% 23.0GWd/t Standard 20 years (Type)

Uneven distribution

*1 . Percentage inside the container. Percentage, when 100% is considered to be within the filling rate, is mentioned inside parentheses.

TRID
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= 2.2 Analysis results

2.2.2 Passive gamma rays - Table listing the analysis cases

No0.82

. Sensitivity analysis related to the following analysis conditions was conducted, and the trend with respect to each influencing factor
has been consolidated.

Cas
1-1 Base
1-2 Molten dgbris
(Small quantity of U)
1-3 MOX
1-4 Filling rate (low)
1-5 Filling rate (high)
1-6 Burn-up (low)
1-7 Burn-up (high)
1-8 FP emission rate
1-9 FP emission rate
1-10 Cooling period
1-11 Cooling period
116 (%?:rizr?]er?crﬁ)
1-17 Metallic debris
1-19 MCCI debris
|

1RID

15vol%

7.5v0l%

MOX
30vol%

5vol%

25vol%

15vol%

15vol%

15vol%

15vol%

15vol%

15vol%

30vol%

0.075vol%

1.05vo0l%

15vol%

22.5v0l%

0Ovol%

5vol%

25v0l%

15vol%

15vol%

15vol%

15vol%

15vol%

15vol%

Ovol%

0.075vol%

1.05vo0l%

0Ovol%

Ovol%

0vol%

0Ovol%

Ovol%

Ovol%

Ovol%

0Ovol%

0vol%

Ovol%

Ovol%

0vol%

29.85vo0l%

7.2vol%

Concrete

20.7vol%

Total
(Filling rate)

30vol%

30vol%

30vol%

10vol%

50vol%

30vol%

30vol%

30vol%

30vol%

30vol%

30vol%

30vol%

30vol%

30vol%

Burn-up
(Gwdlt)

23.0

23.0

0.0

23.0

23.0

1.3

51.0

23.0

23.0

23.0

23.0

23.0

23.0

23.0

FP emission
rate

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Zero emission

High emission

Standard

Standard

Standard

Standard

Standard

Remarks

Cooling period | U content considered as

(Years)

20

20

20

20

20

20

20

20

20

30

40

20

20

20

the analysis condition

8.79%g

4.39Kg

17.0kg

2.93kg

14.6kg

8.98kg

8.58Kg

8.77kg

8.82kg

8.79kg

8.79kg

17.6kg

0.04kg

0.615kg
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= 2.2 Analysis results

2.2.2 Passive gamma rays - Analysis results (1/7)

Flux at a position that is 100cm away from the container surface - Analysis of sensitivity to the type of fuel debris

1.0E+07

10E+06 |

106405 |

10E+00 |

106002 |

1.0E+02

Flux (y/cm2/s)

1.0E+00

1.0£-01

1.0-02

1.06-03

1.0E+07

10E+06 |

10€+05 |

106400 |

106403 |

106402 |

10E+0% |

Flux (y/cm2/s)

10E400 |
|
10E-01 "
i
10602 |

10E-03 I‘
o

Amz41{0.05954MeV)

Cs137(0.6617MeV)

106e03 | |

0.2

04

02 04 06
, AmZ‘ 1(0 0§§§4MeV)
o
Cs137{0.6617MeV)

0b

1-1 (Molten debris)

Composed of UO, and ZrO, | "™

106405 |

10E+00 |

1.0E+02

Flux (y/cm2/s)

1.0E+00

1.0£-01

1.06-02

10603

106406 |

106403 |

10602 |

No0.83

- 1-17 (Metallic debris)
Co60(1.173MeV) SUS is 99.5%

C5137(0.6‘617Me\l) Eul54

. - Co6D(1.332MeV) |

Eul54{1.274MeV)

02 04 05 08 1 12 14 16 18 2

1-19 (MCCI)
Concrete 69% and SUS 24%

Energy (MeV)

Eulsa

3 . i EU154(1.274MeV)
LN '
_ Cof0(1.332MeV) |

08 1 12 14 L& 1.8 2

Energy (MeV)
Eu154 Co60(1.173MeV)

aim B Eu154(1.274MeV)
. W * _ Co60[1 332MeV)
v v &

04 I

Energy (MeV)

12

|
LIRS RE RN T8 S
14 1.6 15 2

Case Type of

1-17

1-19

Molten 15vol% 15vol% 9 %
debris (50vol%) (50vol%) Bz e ST
Metallic 0.075v0l%  0.075vol%  29.85vol% o o
debris  (0.25vol%) (0.25vol%e) (99.5woley  Ovole  30vol%
1.05v0l% 1.05vo0l% 7.2vol% 20.7vol%

MCCl  (35v0l%)  (35vol%e)  (24vol%)  (69vol%)

30vol%

Flux spectrum largely differed in the case of
molten debris, metallic debris and MCCI.

— Evaluation was carried out using the above-mentioned flux, focusing on the dose rate and the peak of Eu-154 (1.27MeV).

TRID

Olnternational Research Institute for Nuclear Decommissioning



= 2.2 Analysis results

2.2.2 Passive gamma rays - Analysis results (2/7) No.84
Changes in flux depending on distance from the center of the container
In order to study the placement of the detector based on the dose rate, the changes in the flux from the container surface were evaluated.

Evaluation was carried out based on the flux from a distance of 1cm, 15cm and 100cm from the container surface by fitting the detector.
— Changes in the flux are proportional to the square of the distance from the center of the container.

: : Changes in flux from the center of the container
Simulation system

600.0
Fuel debris 1cm
A T, g
@ 400.0
)
15cm 2 3000 r
>
Z 200.0 |
> =
100cm }'__,5 100.0 F
21 = 0.0
Unit can cm '
0 50 100 150
Distance [Cm] from the Distance [Cm] from the Total flux Dlstance from the center of the Contalner X[cm]
container surface center of the container [y/s/cm?]
1 11.5 5.3X108
15 25.5 1.0x108
100 115.5 5.2%x106

|
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2.2.2 Passive gamma rays - Analysis results (3/7)

Conversion of flux to air kerma rate

Conversion of flux [y/cm?/s] to air kerma rate [mGy/h]
-The placement, shielding, etc. of the gamma rays detector was
used for evaluating the impact of gamma rays on the neutron

detector. | .
Molten debris Metallic debris

[ A .

51.0&07
N
e
L
= 1.0E+06
>
=)
LL
1.0E405
- AN M < N O™~ 000 QO N O
P T S R PRt e SR AR i~ BRI~ B
™ vt et e
Case No.

Flux [y/cm?/s] at a position that is 100cm from the container surface

Molten debris Metallic debris
L I
[ \¢
S 10E+02 /
@)
£
9
© 1.0E+01 [
©
£
O
X
= 1.0E+00
<C I N M S O~ 000 A0~ O
L R
= — -
Case No.

Air kerma rate [mGy/h] at a position that is 100cm from the container surface
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Linear interpolation of the conversion coefficient using JAEA data

No0.85

as reference

JAERI-Data/Code 2000-044

Shielding Calculation Constants for Use in Effective
Dose Evaluation for Photons, Neutrons, and
Bremsstrahlung from Beta-rays

D eytes TROEIR

000

&
SUNAFROL AR T -onT .
A= S EVREHECHTIRAVHETR

L R R R R T

LR AR L
D L Y

Conversion factor of Kerma air/Flux

10

—— mnterpolation
o JAERK-Data/Code 2000-044

= 8}

P

~

4

2 6

o

&

i 4

e

2 2

Table 3.3 Dose Conversion Coefficients for converting
photons into effective dose in AP orientation

Effective dose
per unit fluence
€ Ke/$ " ori:enné;’ion
(MoV) | (pGy om®) | (Sw/Gy) (pSv em?)
001 743 0.00653 00485
oms iz 00402 0125
002 168 0122 0205
003 0721 0415 0300
004 0428 o788 0338
005 0323 1.106 0357
008 ' 0289 1308 0378
007 | 1407
008 0.307 1433 0440
01 0371 | 1394 517
015 | 0588 | 1258 | 0752
02 0856 1173 100
03 1.38 1083 | 151
04 | 189 1058 200
as | 238 1.038 24
os | 284 1024 | 201
08 369 1010 373
1 447 1.003 438
15 6.14
| 2 755 0932 749
3 958
4 121 0983 120
5 141
6 161 el 160
8 201 0991 189
10 240 0880 238

000 025 050 075 100 125 150 1,75 2.00
Energy [MeV]

*) Conversion coefficient for air kerma
**) Effective dose in AP orientation per unit air kerma
in free air
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= 2.2 Analysis results = =

2.2.2 Passive gamma rays - Analysis results (4/7) No.86
Evaluation of air kerma rate

Air kerma rate [mGy/h] at a position that is 100cm from the container surface (Repeated)

Molten debris Metallic debris
\
{ Debris \
composition . FP Cooling  Debris
Base case MOX  Filling rate BUM-UP o ission rate  period composition

Ao Ao e e

e e e e =

’ A
[ 1 v
1.0E+02 [ 1 :
= ! I
3 I
Q 1 |
E - '
) 1 :
§ 1.0E+01 1 i
© ! 1
= I
) [l 1 :
2 1, I
=z M, \ !
1.0E+00

Air kermarate fluctuations were larger when the fuel-based parameters were changed than when the fuel debris
composition was changed.
— In particular, the dose rate largely changes due to the effect of MOX, burn-up and FP emission rate.
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= 2.2 Analysis results

2.2.2 Passive gamma rays - Analysis results (5/7)

Eu-154 (fuel debris composition) with respect to the amount of U

No0.87

Passive gamma rays analysis results (Analysis performed by changing @ Fuel debris composition and ® Filling rate)

Case Fuel debris Filling rate Entlr_e fuel Amount of U* Total flux 1.27MeV peak
No. Type (vol.%) debris (kg) (kg) [y/s/cm?] (Eu-154)
[y/s/cm?]
1-1 Molten debris 30 15.8 8.79 5.23X 106 1.77X10°
1-2 Molten debris 30 13.4 4.39 3.63 x 106 1.01 x10°
1-4 Molten debris 10 5.28 2.93 3.40X 106 1.03x10°
1-5 Molten debris 50 26.4 14.6 5.63X 106 1.94x10°
1-16 Molten debris 30 20.5 17.6 6.93 x 106 2.77 x 105
1-17 Metallic debris 30 15.6 0.0439 7.63 %106 1.50 x 103
1-19 MCCI 30 7.71 0.615 1.08 X106 7.15X103
*Amount of U = Total mass of Uranium isotopes
MCCI: Molten Core Concrete Interaction
— 2.0E+05
E romos | ° Molter_1 debris_ «— Flux of 1.27 MeV (Eu-154) with respect to amount of U
ﬁ : @ Metallic debris
= A
S 3.0E405 | MEe 0
- 11 @ Compoesition
S Aanr.Ar- |0 o n R et
o 2.0B+05 P, © If only fuel debris composition and filling rate were changed.,
% ™ J— S ® Filling LR the flux of Eu-154 peak was proportionate to the amount of U.
S 1.0E+05 @ o — There is a possibility of being able to_perform quantitative
N 1-2 evaluation of the amount of U based on the gamma rays from
— 0.0E+00 ER ' ' ' Eu-154
0 5 10 15 20

Amount of U [kg]
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Analysis results (6/7)

Eu-154 (fuel based) with respect to the amount of U

Passive gamma rays analysis results (Analysis performed by changing @ Burn-up, @ FP emission rate and @ Cooling period)

No0.88

Case Burn-up _ Cooling period Entir.e fuel Amo‘f“‘ of Total flux 1.27MeV peak

No. [GWd/] FP emission rate [Years] debris (kg) U1 [y/s/cm?] (Eu-154)
(ka) [y/s/cm?]

1-1 23 Standard 20 15.8 8.79 5.23 X 106 1.75X105
1-3 02 Standard 20 20.3 17.0 2.80 x 10° 1.02 x 103
1-6 1.3 Standard 20 15.8 8.98 3.06 X 10° 5.92 X 102
1-7 51 Standard 20 15.8 8.58 1.16 X106 4.45%X10°5
1-8 23 Zero emission 20 15.8 8.77 2.81 x107 1.76 x 105
1-9 23 High emission 20 15.8 8.82 1.15x 106 1.75x 105
1-10 23 Standard 30 15.8 8.79 3.81 X106 7.84 X 104
1-11 23 Standard 40 15.8 8.79 2.89 x 106 3.50 x 104

“1 Amount of U = Total mass of Uranium isotopes, *2 The MOX fuel in Case no. 1-3 has extremely low burn-up

5.0E+05

1.27 MeV (Eu-154) [y/s/cm?]

1R

4.0E+05 |

3.0E+05 F

2.0E+05

1.0E405 F

© Molten debris ‘O 1-7(51GWad/t)

O Metallic debris

A MCCI

1-1 (Base case),
1-8, 9 (FP emission rate)

« Flux of 1.27 MeV (Eu-154) with respect to amount of U

r“~\
(@)
N

1-10 1-6

1-11,"5‘} (1.3GWd/t)
(Cooling period) \@~
0.0£400 B s —0‘/

A

(0GWd/t)

0

1D

5

10
Amount of U (kg)

15

20

Even when fuel debris composition ratio was the same,

when burn-up changed the correlation between Eu-154 and
amount of U deteriorated.

(Eu-154 affects the quantitative evaluation of the amount of U in
the order of Burn-up > Cooling period > FP emission rate.)
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= 2.2 Analysis results =

2.2.2 Passive gamma rays - Analysis results (7/7)

No0.89

Response spectrum for a representative detector (Example of output for identifying issues)

* representative detector: High purity germanium
semiconductor detector
» Size and shape of detector : 3 inch cylindrical detector
+ Distance up to the detector: 1000mm
(From outer surface of the unit can
to the center of the detector)

<Analysis model> : :
y Lead collimator was required

because of a high count rate

Ge Detector
1(5.323g/cm?d)

................................................. t

U0,+Z10,

s : M~ SUS316L
11 P206mmy i 7.98g/cm3
i ®210mm | 1000mm

<Detector response>

1.0E+08

AmM241(0.05954MeV) Co60(1.173MeV)

@ -
- [ i

|

|

, Cs137(0.6617MeV) o

-~ Eul54(1.27aMeV)

1.0E+06

— Co60(1.332MeV)
1.0E+05
1.0E404

1.0E+03

1.0E+02

Counting rate (cps)

1.0E+01

1.0E+00 | .
+] 200 400 600 800 1000 1200 1400 1600 1800 2000

Energy (keV)

Cob0{1.173MeV)

Cs137(0.6617MeV)

CoB0(1.332MeV)

- Eul54(1.274MeV)

the energy is
ge of Co-60.

| |
o 200 400 600 800 1000 1200 1400 1600 1800 2000

Energy (keV)

1.0£+03

1.0E+02

Counting rate (cps)

1.06+01

1.01 +0O0

Further, if Eu-154 is not co-present with U, nuclear material cannot be detected.
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= 2.2 Analysis results

2.2.2 Passive gamma rays — Other sensitivity analyses (1/6)

The sensitivity to incident beams was studied with respect to the following influencing factors:

MOX

VVVYVYY

Cooling period
Shape of container
Implementation of analysis related to fluctuations in fuel debris composition (SUS)

No0.90

Case Total
-- (Filing rate) S

15vo0l% 15vo0l% Ovol% 30vol% Base
1-2 7.5vol% 22.5vol% Ovol% 30vol% - Molten debris
1-3 Ovol% 15vol% Ovol% 30vol% Pu0,: 15vol% MOX
1-10 15vol% 15vol% Ovol% 30vol% Cooling period: 30 years
; ; Cooling period
1-11 15vo0l% 15vo0l% Ovol% 30vol% Cooling period: 40 years
1-14 15vol% 15vol% Ovol% 30vol% Canister ($220mm x H840mm)
Shape of
1-15 15vol% 15vol% 0vol% 30vol% Waste storage container container
1-16 30vol% Ovol% Ovol% 30vol% - Molten debris
1-17 0.075vol% 0.075vol% 29.85v0l% 30vol% - Metallic debris
1-18 15vol% 15vol% 30vol% 60vol% Metallic debris
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= 2.2 Analysis results

2.2.2 Passive gamma rays — Other sensitivity analyses (2/6) No0.91

Other common conditions:

» Impact due to difference in UO, fuel and MOX fuel - FP emission rate: Standard

* Moisture content 1wt%
* Homogeneous model
= Container: Unit can

- Am-241 peak generated by Pu contained in MOX was seen.
(However, from the perspective of detector response

i Case Type of z PUO Filling B
i ! L. . . ! No. fuel debris 10, U rate urn-up
it may not be detected as it is hidden in the Compton zone

of Cs-137.) 16 15v01%  15vol% Ovol% 30v0l% 1.3GWdlt

Molten
debris

1-3 Ovol% Ovol% 30vol% 30vol% oGWadl/t

Flux at 100cm from the container surface

1-6 (Low burn-up of molten debris (UO,) 1-3 (Extremely low burn-up of molten
1.0E207 1.0E407 debris (MOX))
Am241(0.05954MeV)
1.0£406 1.06+06 - - -
Co60{1.173MeV) ‘,
1.0E+05 == : Coﬁ?(!_-332MeV) i €5137(0.6617MeV)
Cs137(0.6617MeV -

1.0E+04 i ) Euls4 4 o 1.0E404
S | \ W 106403
c 1.0E403 ~
L E 1.0E402 |
Z 108402 = .
5 > 1.0E+01
L 106401 E |

1.0E+00 |
1.0£400
1.0£-01
Y 1.0€-02 | “
e B ' ' 1.0£-03 i
0 02 0.4 06 08 1 1.2 14 16 18 2 o 02 o4 06 AR P :

Energy (MeV) Energy (MeV)

| =5
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:=2.=ZAnaIysis results =
2.2.2 Passive gamma rays — Other sensitivity analyses (3/6) N0.92

» Impact due to difference in cooling period

BN
* Incident flux attenuated based No. | fuel debris : | et common conditon.

on the half ||fe SpeCIfIC to the 11 (égxg:zf;) (égxg::;z) 0vol% 0vol% 30vol% 20years  * Burn-up 23GWd/t
- FP emission rate:
nuclide. Standard
Molten 15vol% 15vol% o o o
1 debris (50v01%) (50v01%) Gre e ok REpEa « Moisture content 1wt%
- Homogeneous model
. 1-11 (égzg:zﬁ) (égxg:z;:) 0Ovol% Ovol% 30vol% 40 years » Container: Unit can

Flux at 100cm from the container surface

Eu-154 Co-60

20805 4.0E404

158+05 F ° 3.5E+04 &

168405 € Eu-154 (1.2734MeV) 2 QCo-60(3,1732MeV)

306404 |
—~ A Co-60 (1,3325MeV)

— 1A5+05 Q
(7] AN
N E 2.56+04
€ 128+05 2
L =
:><; 10805 - 5 2,0€+04 |
< o
= [
qu: casriseal | °. g 156404
© (8]
‘O S0E+04 =
£ 106404 |

ADECH + e

<
S.0E+03
20804
&
Q0L+00 D.0E+00 +
15 20 rad . 30 . 34 a0 & 15 w0 25 30 as 40 45
Cooling period (years) Cooling period (years)
Half-life: approx. 8.6 years Half-life: approx. 5.3 years
= Attenuates approx. 1/5 times in 20 years = Attenuates approx. 1/14 times in 20 years

|
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= 2.2 Analysis results

2.2.2 Passive gamma rays — Other sensitivity analyses (4/6)

Concrete

Filling rate

N0.93

Other common conditions:

+ Burn-up 23GWd/t

» Impact due to difference in SUS content ey
-
No. 2 2

- As apparent density increased, incident flux

» FP emission rate: Standard
* Moisture content 1wt%

. . Molten 15vol% 15vol% .
decreased due to the self-shielding effect. L1 Gebris  (SOvol%)  (50vol%) Cualh Gl 30vol% Homogeneous model
= Container: Unit can
Metallic 15vol% 15vol% 30vol%
18 ebris (25v0l%) (25v0l%) (50v01%) RoRe EUTRD

Flux at 100cm from the container surface

Fuel debris apparent density and incident flux per unit of Uranium
4.0E+01

© Eu-154 (1.2744MeV)

casel-4
3.56+01 | ®.

3.0E+01 |

2.5E+01 |
~ casel-2

., casel-16
o,

2.0E+01 |

1.5E+01 |

Incident flux per unit of Uranium (y/cm2/s/gU)

casel-5

1'OE+°1 i 2 L 'y 1 1 L 2 L '] 2 2 2 1 1 2 " 'y 2 1 L 2 " ', 1
0.0E+00 1.0E+00 2.0E+00 3.0E+00 4.0E+00 5.0E+00

6.0E+00
Apparent density of fuel debris (g/cm3)

Olnternational Research Institute for Nuclear Decommissioning
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= 2.2 Analysis results

2.2.2 Passive gamma rays — Other sensitivity analyses (5/6)

Waste storage container (Inner container) (No. 1-15)

» Impact due to difference in shape of

container

» Since the container was larger than the unit can as well,
incident flux decreased due to self-shielding effect.

<Unit can>

= L P -

Fuel debris —}]

I ]

=
2

Unit can

Vertical cross-section

Horizontal cross-section

<Waste container (Inner container)>

500

Ge

De‘ector

< ~
N 7
N le 500 <
I~ Z Ge
N Detector
500
\ 300
Lo N |V
2 I \ Fuel debris
. Inner waste container
Horizontal
cross-section Vertical cross-section
(Unit: mm)

TRID

Incident flux per unit of Uranium (y/cm2/s/gU)

Type of
Case | fuel debris
No.

Molten

- 0, 0,
1-4 . 5vol% 5vol%
Metallic 0.5vol%
- 0,
5 Waste (3.7kg) CIEs

0Ovol%

10vol%

SuUsS

Filling rate

10vol%

10.5vol%

Container

Unit can

Waste container
(Inner container)

No0.94

Other common conditions:

* Burn-up 23GWd/t

* FP emission rate: Standard
* Moisture content 1wt%

- Cooling period: 20 years

- Homogeneous model

Fuel debris apparent density and incident flux per unit of Uranium

4.0e+01
© Eu-154 (1.2744MeV)
Unit can
3.56+01 8.
3.0e+01
2.5€+01 @
. casel-2
0
Waste storage St
2.06+01 . :b‘_casel-l
container :
(Inner container) casel-16
o
1.5€+01
casel-5
P casel-18
2l
1.08’01 A ' A A L L A A '
0.0E+00 1.0E+00 2,06+00 3,0E+00 4.0E+00 5.0E+00 6.0E+00

Apparent density of fuel debris (g/cm3)
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=>oA Analysis results

2.2.2 Passive gamma rays — Other senS|t|V|ty analyses (6/6) N0.95

» Impact due to difference in shape of container

Relation between U content and incident flux (at 200cm from the container surface)

4 .5E+05
4.0E4+05 | O Eu-154 (1.2744MeV) o -
i 15vol% X 4

el I s No.1-14 (Canister)
S 3.0e+05 |
c’ .
@ e
q- o
g 2.SE+05 | ' 3OVO|%
= - NPT : Canister
1 No.1-16 (U-rich) Ge Detector
2. 2.0E+05 |
é ) 015 04 Other common conditions: A I
g 1.5E4+05 | : LoVOl70 * Burn-up 23GWd/t
- No.1-1 (Base case - FP emission rate: Standard .

o ( ) - Moisture content 1wt% Unit can
1.0E+05 | S 7.5vol% - Homogeneous model
; No.1-2
S5.0E+04 -
0.075v0l%
o.0es00 & N0.1-17 (Metallic debris), | | [ |
0.0E+00 S.0E+03 1.0E+04 1.SE+04 2.0E+04 2.5E+04 3.0E+04 3.SE+04 4.0E+04

Amount of U (g)

-Amount of U and the entire incident flux had a positive correlation.

*The incident flux peaked due to the impact of the self-shielding effect caused by variations in fuel debris density (filling rate).
In the case of the canister ($220mm X H840mm), since the detector was far away for the gamma rays coming from the top
and bottom ends of the container, and since the canister had thick walls of 10mm, the incident flux peaked further.

e EEEEE
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Sensitivity analyses Uneven distribution (1/3) No0.96

Analysis by changing the method of filling fuel debris in the container

H Tally settings of the uneven distribution cases #The tally was divided into 6 parts for the horizontal direction (outer
surface) cases only.

Tally

(Region divided equally into 6 parts) Unit can

. Nuclear fuel

Unit can

/

9.75¢cm || i
9.75cm|| i
. Ao —-—- - == —-- -
; . 10.3cm -
| Tally Tally
: (No vertical division) (No vertical division)
Top view Cross-sectional view A-A’

The location and dimensions for installing the tally for the unit can are the same as described in slide No. 79.

|
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= 2.2 Analysis results

2.2.2 Passive gamma rays - Sensitivity analyses Uneven distribution (2/3)

B Case of uneven distribution of molten debris:1.27MeV flux analysis results

No0.97

(For the uneven distribution cases, calculations were done by installing the tally at 1cm, 15cm and 100cm from the

container surface.)

a) Case of uneven distribution with 1.27MeV flux

1.E+08
E
O
&
= 1.E+07
X
=
;r‘
(]
M 1.E+06
5
w
>
S
I~ 1.E+05
N
—
1.E+04

01-1
A1-12

1-13(1)
D1-13(2)
1-13(3)
m1-13(4)

B O

1

10

100

Distance [cm] from the container surface

Ratio of 1.27 MeV (Eu-154) flux with the base case

b) Case of uneven distribution with 1.27MeV flux

100%
90%
80%
70%
60%

50%

40%
30%
20%
10%

0%

> O

A1-12
01-13(1)
B1-13(2)
1-13(3)
m1-13(4)

10

100

Distance [cm] from the container surface

a) Flux was higher when the molten debris was uniformly present (1-1) throughout the container, than when there was

uneven distribution (No. 1-12, 1-13).

b) The greater the distance from the surface of the container, the smaller was the impact of uneven distribution on the flux.

1RID
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= 2.2 Analysis results

2.2.2 Passive gamma rays - Sensitivity analyses Uneven distribution (3/3)

No0.98

B Comparison of cases of uneven distribution of molten debris, metallic debris and MCCI
(Molten Core Concrete Interaction): 1.27MeV flux analysis results

1.27MeV(Eu-154) flux (y/s/cm2)

1.E+07

1.E+06

1.E+05

1.E+04

1.E+03

1.E+02

1.E+01

1.E+00

E
F Molten debris (No. 1-12) Molten debris (No. 1-13)
L Metallic debris (No. 1-21) Metallic debris (No. 1-22)
: MCCI (No. 1-23) MCCI (No. 1-24)
é —— ! '.
E
E
. L Horizontal Horizontal Horizontal Horizontal
Horizontal direction " yire tion direction direction direction
(center) (outer surface) (outer surface)  (outer surface)  (outer surface)
{-30°~30°] {30°~QD°} (9U°M15U°) (150“*\1210“]

Since the proportion of material other than nuclear fuel (SUS, Concrete, etc.) was more in metallic debris and
MCCI than in molten debris, if nuclear fuel was unevenly distributed in metallic debris and MCCI, the flux

changed largely.

TRID

e
* The molten debris base case is used for other factors.
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—2.2 Analysis results
2.2.2 Passive gamma rays - Detector response (1/3) N0.99

Selection of prospective detectors and analysis conditions

M List of prospective detectors

Prospective Material and shape (Reference) Energy resolution Remarks
detectors
Ge Cylindrical (Diameter and thickness 0.15%FWHM Mirion Technologies (Canberra)
7.62cm)
czT Cylindrical (Diameter 7.62cm and 0.8%FWHM H3D (University of Michigan)
thickness 1cm)
LaBr, (73>E/3I|2ncdr;|;:al (Diameter and thickness 3. 506EWHM ORTEC

. Assuming that a collimator will be installed in the actual system, gamma rays were made to fall
H Analy5|s SyStem perpendicularly on the surface of the detector.

(The impact of the thickness of the collimator, scattered rays, etc. is planned to be evaluated and studied
in the future.)

Example) Ge Detector 7.60m . Ge Detector
Flux in Gamma rays Case No. 1-1

Irradiated
perpendicularly on
the detector surface

TTTTTTK

10cm L 7.6cm!

' D OIlnternational Research Institute for Nuclear Decommissioning
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Detector response (2/3)

Comparison of the response spectrum of prospective detectors

B Response of each prospective detector in the base case

108

107

104

Counting rate [cps]

103

102

3

Energy spectrum for each detector assuming the
detector is 100cm from the container surface

106 |

105 |

— Ge
— CZT
— LaBr,

~Ba-137m

Co-60

Indicator nuclide
Eu-154

- Co-60

0.5

1.0

1.5

Detected Energy [MeV]

1D

2.0

No0.100

» Ge and CZT were able to distinguish between
1.27MeV(Eu-154) and 1.33MeV (Co0-60), but this
distinction was difficult in the case of LaBr.

Total count rate and count rate at 1.27MeV peak

Prospective Total count rate 1.27MeV count rate”
detector [cps] [cps] (%)
2.2x106
X 8
Ge 2.2x10 (1.0%)
3.8x10°
X 7
CzZT 9.1x10 (0.4%)
LaBr, 2.2x108 —

* Counting rate at the base region resulting from scattered rays is
subtracted from that at the peak region resulting from gamma rays

with 1.27MeV.

» The measurement time was estimated from the count
rate at 1.27MeV peak.
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Detector response (3/3) No.101

Estimation of measurement time for the prospective detectors

B Study of installation of every prospective detector (Assuming that the detector is installed at a
distance of 100cm from the container surface)
*  For a Ge detector with maximum count rate 25kcps™- 3, a collimator of

Collimator . )
diameter approx. 0.1cm was required (2.2 X 108—2.5 x 10%cps)
— «  For a CZT detector with maximum count rate 450kcps™ 3, a collimator of
| | /' diameter approx. 0.5cm was required (9.1 X 10’—4.5 x 10°cps)
/ * .
Molten = > 1 Assuming that a gamma spectroscopy software of the same manufacturer
debris | —§ - was used.
"2 Count rate limit of the H series detector of the same manufacturer.
No.1-1) | — Detector ! . !
( ) > "3 Dead time due to pile-up was not considered.
SN—
Unit can
(Container) 100cm g
B Estimation of the computation time of each prospective detector (Example: Assuming that the collimator is 20cm thick)
. Measurement
Measurement time frequency
Prospective Collimator Maximum count Proportion of the count . [seco_nds/round]_ 4 [Rounds / Computational time
. (Time required to obtain 10 . .
detector diameter [cm] rate [cps] rate of 1.27MeV Container] for each container
counts at the 1.27MeV peak) .
(Translational
scanning only)
Ge 0.1 2.5x104"13 1.0% 40 500 5.5 hours
czT 0.5 4.5x 10523 0.4% 6 20 2 minutes

> Inorder to install a collimator for reducing the gamma rays incident upon the detector, measurement had to be performed while scanning the
container. Hence the measurement frequency increased due to which the process took time. The collimator installation and measurement
technique need to be improvised.

|
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Additional sensitivity analyses (1/4) No0.102

Step 2 Analysis (1/4)
Five cases in which the peak count rate at 1.27MeV was less were analyzed taking multiple influencing factors into consideration.
B Cases with a combination of fluctuations in 2 influencing factors

\ Molten Metallic MCCI
Fuel debris composition MOX Filling factor Burn-up FP emission rate Cooling period Uneven distribution Container
Fuel debris - AN PaN X X A X
composition Flux increases/decreases Flux increases/decreases No change in Eu-154 peak Attenuation depending on |[Flux increases/decreases with the
'with the increase/decrease |with the increase/decrease half-life increase/decrease in amount of U
in amount of U in amount of U (Self-shielding effect present)
(Self-shielding effect (Self-shielding effect
present) present)
MOX AN - x x YaN x VAN YaN
Flux increases/decreases No change in Eu-154 peak Attenuation depending on |Flux increases/decreases with the
with the increase/decrease half-life increase/decrease in amount of
in amount of MOX MOX
(Self-shielding effect (Self-shielding effect present)
present)
Filling factor N x x N x N N
Flux increases/decreases No change in Eu-154 peak Attenuation depending on |[Flux increases/decreases with the Flux increases/decreases Flux increases/decreases
with the increase/decrease half-life increase/decrease in amount of U ‘with the increase/decrease |with the
Molten in amount of U (Self-shielding effect present) in amount of U increase/decrease in
(Self-shielding effect (Self-shielding effect amount of U
present) present) (Self-shielding effect
—— i —— S ——— -
Burn-up X X ~ X I o o
No change in Eu-154 peak Attenuation depending on [Self-shielding effect due to the
half-life form of the radiation source for I
uneven distribution is present
FP emission X X x x X
rate Attenuation depending on |Expected to not be different than I No change in Eu-154 peak [No change in Eu-154 peak
half-life the uneven distribution in Step 1
Cooling period x X X x
Attenuation depending on half-life I Attenuation depending on [Attenuation depending on
half-life half-life
Uneven x o O
distribution [ g ———
Container X X
Metallic
MCCI
. . . . P e
Metallic debris and MCCI cases in which the burn-up and uneven distribution-wiere Thanged were selected.
- - =
' - ’f
. . - -
Metallic debris MCCI - -
- 4 cases

| Burn-up Small: 1.3GWd/t Small: 1.36Wdt == (Of these, 2 cases

o ) i are redundant)
I Uneven distribution ~ Atthe centerinthe At the center in the
: horizontal direction horizontal direction * The base case was used for other factors. Total

B Case in which the peak count rate at 1.27MeV was assumed to be the smallest S cases

1 case

10vol% (UO,: 5vol% / ZrO,: 5vol%) Small: 1.3GWad/t At the center in the
horizontal direction =

E— S
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= 2.2 Analysis results

2.2.2 Passive gamma rays - Additional sensitivity analyses (2/4) No.103

Step 2 Analysis (2/4)

Five cases in which the peak count rate at 1.27MeV was less were analyzed taking multiple influencing factors into consideration.

B Step 2 analysis cases

Metallic debris
1-21 AT 25v01% 25v0l%
distribution
(center)
g | MEEISIERS e oo 0.075vol%
Burn-up (low)
MCCI
123  Uneven 1.05v01% 1.05v0l%
distribution
(center)
MCCI

1-26 1.05vol% 1.05vol%
Burn-up (low)

1.27 Molten debris 5vol% 5vol%
Worst case

MCCI: Molten Core Concrete Interaction

1RID

29.85v01%

7.2v0l%

7.2vol%

Concrete

20.7vol%

20.7vol%

Filling rate

30vol%

30vol%

30vol%

30vol%

10vol%

Burn-up
(Gwadt)

23.0

1.3

23.0

1.3

1.3

FP
emission
rate

Standard

Standard

Standard

Standard

Standard

Remarks

U content
Cooling Uneven considered as
period | distribution the analysis

condition

Uneven

20 years distribution 0.043%g (Repeated)
(Center)

20 years Uniform 0.0449kg
Uneven

20 years distribution 0.615kg  (Repeated)
(Center)

20 years Uniform 0.615kg
Uneven

20 years distribution 2.93kg
(Center)
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= 2.2 Analysis results
2.2.2 Passive gamma rays - Additional sensitivity analyses (3/4) No.104
Step 2 Analysis (3/4)

Five cases in which the peak count rate at 1.27MeV was less were analyzed taking multiple influencing factors into consideration.

B MCCI (Molten Core Concrete Interaction) and metallic debris cases in which the burn-up and uneven distribution were changed
(Red frame: Step 2 analysis cases)

Case Type of fuel Variation Amount of U* Total flux 1.27MeV peak Proportion of 1.27MeV peak when compared with Remarks
No. debris parameters (kg) [y/s/cm?] [y/s/cm?] the standard case of each type of fuel debris (%)
11 Molten debris Standard 8.79 5.23%x 106 1.75%X10° —
1-6 Molten debris Burn-up (low) 8.97 3.06 x 1086 5.37 x 100 0.0030% Comparison with 1-1
1-12 Molten debris Uneve(r;ec::f;rri)bution 8.79 2.61x 108 9.08 x 104 52% Comparison with 1-1
1-19 MCCI Standard 0.615 2.90X 106 1.92X 104 —
1-26 MCCI Burn-up (low) 0.629 2.11x 108 2.01x 102 1.0% Comparison with 1-19
123 McCl Uneven distribution| ¢ 615 2.54% 106 8.67x 10° 45% Comparison with 1-19
center)
1-17 Metallic debris Standard 0.0439 7.53% 106 1.52%103 —
1-25 Metallic debris Burn-up (low) 0.0449 7.48 x 106 5.81 %102 38% Comparison with 1-17
121 | Metallic debris U“e"e‘(’c‘e‘:]its;gb”“°” 0.0439 7.54%106 1.05% 103 69% Comparison with 1-17
1E+06 ¢ *Amount of U = Total mass of Uranium isotopes
i ¥ Molten debris | Step 2 analysis case
T 1E+05 & mnMeel _ _ _ _
E 3 M Metallic debris «  The impact of burn-up was small in the case of MCCI and metallic debris
T .
$ 1E+04 as compared to molten debris
E —This is because the amount of U contained in MCCI and metallic debris
< .
S 1E+03 is less.
o
= 1 E+02 * The impact of uneven distribution was about the same regardless of the
o .
= type of fuel debris (around 40 to 70%)
N 1E+01 — Impact of disparity inside the container is higher than that of disparity in
composition
1 E+00

Uneven distribution
(center)

| LSS
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=TZAnaLIyS|s results
2.2.2 Passive gamma rays - Addltlonal sensitivity analyses (4/4)

Step 2 Analysis (4/4)

No.105

Five cases in which the peak count rate at 1.27MeV was less were analyzed taking multiple influencing factors into consideration.

B Analysis of sensitivity to filling rate, burn-up, and uneven distribution in the case of molten debris

(Red frame: Step 2 analysis case)

. Entire debris
Case Type of fuel debris Amount of U* Total flux 1.27MeV peak . .
No. Variation parameters (kg) (ko) [y/slcm?] ly/slcm?] Proportion of 1.27MeV pegl)( when compared with 1-1
1-1 Molten debris Standard 15.8 8.79 5.23 X106 1.75%X10° =
1-4 Molten debris Filling rate (low) 5.28 2.93 3.40 x 108 1.03 x 10° 5.90x 101
1-6 Molten debris Burn-up (low) 15.8 8.97 3.06 x 10° 5.92x 102 3.38x103 1.03% 103"
112 Molten debris U”e"e(ze‘::tsé?)b“tb" 15.8 8.79 2.61x 106 9.08 x 104 5.18x 101
ﬁﬂ'mg rate (low),
1-27 Molten debris Zen Up e 5.28 2.99 7.28x 104 1.42 x 102 8.12 x 10
Uneven distribution
(center)
L OE406 *Amount of U = Total mass of Uranium isotopes
R + ** - - -
Base Filling rate Uneven distribution Product of 1-1, 1-4 and 1-6
—_ low center
T 1.0E+05 (low) ( )
=2 Filling rate (low) o )
S 1.08+04 Bum-up (ow) ¢  Countrate of 1.27MeV peak decreased about 3 digits of magnitude as
5 digt’:if)‘l’ft’i’(‘m compared to the base case.
L".'ﬂ 1.0E+03 Burn-up (low) (center) * |t was about the _sam_e as the pr(_)duct qf the cases of filling rgte, burn-up
2 Step 2 analysis and uneven distribution. Thus it is confirmed that all influencing factors
= cases linearly contributed to it.
=2 1.0E+02 y
- .
= L OE£01 — The measurement time is expected to be extremely long based on the
+ . + . .
— analysis of the detector response in the base case.
1.0E+00 .
1-27
_—

TRID
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= 2.2 Analysis results

2.2.2 Passive gamma rays — Summary No.106

» Major findings obtained from the analysis:

Major @ Fuel debris Even if only the fuel debris composition and filing factor are changed, . .
Composition as long as the burn-up remains constant, there is a possibility of @ B“m'“P- _Unlt 2 core average
@ Burn-up being able to quantitatively evaluate the amount of U based on Eu- @ FP emission rate: Test (Phebus-FPT4) base
® Filling rate 154, but if the burn-up changes, the correlation between Eu-154 @ Cooling period: 20 years
@ Uneven distribution and amount of U deteriorates. [Refer to No. 88]
Container -As a result of the self-shielding effect due to the shape of the

container or the apparent density, the flux that is incident upon the
detector changes. [Refer to No. 93-95]
-If a lot of material other than nuclear fuel is contained, and

furthermore if nuclear fuel is unevenly distributed inside the container, (D Fuel debris composition:
the flux incident upon the detector changes. U0,: 50 (vol%)
Zr0,: 50 (vol%)
Minor ® FP emission rate *There is minor impact of FP emission rate rate on Eu-154. SUS, concrete: 0 (vol%)
@ Cooling period ~There is a possibility of being able to correct the cooling period by

B,C, Gd,0,: 0 (vol%)
MOX: 0 (vol.%)
Empty (porosity): 0 (vol%)
® Moisture content: 1 (Wt%)
® Filling rate: 30 (vol%)
@ Uneven distribution: None (=uniform)

(® Moisture content™) means of the retrieval time period and half-life.

Container: Unit can
(¢ 210mm X H200mm)

*1 Not analyzed as change in the moisture content has only a minor impact on self-

Parameter values in the figure indicate
shielding due to the penetration power of gamma rays

base case conditions.

»  Study of the necessity of detailed analysis and consolidation of technical issues :

. Analysis of the extent of impact of heterogeneity on the flux on the measuring surface

. There is a possibility of correcting the rate of change in flux by correcting the impact of the burn-up in fuel debris.

. If nuclear fuel is unevenly distributed in the container, the method of rotating the container and then carrying out
measurement, or the method of measuring the distribution of material mixed inside the container by means of
radioparency measurement, etc. and then correcting it, etc. are presumed to be effective. These methods are planned
to be studied from next year onwards.

_— LS
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2. Implementation Details No.107

(1) Analytical evaluation of factors influencing measurement errors of prospective measurement
technologies

@ Selection of influencing factors
@ Setting the fluctuation range of the influencing factors
@ Analytical simulation

2.1Analysis conditions
2. 2 Analysis results
2.2.1 Passive neutrons
2.2.2 Passive gamma rays
2.2.3 Active neutrons
2.2.4 Passive/active neutrons + passive gamma rays
2.2.5 X-ray transmission measurement
2.2.6 Cosmic rays scattering measurement

@ ) ©) @ ® ® @ ©) ®
Fuel debris Gd B MOX Burn-up FP Cooling Moisture Filling Uneven Container Irradiating Detector
composition content content emission period content rate distribution radiation
rate source

223 No. 114

: No. 116

Active No. 128 to 130 No. 122 No. 125 No. 119 No. 133 No. 138 No. 140

neutron No. 143 ME 259 T 8. M2, 23 to 124 to 127 to 121 D S8 to 135 N 86, No. 147 to 142
No. 144 No. 144

|
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= 2.2 Analysis results
2.2.3 Active neutrons - Measurement concept No0.108

® Pulsed neutrons are irradiated from the neutron generator to the fuel debris, and neutrons produced by fissile nuclides (U-235, Pu-
239, etc.) contained in fuel debris are measured.

® However, as the produced neutron flux is affected by the amount of nuclear material in fuel debris, the abundance of fissile

nuclides attributable to burn-up, neutron absorption material (B, Gd, etc.),etc., there is variation in the neutron flux reaching the
measurement surface.

® Based on the above, the range to be measured was determined by means of analytical evaluation, and issues such as the

measurement range of the detector required for the measurement system,the layout for measurement, etc. were

identified.

Fast neutrons from the neutron generator

Fast neutrons from the neutron source + neutrons produced by fast fission

(Since 2 signals are mixed, the information is not of much use.) <

4 w
Part to be measured: ® >
Prompt neutrons produced by the fission of U, Pu ey
hermal neutron issi .
_____ Eaused byt ermal neutrons Fission neutrons | Neutron detector
g 1
3 | 2, .
o I Neutron tube @ |
I - Neutrons ™“~Spontaneous fission neutrons : '
lear fuel present [ NUClear materlal : :
b NHOEAr FUSTRI SRl = = = m o (U0, TE :
E_Signal from Cm244 + signal from delayed neutrons L
> Neutron counter

Neutron source ON Neutron source OFF

|
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= 2.2 Analysis results
2.2.3 Active neutrons - Analysis model

No0.109

Radiation source for pulsed neutrons (Neutron tube ING031 manufactured by Russia's VNIIA is assumed)

Neutron energy: 14.1MeV, Neutron generation rate: 2x108n/s, Neutron generation direction: isotropic,
Pulse width: 1.2pus, Repetitive frequency: 100Hz

In order to scatter / moderate pulsed neutrons, polyethylene was installed around the unit can and the radiation source for pulsed
neutrons.

— Used for selecting the detector and studying the layout based on the changes in neutron flux (Total energy and 0.4eV or more
(assuming that thermal neutrons are absorbed by Cd)) time.

50mm
Radiation source for P Polyethylene
pulsed neutrons :'_’:
(Pointsource) N T [~~~ TN/ " £
Radiation source for
pulsed neutrons
(Point source) Unit can i
Fuel debris 125mm
—>
: l 10mm
________ N __é------]--Y
200mm
T 1016mm
1 1
_ " ®210mm
Unit can J R
T-cross Tally C 0250mm
Analysis model top view - L EEOEEEREEE Y.
E ®350mm i
Cross-sectional view A-A
—
1RID
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—2.2 Analysis results
2.2.3 Active neutrons - Table listing the analysis cases (1/3)

No.110

« Considering the analysis conditions described in No. 3-1 as the base case, the analysis conditions that changed

to influencing factors (No. 3-2 to 27) were assumed as the sensitivity analysis conditions. All 27 cases

* Influencing factors that changed from the base case under the sensitivity analysis conditions are highlighted
blue. Here, the parameters that changed in association with the above-mentioned changes are indicated by
yellow hatching.

Composition inside the container *1

Empty: Remainder

Olnternational Research Institute for Nuclear Decommissioning

Uneven Irradiating neutron
Case No. Within the filling factor Burn-up FP emission rate [ Cooling period o Container Changed parameter
Type of fuel debris Outside the filling factor distribution source
Composition Total (filling factor)
) U0, : 15v0l%(50vol%) H,0 (Moisture content): 1wt% ) Unit can D-T reaction
3-1 Molten debris 30vol% 23.0GWd/t Standard 20 years Uniform Base case
Zr0, : 15v01%(50vol%) Empty: Remainder (©210mm x H200mm) (14.1MeV)
U0, : 7.5vo0l%(25vol%) H,0 (Moisture content): 1wt% ) Unit can D-T reaction Fuel debris composition
3-2 30vol% 23.0GWd/t Standard 20 years Uniform
Zr0, : 22.5vol%(75vol%) Empty: Remainder (®210mm x H200mm) (14.1MeV) (U0, Zr0,)
H,0 (Moisture content): 1wt% ) Unit can D-T reaction
3-3 MOX : 30vol% 30vol% ) 0GWd/t Standard 20 years Uniform MOX
Empty: Remainder (®210mm x H200mm) (14.1MeV)
U0, : 5vol%(50vol%) H,0 (Moisture content): 1wt% . Unit can D-T reaction -
3-4 10vol% 23.0GWd/t Standard 20 years Uniform Filling factor
Zr0, : 5v0l%(50vol%) Empty: Remainder (©210mm x H200mm) (14.1MeV)
U0, : 25v0l%(50vol%) H,0 (Moisture content): 1wt% . Unit can D-T reaction -
3-5 50vol% 23.0GWd/t Standard 20 years Uniform Filling factor
Zr0, :25vol%(50vol%) Empty: Remainder (®210mm x H200mm) (14.1MeV)
26 U0, : 15v0l%(50vol%) 0v0l% ( 603 : 3‘,0'%) 23.06Wd/t Standard 2 Unif Unit can D-T reaction Gd content
- e H,0 (Moist tent): Twt% . andar ears niform conten
Zr0, : 15v01%(50vol%) ’ 2 EOIS uru;con er; W y (®210mm x H200mm) (14.1MeV)
mpty: Remainder
] . . Gd,0; : 30vol% ) i
. U0, : 15v0l%(50v0l%) 30v0l% O ) Twt% 23.06Wd/t Standard % Unif Unit can D-T reaction 6d content
- vol7o oisture content): 1wt . andar years niform conten
Z10, : 15v01%(50v0l%) ? . Remaind 0 (®210mm x H200mm) (14.1MeV)
mpty: Remainder
. . . B,C : 0.51vol% ) ) )
38 O, : Lovol(S0vol%) 30v0l% H,0 (M ):wt% | 23.06Wd/t | Standard 20 Unif. Unit can D-Treaction B content
- Vo i : . andar ears niform conten
210, : 15001%(50v0l%) : 2 E°'St“";°°”te"dt e ! (©210mm x H200mm) (14.1MeV)
mpty: Remainder
B,C : 10vol%
29 U0, : 15v0l%(50vol%) 30v0l% e ! 0) Lt 23.06Wd/t Standard ” Unif Unit can D-T reaction 8 content
- vol7o oisture content): 1wt . andar years niform conten
Zr0, : 15v0l%(50v0l%) ? e Remaind 0 (®210mm x H200mm) (14.1MeV)
mpty: Remainder
U0, : 15v0l%(50vol%) B B e g Unit can D-T reaction
3-10 30vol% 0.1wt% 23.0GWd/t Standard 20 years Uniform Moisture content
Zr0, : 15v01%(50vol%) (®210mm x H200mm) (14.1MeV)
|




= 2.2 Analysis results
2.2.3 Active neutrons - Table listing the analysis cases (2/3)

No.111

Composition inside the container *1
FP emission i ) o . Iradiating neutron
Case No. Within the filling factor Burmn-up Cooling period | Uneven distribution Container Changed parameter
Type of fuel debris ( ) Outside the filling factor rate source
Composition Total (filling factor
U0, : 15v0l%(50v0l%) BB peTa: Unit can D-T reaction
3-11 Molten debris 30vol% 70vol% 23.0GWd/t Standard 20 years Uniform Moisture content
710, : 15v0l%(50v0l%) oty Ouol (®210mm x H200mm) (14.1MeV)
mpty : Ovol%
U0, : 15v01%(50vol%) H,0 (Moisture content): Twt% ) Unit can D-T reaction
3-12 30vol% 1.3GWd/t Standard 20 years Uniform Burn-up
710, : 15v01%(50v0l%) Empty: Remainder (®210mm x H200mm) (14.1MeV)
U0, : 15v01%(50vol%) H,0 (Moisture content): 1wt% ) Unit can D-T reaction
3-13 30vol% 51GWd/t Standard 20 years Uniform Bum-up
210, : 15v01%(50v0l%) Empty: Remainder (®210mm x H200mm) (14.1MeV)
U0, : 15v01%(50vol%) H,0 (Moisture content): 1wt% ) Unit can D-T reaction ) )
3-14 30vol% ) 23.0GWd/t Standard 30 years Uniform Cooling period
210, : 15v01%(50v0l%) Empty: Remainder (®210mm x H200mm) (14.1MeV)
U0, : 15v0l%(50vol%) H,0 (Moisture content): 1wt% ) Unit can D-T reaction . )
3-15 30vol% 23.0GWd/t Standard 40 years Uniform Cooling period
210, : 15v01%(50v0l%) Empty: Remainder (®210mm x H200mm) (14.1MeV)
U0, : 15v01%(50vol%) H,0 (Moisture content): wt% Hori | Direction [Unit can D-T reaction
3-16 : ’ ’ 30vol% 0 ) ’ 23.0GWd/t Standard 20 years LB Uneven distribution
210, : 15v01%(50v0l%) Empty: Remainder (Center) (®210mm x H200mm) (14.1MeV)
U0, : 15v01%(50vol%) H,0 (Moisture content): 1wt% Hori | Direction [Unit can D-T reaction
317 S 30v0l% 01 I | 006wt | Stndad | 20years | TOZOTtalDirection Uneven distribution
0, : 15v01%(50vol%) Empty: Remainder (Outer surface)  |(®210mm x H200mm) (14.1MeV)
102 : 15v0l%(50vol%) H,0 (Moisture content): 1wt% ) Unit can D-T reaction ]
3-18 30vol% 23.0GWd/t Standard 20 years Uniform . Container
2102 : 15v01%(50v01%) Empty: Remainder (©220mm x H840mm, Thickness 10mm) (14.1MeV)
2 0.48vol%][3.7k H20 (Moisture content): 1wt% W i D-T reaction
3-19 U0, 0.48vol%l3 ke 10.48vol% ( ) ) | 2s06wdn Standard 20 years Uniform aste storage container I Container
SUS : 10vol%(95.4vol%) Empty: Remainder (Inner containerCJ®500mm x H300mm) (14.1MeV)
U0, : 15v0l%(50vol%) H,0 (Moisture content): 1wt% Unit can D-D reacti Irradiating neutron
3-20 e 30v0l% 01 | psoemat | Sanded | 20years Uniform reacton y
70, : 15v01%(50v0l%) Empty: Remainder (®210mm x H200mm) (2.45MeV) source
[
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= 2.2 Analysis results
2.2.3 Active neutrons - Table listing the analysis cases (3/3)

No.112

Composition inside the container *1
FP emission Uneven
Case No. Within the filling factor Burn-up Cooling period| . Container Irradiating neutron source Changed parameter
Type of fuel debris Outside the filling factor rate distribution
Composition Total (filling factor)
U0, : 15vol%(50vol%) H,0 (Moisture content): 1wt% Unit can Irradiating radiation
3-21  |Molten debris 2 I 30vol% 20 (Moistu VW) s oawdst | Stenderd | 20years Uniform ‘ e D R rediating raciat
Zr0, : 15v01%(50vol %) Empty: Remainder (®210mm x H200mm) neutron source source
H,0 (Moisture content): 1wt% Unit can Fuel debris composition
3-22  |Uranium-rich U0, : 30vol% 30vol% ) 23.0GWd/t Standard 20 years Uniform D-T reaction (14.1MeV)
Empty: Remainder (®210mm x H200mm) (type)
U0, : 0.075v0l%(0.25vo0l%) ) . ) N
. X H,0 (Moisture content): 1wt% . Unit can X Fuel debris composition
3-23  |Metallic debris Zr0, : 0.075v0l%(0.25v0l%) 30vol% 23.0GWd/t Standard 20 years Uniform D-T reaction (14.1MeV)
Empty: Remainder (®210mm x H200mm) (type)
SUS : 29.85v01%(99.5v0l%)
U0, : 15v0l%(25vol%)
H,0 (Moisture content): 1wt% ) Unit can } Fuel debris composition
3-24 710, : 15v0l%(25v0l%) 60vol% 23.0GWd/t Standard 20 years Uniform D-T reaction (14.1MeV)
Empty: Remainder (®210mm x H200mm) (type)
SUS : 30vol%(50vol%)
U0, : 1.05v0l%(3.5vol%)
0 ) 0, H,0 (Moisture content): 1wt% Unit can Fuel debris composition
3-25  |McCl 210, : 1.05vol%(3.5val%) 30v0l% 0 1) osoawd/t | Standard 20 years Uniform D-T reaction (14.1MeV) P
SUS : 7.2vol% (24vol%) Empty: Remainder (®210mm x H200mm) (type)
Concrete : 20.7vol% (69vol%)
U0, : 15v01%(33.3vol%) ) ) ) N
H,0 (Moisture content): 1wt% . Unit can i Fuel debris composition
3-26 210, : 15v01%(33.3vol%) 45v0l% 23.0GWd/t Standard 20 years Uniform D-T reaction (14.1MeV)
Empty: Remainder (®210mm x H200mm) (concrete)
Concrete : 15v0l%(33.3vol%)
U0, : 15vol%(25vol%) . . . N
H,0 (Moisture content): 1wt% . Unit can X Fuel debris composition
3-27 Zr0, : 15vol%(25vol%) 60vol% 23.0GWd/t Standard 20 years Uniform D-T reaction (14.1MeV)
Empty: Remainder (®210mm x H200mm) (concrete)
Concrete : 30vol%(50vol%)

*1: Percentage inside the container. Percentage, when 100% is considered to be within the filling rate, is mentioned inside parentheses
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= 2.2 Analysis results

2.2.3 Active neutrons - Analysis results [Base case] No.113

» Neutrons were irradiated to fuel debris, and it was verified that neutron flux time change due to the nuclear fission caused by
fissile nuclides (U-235, etc.) can be obtained through analysis. Here, the neutron flux (after penetration of polyethylene) at the
measurement surface was evaluated.

» Further, the flux from spontaneous fissile nuclides (Cm-244, etc.) that cause measurement noise was evaluated as well.

Analysis conditions
(Base case) e
Neutron source: 1E+1
* Energy: 14.1MeV . o _
- Rate of incidence: 2 x 108 n/s Qe £.10 Fissile nuclides (U-235, etc.) present
n 1E+0
* Pulse width: 1.2us §
- Repetitive frequency: 100Hz S
£ 1E-1 steady components (Cm-244, etc.)
X T e e s i e b b S s b L i il
Fuel debris: 2
*UO,:15vo0l% & 1E-2
- Zr0,: 15vol% E
- Cooling period: 20 years z .
- Burn-up: 23GWd/t 1E-3
- FP emission rate: Standard
* Moisture content: 1wt% 1E-4
- Container: Unit can
1E-5
0 500 1000 1500 2000
Time (us) * Neutron flux energy: >0.4eV

l Rl D Olnternational Research Institute for Nuclear Decommissioning



= 2.2 Analysis results

_ _ _ No.114
2.2.3 Active neutrons — Analysis details [Base case]

50us to 2,000us I

10 5 Evaluated using integrated value

0.4eV or more of @, integrated value of 3, and

10 4 @ Pulsed fast neutron component

integrated value of @+@ at 50us

5 10 3 @ ‘Prompt + delayed neutron components to 2,000us
§ (Fissile material absent)
o ) — Only neutrons from the radiation source for pulsed
2 10 neutrons
c
o . .
2 Time integrated
5 1 @ Prompt + delayed neutron components g +2)
o 10 o ; neutron flux
c (Fissile material present) Component
B L [n/cm?]
© 0
5 10
IS @ 1.45E+02
cv -1
£ 10
= @ 9.47E+00

10 -2

L
@ steady component(Cm-244) """""'."‘h-.m:“ 2+® 1.55E+02
10 ‘3 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ] 1 1 1 ".P'l
500 1000 1500 2000
Time [us]

*1) A value 100 times the integrated value between the time bins (10us) for 1 pulse, considering a repetitive frequency of 100Hz.
*2) A value that is 100 times the integrated value between 50us and 2000us for 1 pulse, considering a repetitive frequency of 100Hz.

3
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= 2.2 Analysis results

2.2.3 Active neutrons — Analysis results [MOX]

No0.115

In the case of MOX fuel, the components of 2 largely varied at an early time (100us or less), but had almost the

same value from 500us onwards.

5

NI_I 10 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 g
5 . :
s 1 3
X 10° N
= MOX E
S 10 2 / ]
o 10" 3
- = :
g 10°L 3
© = ' 3
= 1 [ Base case -
c L E - ]
£ 102 i T S

q) E b -'1._"\'1--&.

g 10 -3 [ The steady component (Cm-244) in the base case, and ' "-‘.-'.J-'j
= E the steady component in MOX were almost the same. %

10 4 ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
0 500 1000 1500 2000
Time [us]

Time integrated
Component neutron flux
[n/cm?]

@ 1.68E+02
<

(23 ©) 9.59E+00

@+® 1.78E+02

@ 1.45E+02
(]
(2]
S

© ©) 9.47E+00
Q
0

@+® 1.55E+02
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—2.2 Analysis results

2.2.3 Active neutrons — Analysis results [Filling rate]

Time integrated neutron flux [n/cm?]

The steady component (Cm-244) of @ almost did not change even if the filling rate (U mass) was changed.

No.116

Components of @ largely varied at an early time (100us or less), but from 500us onwards, the variation became almost constant.

102 10% Base case (30%)
10°
10°
10 -1 -\i _—
10 -2 H._,*

-3 : hﬁ"ﬁ--‘-m
10 The steady component (Cm-244) in the base case 30% and x

the steady component in 10% were almost the same. %
10 -4 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1
0 500 1000 1500 2000
Time [us]

Time integrated
neutron flux
Component
[n/cm?]

@ 7.59E+01
10

% ©) 9.72E+00

@+Q 8.56E+01

@ 1.45E+02
(5]
(2]
S

© ©) 9.47E+00
Q
s}

@+® 1.55E+02
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= 2.2 Analysis results

2.2.3 Active neutrons — Analysis results [Filling rate]

Time integrated neutron flux [n/cm?]

The steady component (Cm-244) of @ almost did not change even if the filling rate (U mass) was changed.

No.117

Components of @ largely varied at an early time (100us or less), but from 500us onwards, the variation became almost constant.

T ||I1TI'| ||||I1TI'| T 111

The steady component (Cm-244) in base case 30%

50%

Base case (30%)

povonl v vonl ool L1

N
||||I1TI'| TT1

10

!

The steady component (Cm-244) in 50% P

o

1RID

|
500

1000 1500 2000
Time [us]

Time integrated
neutron flux
Component
[n/cm?]

@ 1.90E+02
50

% ©) 9.09E+00

@+d 1.99E+02

@ 1.45E+02
o
(%]
S

© ® 9.47E+00
Q
o0

@+® 1.55E+02
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: : - No0.118
2.2.3 Active neutrons — Analysis results [Filling rate]

The steady component (Cm-244) of @ almost did not change even if the filling rate (U mass) was changed.

The integrated value of (2 was not linear with respect to filling rate (= U mas). It monotonically increased.

w

NE I ] A @ ]
o _ - O ® - 10%
= o ] 0 @+3-
o i i A @ 7
=< 2 [ h O @+®@J (Base case)
E N Q 1| & @ A
= I 11 B ® - s0%
o L O 1 [ ° @+
= i A -
) i i
c B 4
- 1 [ _
] | i
§ [ 3 ]
@) I i
= - N
= - ]
O i _
g O -| 11 |$| [N T T N R .Ll—-l. [N T T N T .l;l. L1 |-
=0 10 20 30 40 50 60
Filling rate [%0]
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2.2.3 Active neutrons — Analysis results [Moisture content]

The components of @ and @ had almost the same value in the base case (1wt%) and in the case of 0.1wt%.

10°
T
O 104
=
3
5 10
§ 102
ER
Q 10
K
= 0
% 10
S .
4§ 10
(¢D) ;
c 107
£
107

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 -g
F The steady component (Cm-244) in base case 1wt% and the ?
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= 2.2 Analysis results

2.2.3 Active neutrons — Analysis results [Moisture content]
When the moisture content was 70vol%, at 80us or less, the components of @ had a higher value than the base case, but 80us

Time integrated neutron flux [n/cm?]

onwards the value of the base case increased.

No0.120

When compared with the integrated value in the interval of 30 to 2000us, the value for the components of 2 was almost the same for

the base case and the case with moisture content 70vol%.
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=22 Analysis results
2.2.3 Active neutrons — Analysis results [Moisture content] No.121

In the case of integration interval 50 to 2,000us, when the moisture content became 70vol%, the neutron flux reduced,
but if the integration interval was changed to 30 to 2,000us, there was a possibility of being able to perform measurement

without the influence of moisture content.
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= 2.2 Analysis results

2.2.3 Active neutrons — Analysis results [Burn-up]

No0.122

The value of steady component (Cm-244) of @ in the case of 1.3GWd/t was about 4 digits of magnitude smaller than 2.
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= 2.2 Analysis results
2.2.3 Active neutrons — Analysis results [Burn-up]

No0.123

The value of steady component (Cm-244) of @ in the case of 51GWd/t was almost 5 times or more than the

base case, but it was about 1/4 when compared with the steady components of .

. L]
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= 2.2 Analysis results

: : No.124
2.2.3 Active neutrons — Analysis results [Burn-up]

When burn-up increased, the integrated value of the components of (2 of the neutron flux monotonically increased, but as the burn-up increased, the
proportion of increase of the integrated value reduced.

The integrated value of the components of 3 sharply increased when the burn-up increased, but even in the case of 51GWadlt, it was about 1/4 of 2.
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= 2.2 Analysis results

2.2.3 Active neutrons — Analysis results [Cooling period]

The cooling period had almost no impact on the time change pertaining to the components of @ and Q.
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= 2.2 Analysis results

2.2.3 Active neutrons — Analysis results [Cooling period]

The cooling period had almost no impact on the time change pertaining to the components of @ and @.

/

The steady component (Cm-244) in the base case of 20 years,
and the steady component in the case of 40 year were almost
the same.

Almost the same in the base case and in the case of 40 years
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= 2.2 Analysis results

: : . : No0.127
2.2.3 Active neutrons — Analysis results [Cooling period]

The cooling period had almost no impact on the integrated value pertaining to the components of @ and Q.
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= 2.2 Analysis results

2.2.3 Active neutrons — Analysis results [MCCI]

No0.128

There was almost no difference in the time change in the components of @ and @) in the case of MCCI (Molten Core Concrete

Interaction) and molten debris.

10 > T R e R g Component neutron flux
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= 2.2 Analysis results
2.2.3 Active neutrons — Analysis results [MCCI]

No0.129

When the amount of UO, and ZrO, was the same, there was almost no difference in the time change pertaining to the components of @ and Q,

even if the amount of concrete changed.

When the amount of UO, and ZrO, was different, there was almost no difference in the time change pertaining to the components of 3, but in the

case of components of (2), when the amount of UO, and ZrO, was approx. 1/15, the integrated value of the neutron flux was approx. 1/7.
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= 2.2 Analysis results

2.2.3 Active neutrons — Analysis results [MCCI] No0.130

There was almost no difference in the integrated value of the components of @ and @ in the case of MCCI (Molten Core

Concrete Interaction) and molten debris.
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= 2.2 Analysis results

No.131

2.2.3 Active neutrons — Sensitivity analyses [Uneven distribution model (A)]
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: L . No0.132
2.2.3 Active neutrons — Sensitivity analyses [Uneven distribution model (B)]
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—2.2 Analysis results

2.2.3 Active neutrons — Sensitivity analyses [Uneven distribution model (A)]

No0.133

The change in the component (Cm-244) of 3 resulting from uneven distribution was 10% or less. However, the components of 2

largely changed early on (100us or less) but the change was small 500us onwards.
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2.2.3 Active neutrons — Sensitivity analyses [Uneven distribution model (B)] No.134
The change in the steady component (Cm-244) of @ due to uneven distribution was Time integrated
10% or less. However, the components of @ largely changed at an early time (100us or Component neEJt/ronzf]qu

n/cm
less) but the change was small 500us onwards.
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2.2.3 Active neutrons — Sensitivity analyses [Uneven distribution models] No.135

There was a difference of less than 5% in the average value of the integrated values of the components of @ in uneven distribution

models (A) and (B), but in the base case it was approx. double the values of the uneven distribution models (A) and (B).
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: . N0.136
2.2.3 Active neutrons — Other sensitivity analyses results
Accelerator based neutron source
Pulsed neutrons
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: . No0.137
2.2.3 Active neutrons — Other sensitivity analyses results
Accelerator based neutron source
Neutron generation pulse width: 4pus
Rate of neutron generation: 4.5 % 108 n/s
Average neutron energy: 1.13MeV
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2.2.3 Active neutrons — Other sensitivity analyses results

Accelerator based neutron source

The integrated value of the components of (2 per unit of the rate of neutron
generation in the case of accelerator based neutron source was approx. 3 times

that og the base case.

)

No0.138

(1) Rate of pulsed neutron generation: 4.5x 108 n/s

:2.0%x108 n/s

(When it is the same as the base case)
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No0.139
2.2.3 Active neutrons — Other sensitivity analyses results
Response spectrum for a representative detector (System)
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. . No0.140
2.2.3 Active neutrons — Other sensitivity analyses results
Response spectrum for a representative detector (Energy spectrum of the neutron radiation source)
Energy spectrum of the neutrons on the side of the outer cylinder of Cd in the base case
(Integrated value at the interval of 50us to 2,000us)
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= 2.2 Analysis results
2.2.3 Active neutrons — Other sensitivity analyses results

Response spectrum for a representative detector (B-10 detector)

B-10 detector: Diameter (inner diameter) 25.4mm, effective length: 2000mm

1R

Number [1/source]

B-10 thickness 0.8547um (=0.2mg/cm?)

Ar gas pressure 0.3atm

Housing: 0.5mm thick SUS304

Count rate in the base case
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Alpha rays and Li-7 that impart 80keV or

more energy were measured.

— 26.2cps

No.141

Time required for getting a 10,000 count: 382 seconds
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2.2.3 Active neutrons — Other sensitivity analyses results No.142

Response spectrum for a representative detector (He-3 detector)

He-3 detector: Diameter (inner diameter) 25.4mm, effective length: 27000mm Housing: 0.5mm thick SUS304

He-3 pressure 4atm
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= 2.2 Analys

IS results

2.2.3 Active neutrons- Analysis results [Sensitivity Analysis]

v Sensitivity to the amount of Uranium (Influencing factor )

* The amount of Uranium and neutron flux has a proportional relationship.
- When the composition largely differed from molten debris such as in the case of metallic debris, etc.,
since the deceleration and level of thermalization of neutrons generated by the source for pulsed

neutrons differed, the trend differed.

Time integrated neutron flux [n/cm?]

No0.143
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2.2.3 Active neutrons- Analysis results [Sensitivity Analysis] No.144

v Sensitivity to apparent density (Influencing factors @ and ®)

case Type of Zro, Concrete Filling rate
No.
fuel debris

Molten 15vol% 15vol%
on neutron flux. dobrie (5ozo|°/:) (5ozo|o/§) ovol% ovol% 30v0l%
3-22 Urari”c'ﬁm‘ 30vol% 0ovol% Ovol% ovol% 30vol%

* The difference in apparent density of fuel debris had a small impact

(There was slight difference since the deceleration and level of
H H H H H Metallic 15vol% 15vol% 30vol% B o
thermalization of neutrons differs depending on the fuel debris ol e Ovol% 60vol%
composition.)

1E-1
2 L |2@2)/U(g)
g " lo@+@3)/U(g)
T I R
= No.3-1 R ®
5 1E-2 F (Base case) No.3-24
)= : il (Metallic debris)
% [ (Uranium rich)
2 !
£
|_
1E_3 1 1 L L 1 1 1 1 1 1 L 1 L L 1 1 1 1 1 1 L 1 L L 1 1 1 1 1
0.0E+0 1.0E+0 2.0E+0 3.0E+0 4.0E+0 5.0E+0 6.0E+0

Apparent density (g/cc)
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= 2.2 Analysis results

No.145
2.2.3 Active neutrons- Analysis results [Sensitivity Analysis]

v Sensitivity to the neutron absorption material (Influencing factor @)

- The neutron flux reaching the surface of the detector reduced due to neutron absorption material such as Gd, B, etc.
- The larger the amount of neutron absorption material introduced, the more the reduction in neutron flux.
(Almost all the neutron flux (®) was from the steady components (Cm-244, etc.) Particularly in the case of Gd.)

<Gadolinium> <Boron>
143 1£+3
A7 . A
N0.3-1 N0-31 -
— 02 +(3 — (Base case) 0@+
£ - £ \ &) T3
H 1£42 :‘ s 1£+2 g Nods
£ b N3 No3-7 F “BCOSOK) No39
5 V(64,05  3vol %) (64,0, :30vl%) | 5 ““\----______‘B_‘g1°V°'%’
g QB Py Ve 0 3 . 1E+]
% \\\ % ~~~~~~~ A
g . g
g 10 el e 160
= F T [
~~~~~ A
1E-1 A T T S S T T T T T T -y 1E_1 TN TR WY TR (N SN TN THNN TN (NN WO YN SN SN SN TN W SN TN SN NN SN SN NN N NN N N
0.0E+0 5.0E+0 10E+1 15E+1 20E+1 25E+1 3.0E+41 3.5E+1 00e+0  2.0e+0 4.0e40 60640 80E+0  10E+1  1.2E+1
Gd, O, percentage (vol%) B,C percentage (vol%)
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= 2.2 Analysis results
. . L _ No0.146
2.2.3 Active neutrons- Analysis results [Sensitivity Analysis]

v Sensitivity to the shape of container (Influencing factor ®)

- When the shape of the container was different, the amount of Uranium and neutron flux were not proportionate due to the impact of the

measurement system.
(In the case of containers other than unit cans, a large number of neutrons from the source for pulsed neutrons leaked outside the system.)

=

) 1E-1 g

S - A2/ U(g)

5 _

2 - o2+ 3/ U(g)
= =

= 1E-2 F No.3-1

T F (Unit can)

2 }

k= - o

5 | o A

E 1E-3 - A No.E_!—18
S - No.3-19 (Canister)
2 i (Waste container)

c

g ' /

(]

"§ 1t_4 A A A A A A Ak

2 1.0E+3 1.0E+4 1.0E+5
c .

© Weight of U (g)

£

|_

] Source for pulsed [~ 1} —_— — Source for pulsed
neutrons Source for neutrons
. ’ pulsed — .
neutrons B
_3 =
? - e R

- H o -

= : Unit can .

f ST ) 1
; ,u" pro— 3 Canister
Waste container Tal 'Y/T— LV

(Inner container)  Tal Iy Tal I:.r/T_ |
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= 2.2 Analysis results

: : . : No.147
2.2.3 Active neutrons- Analysis results [Sensitivity Analysis]
v Sensitivity to the energy of neutrons from the accelerator based neutron source (Influencing factor )
. Th? lower the energy of the irradiated neutrons, higher was the n.eutron flux. . 10 ey _"L:wa
* This was because, when the neutron energy was low, together with the deceleration i: o e,
effect of polythylene, the neutrons decelerated and thermalized thereby inducing thermal = ’ ’
neutron fission. = -
The cross-sectional area of H which forms polyethylene showed a difference of approx. 4 § ok ]
times between the case of 1MeV and 10MeV. s 5
— There is a possibility of increasing the neutron flux by improvising the deceleration g wr .
system. g 107k -
S E ]
1E-1 10° E .
= 10* | .
2 "N/ 5 d 4 | ol d | d d d ]
S No.3-21 A@)/U(g) %07 107 100 100 107 100 107 105 100 107
5—, ' Neutron Energy (eV) 1MeV 10MeV
%: (Average 1.13MeV) 02+ 3)/U( g)
= a
£ AN
9 S
c ~
= No.3-20  "~---___
c ~~-
e (2.45MevD-D)  TTe--o_
S
g No.3-1 o
©
g
=
Q
=
|_

-
-
-

1E-2 . :

0.0E+0 5.0E+0

IRID

1.0E+1
Neutron energy (MeV)

1.5E+1
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= 2.2 Analysis results
_ No0.148
2.2.3 Active neutrons — Summary

» Major findings obtained from the analysis:

Major @ Fuel debris When the amount of neutron absorbing agent
composition: increases, the amount of thermal neutrons in the unit can
(Neutron absorption decreases and the nuclear fission is suppressed. [Refer ~ .

material) to No. 145] @ Burn—up: _Umt 2 core average

@ Burn-up -If the burn-up increases, the amount of U-235 in fuel @ FP emission rate: Test (Phebus-FPT4) base

@ Uneven distribution debris decreases, and since Cm-244, etc. that becomes a @ Cooling period: 20 years

@ Irradiating radiation source of noise increases, sensitivity reduces.[Refer to

source No. 122 - 124] ©) Irradiating
- If the size of debris is around the same, the impact of radiation source
uneven distribution is small, but if the debris is small, Neutron 14MeV

sensitivity reduces.
*There is a possibility of being able to correct the impact
of the energy of irradiated neutrons on sensitivity by

@ Fuel debris composition:
UO,: 50 (vol%)

optimizing the system. Zr0,: 50 (vol%)
) o . . ) . SUS, concrete: 0 (vol%)
Minor (® FP emission rate™) - Cooling period has a minor impact. B,C. Gd,O.: 0 (vol?
; ; : : . 4C, Gd,0,: 0 (vol%)
@ Cooling period - There is a possibility of being able to minimize the impact MOX: 0 (vol%)
® Moisture content of moisture content. - U \volh
- ) - . L Empty (porosity): 0 (vol%))
® Filling rate: * The filling rate (apparent density) has a minor impact. ® Moisture (':dh’t'éhtilw(wt‘yﬁ) Tt
Container - There is a possibility of being able to correct the shape of ® Filling rate: 30 (vbl%) 0
the container. @ Uneven distribution: None
(=uniform) Container: Unit can
W EaT.—4— /1
(@ 210mm X H200mm)

*1 (@ FP emission rate is the emission rate of gamma rays and does not
have an impact on the measurement of neutron radiation.

»  Study of the necessity of detailed analysis and consolidation of technological issues

+  Combination of different measurement technigues (prompt gamma rays analysis, etc.) needs to be studied for
correcting the influence of neutron absorption material contained in fuel debris.
« There is a possibility of correcting the rate of change in flux by correcting the impact of the burn-up in fuel debris.

|
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2. Implementation Details No.149
(1) Analytical evaluation of factors influencing measurement errors of prospective
measurement technologies

@ Selection of influencing factors
@ Setting the fluctuation range of the influencing factors
@ Analytical simulation

2.1Analysis conditions
2. 2 Analysis results
2.2.1 Passive neutrons
2.2.2 Passive gamma rays
2.2.3 Active neutrons
2.2.4 Passive/active neutrons + passive gamma rays
2.2.5 X-ray transmission measurement

©) ® ®
Fuel debns Gd Burn -up FP Coollng M0|sture F|II|ng Uneven Contalner Irradiating Detector
composition content content emission Period content rate distribution radiation

rate source

224 No. 156 No. 153 No. 156
Combination No. 157 No. 157 No. 157 Mo, 5207 No. 157

|
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= 2.2 Analysis results

2.2.4 Passive/active neutrons + passive gamma rays - Measurement concept

No0.150

® Fuel debris contains gamma ray emitting nuclides originating from fuel (Eu-154, etc.), and nuclides originating from fuel that emit

neutrons (Cm-244, etc.) due to spontaneous fission. Hence neutron beams and gamma rays that are passive and originate from

fuel can be measured. Also, by irrdiating neutrons, since neutrons from the fissile nuclides (U-235, etc,) contained in fuel debris are

emitted, neutron beams that are active and originate from fuel can be measured.

® However, it was confirmed through analytical evaluation (2.2.1, 2.2.2, 2.2.3) of each measurement that measured values varied

due to influencing factors, and such conditions (influencing factors and their fluctuation range) made measurement difficult.

® Based on the above, analysis was conducted to find out whether or not measurement would be possible by combining

measurement techniques to compensate for these conditions that render measurement difficult.

<-F-

y rays detector

v i

: Neutrons
< - Gamma rays

Fission neutrons
% Neutron detectors
Neutron tube ! .

Spontaneous fission neutrons
e

: Neutrons
o: Nuclear material (UO,)

Passive neutron measurement +
Gamma rays measurement

Active neutron measurement

Figure Basic concept of the measurement principle for the

Passive/active neutron beam measurement + y rays measurement technology

1RID

Variations in measured values due to influencing factors
(Uncertainty in the estimation of the amount of nuclear material)

< [
< »

Passive neutrons

Passive gamma rays

Active neutrons

Combination
measurement

[
>

Less More
Quantity of nuclear material (estimated value)

Figure Image illustrating approach towards sorting out the
combination of measurement techniques
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= 2.2 Analysis results =

2.2.4 Passive/active neutrons + passive gamma rays — Concept of analysis No.151

<Purpose>
® Based on past results of analyzing individual measurement techniques, "Burn-up”, Self-shielding”, and
“Neutron absorption material” were focused on as influencing factors due to which the variation in
measured value increases. The possibility of compensating for the variation in measured values due to

these influencing factors by combining measurement techniques was verified.

Findings based on results of analyzing stand-alone measurement technologies:

Factors with a significant impact State of fuel debris in which variations in
Measurgment Findings measured values are presumed to be large
technique
Influencing factor Measured value: Low Measul_rlfgdhvalue.
Burn-up @ Burn-up
When burn-up changes the correlation between Eu-154 @ Fuel debris Loty -0 e Sl High burn-up
d tof U deteriorates composition STENTILS) s el e (Eu154: large
Passive y and.amoun — . o shielding (Fuel debris -arg
-As a result of the self-shielding effect , the flux that is Self-shielding of ® Filling rate o . . amount)
L Uneven composition: metallic debris +
incident upon the detector changes. gamma rays @ distribution:
distribution uneven distribution: center)
Container
*When burn-up changes the correlation between Cm-244 .
- High burn-up
. and amount of U deteriorates. (Flux changes by the order Low burn-up .
Passive n . Burn-up @ Burn-up . . (Cm244: Large
of magnitude) ( Cm244: Small quantity) uantity)
(~Moisture content has a minor impactete 1)) q
Burn-up @ Burn-up
*When burn-up increases, sensitivity reduces. High burn-up + major neutron
Active n *Fission gets suppressed due to the neutron absorption Neutron @ Fuel debris absorption (Gd, B: Large —
material. absorption composition quantities)
material (Gd, B content)

(Note 1) Impact is considered to be minor as based on the analysis of sensitivity to moisture content in active neutrons, the variation in steady
components (Cm-224 of the passive neutrons) is small in systems wherein polyethylene has been provided

| =
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= 2.2 Analysis results
2.2.4 Passive/active neutrons + passive gamma rays — Findings based on the  No0.152
results of past analyses

® Based on results of past analyses, the possibility of compensating for the variation caused by individual influencing

factors by combining 3 measurement techniques, was inferred. (Table below)

Rough comparison of the extent of variation of the influencing factors MN°te2) and the
possibility of ((:&rggensating for it

Conditions considered as factors having a significant impact (Note 1)

Selfstieling of gamma rays on absorption | Analyzed cases
aterial
. A Possibility of A Possibility of P Possibility of
Fuel depfns Filling rate Gd, B content Variation compensating Variation compensating Variation compensating
composition

Medium Molten Medium - Base case - O - O - o
(@)

Low Molten Medium - - X X ElLsslEe

A ) ) . . component

Sensitivity analysis (Burn-up)Mote 4) Major Major Medium is small)
High Molten Medium - - b4 * A
Medium Metallic Medium - - Sensitivity analysis (Fuel debris Medium A Minor O Minor O
ition)(Note 4) ) ' )
Medium MCCI Medium - - CompositiomESs Medium A Minor O Minor O
Medium Molten Least - - Sensitivity analysis (Filling rate)ote 5 Minor O Minor O Minor O
Medium Molten Medium Center - Sensitivity analysis (Uneven distribution)(Note 5) Minor O Minor O Minor O
Minor O

Medium Molten Medium - Maximum Sensitivity analysis (Gd, B content)Note 5) Minor (@) Major X

(Not evaluated but is
determined qualitatively)

(Note 1) Base case conditions are indicated in black. Conditions that have changed from the base case are indicated in blue. Note that, conditions other than the factors mentioned here are all base case
conditions.
(Note 2) When changes in flux per unit of the amount of U are about double or half: Small variation, about less than 1 order of magnitude: Moderate variation, 1 order of magnitude or more: Large variation
(Note 3) O: Sufficient flux reaches the measurement surface, there is little variation and measurement is possible, A: Flux changes about 1 order of magnitude or less but can be corrected, etc., X : Flux reduces
extremely and hence measurement is difficult,

¥ : Sufficient flux reaches the measurement surface, but based on the information obtained using the passive y-n measurement technique, a mutually complementary relationship is required for estimating
nuclear material.
(Note 4) Since conditions that lead to an increase in variations differ depending on the measurement technique, multiple conditions are set.

(Fuel debris composition: Metallic debris, MCCI debris, Burn-up: Low, high)
(Note 5) Only the conditions in which variations increase and flux decreases are consolidated. (Filling rate: least, Uneven distribution: center, Gd, B content: greatest)

| S
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= 2.2 Analysis results
2.2.4 Passive/active neutrons + passive gamma rays — Findings based on the  N0.153

results of past analyses
» Measures in response to variations due to burn-up

The fact that the tendency of Cm-244 (passive neutrons) and Eu-154 (passive gamma rays) to increase differs
was focused on.
— Based on the ratio of Cm-244 / Eu-154, measurement error due to burn-up can be corrected

8

|
7 —#—Passive neutrons (Cm-244)

6 —0—Passive gamma rays (Eu-154)
|

Ratio

* Ratio when flux in the case of
average core burn-up (23Gwd/t) is
assumed to be 1.

0 10 20 30 40 50 60
Burn-up (GWd/t)
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= 2.2 Analysis results

No0.154
2.2.4 Passivel/active neutrons + passive gamma rays — Analyzed cases
® The combination of factors having a large impact according to the results of past analyses, was studied and
it was decided to verify the possibility of compensating by analyzing the following 3 cases (in the blue frame)

as passive/active neutrons + passive gamma rays.

Conditions considered as factors having a significant impact (Note 1)

Neutron
Szl el e G Gzl ey absorp@lon Policy for setting up the analysis conditions
material
Fuel debris Filling Uneven Gd, B
composition rate distribution content

Verification of the possibility of compensating for “self-shielding” (large variation and low flux when the passive y

Medium Metallic Medium Center - . . .
measurement technique is used) by means of the passive n measurement technique .
Low Metallic Medium Center Verlflcatl_on of the possibility of com_pens_atmg for “burn-up” and sel_f-shleldlng (large vanatlo_n and low flux when
the passive y-n measurement technique is used) by means of the active n measurement technique.
Verification of the possibility of compensating for “neutron absorption material” and “burn-up” (large variation and
High Molten Medium - Maximum low flux when the active n measurement technique is used) by means of the passive y and passive n measurement

technique .

Verification of the possibility of compensating for “burn-up”, “self-shielding”, and “neutron absorption material”
Low Metallic Least Center Maximum (large variation and low flux when 3 measurement techniques are used) by means of a combination of the passive y-
n and active n measurement technique.

(Note 1) Base case conditions are indicated in black. Conditions that have changed from the base case are indicated in blue. Note that, conditions other than the

-
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1 factors mentioned here are all base case conditions.
1
1
1

--» Since the condition in this case is high burn-up, it is presumed that the factor can be compensated by means of the
passive y, n measurement method. Hence this case has been excluded from the analysis.
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= 2.2 Analysis results

2.2.4 Passive/active neutrons + passive gamma rays - Analyzed cases N0.155

* Analytical simulation models using individual measurement methods were used.
«  Considering the analysis conditions described in No. 4-1 as the base case, the analysis conditions with
changed influencing factors (No. 4-2 to 4) based on the policy for setting up analysis conditions mentioned on

the previous page, were assumed as the sensitivity analysis conditions. All 3 cases
(Base case has been analyzed using analytical simulation for individual measurement techniques)

Composition inside the container*1
Measurement — FP emission | Cooling o . Iradiating neutron
Case No. - Within filling factor Burn-up . Uneven distribution Container Changed parameter
technique *1 | Type of fuel debris Outside filling factor rate period source
Composition Total (Filling factor)
Passive
) ! ) U0, : 15v0l%(50vol %) H,0 (Moisture content): 1wt% ) Unit can D-T reaction
4-1 |Passive n Molten debris 30vol% 23.0GWd/t Standard 20 years Uniform Base case
Active 1 710, : 15v01%(50vol%) Empty: Remainder (®210mm x H200mm) (14.1MeV)
U0, : 0.075vol%(0.25vol%) Hori | directi
I Passive y 2 0 g vl H,0 (Moisture content): Twt% 23.06Wdt standord | 20 orlzo(nta td")ecmn Unit can Fuel debris composition (type)
, . o o Vo ) andar ears center,
Passive 1 Aitys 0'075"0%?'25"0%1 ’ Empty: Remainder g (©210mm x H200mm) Uneven distribution
SUS : 29.85v01%(99.5vol%
Passive U0, : 0.075v01%(0.25v0l%) Hori | directi
+3 |passt ! 2 i i ol H,0 (Moisture content): Twt% 1.3GWd/t*3 standard | 20 onzo(nta tdlr)ectlon Unit can D-T reaction Fuel debris composition (type)
- assive ) ) . 9 o Vol andar ears center,
rct n Metallic debris 20, 0'075"0%?'25"0%1 ’ Empty: Remainder 23.0GWd/t ¢ (®210mm x H200mm) (14.1MeV) Burn-up, Uneven distribution
ctive n SUS : 29.85v01%(99.5vol%
Fuel debris composition (type)
. . 0, . . .
b At U0 : 0.025v01%(0 5v0/%) 10vol% " O(MGq2t03.30\10|$ Lwth 1.3GWd/t*3 Standard | 20 Horlzo(ntaltdlr)ectlon Unit can D-T reaction Filling factor, Gd content,
- ctive . 9 o Vol oisture content): 1w andar ears center,
" 210, : 0.025v0l% (0.25v0l%) ’ 2 R — ’ 23.0GWd/t y (210mm x H200mm) (14.1MeV) Moisture content, Burn-up,
. 0 0 mpty: Remainder
SUS : 9.95v01%(99.5vol%) pty Uneven distribution

*1 : Not analyzed here, if there are prospects of being able to conduct measurement using other measurement techniques, or if it is believed that qualitative measurement is
difficult, based on sensitivity analysis of measurement techniques.
*2 : Percentage inside the container. Percentage, when 100% is considered to be within the filling rate, is mentioned inside parentheses.
*3: UO2 and ZrO2 are assumed to have low burn-up (1.3GWd/t), and SUS is assumed to have base burn-up (23.0GWd/t).
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= 2.2 Analysis results
2.2.4 Passive/active neutrons + passive gamma rays - Analysis results No0.156

<Metallic debris unevenly distributed at the center (Cases in which flux measured using the passive y

measurement technique decreased) [Analysis No. 4-2]>

<Passive y> <Passive n>

g Relation between the weight of Uranium and the entire flux (log-log graph)

1.0E+07 < The peak of Eu-154 was barely
visible Wheln metalllc debris is Other common conditions Ne
1.0E406 unevenly distributed. -
20
1oEis | Cs137(0.6617MeV) l . Burn-up 2.3GWd/t
L — CoB0(1.332MeV) _ lme0z | . FP_emlssmn rate: standard

L0E+08 . S * Moisture content 1wt%
. £ » Homogeneous model
£ 1OE+03 e + Container: Unit can

o

e E 1.0% )
O 10Es2 =
= 5
X 10F01 =
=] )
i o Uneven

10E+00 ..E distributies—res

: 1.00E+00 ;

Ll 4 2-19 (Metallic debris: homogeneous) ©Entire flux
1.06-01 Unevlen distribution: far @
10602 There is a possibility of compensating
1.00E-01
1.06-03 10 100 1000 10000 100000
0 0.2 04 05 08 1 12 1.4 16 18 2 .
Weight of U (g)

Energy (MeV)

(Note) As it was confirmed that measurement is possible with passive n, the analysis of active n was omitted.

» For cases when measurement of nuclear material is expected to be difficult with passive y (self-shielding
effect: large), the possibility of compensating by measuring nuclear material originating from fuel using
the passive n measurement method will be verified.
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= 2.2 Analysis results

2.2.4 Passive/active neutrons + passive gamma rays - Analysis results

No0.157

<Metallic debris unevenly distributed at the center and having a low burn-up (Cases in which flux measured using the passive y+n

measurement technique decreased) [Analysis No. 4-3]>

<Metallic debris unevenly distributed at the center and having a low burn-up (Large quantity of Gd)

(Cases in which flux measured using the passive y, passive n and active n measurement technique decreased) [Analysis No. 4-4]>

<A i > * Due to the low burn-up, it is difficult to measure nuclear material originating from
ctive n . : . .
fuel by measuring passive y and passive n. (Based on past analysis results)
1E+3 1
) & 30vol
. 1E+2 Y — A —8 No. 3-22 (Uranium-rich)
= = 7.5val%  15vel%
&) Gy o — s - 3-
= 1E+1 O2)+(3) | ——- No-3-2 No. 3-1 (Base case)
E
S 1E+0 e
g S e
= 1E-1 /! 0.0753vol%
‘§ )/ No. 4-3 (Low burn-up, uneven distribution at the center, metallic debris)
o / 1
Q / /
€ 1E-2 / ;
- 1 /
() .
£ ' '//\ Flux is extremely low.
[ -
1E-3 B B 9025v01%
< _INo. 4-4 (Low burn-up, uneven distribution at the center, metallic debris, large quantity of Gd)
1E_4 1 T | 1 1 [ | 1 P | 1 T T T I |
1.0E+1 1.0E+2 1.0E+3 1.0E+4 1.0E+5

Weight of U (g)

The measured value reduced substantially because of suppression of fission due to small
guantities of nuclear material and due to the presence of neutron absorption material.

TRID
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2.2.4 Passive/active neutrons + passive gamma rays — Summary No.158

» Major findings obtained from the analysis:

*  When individual measurement techniques are used individually, “burn-up”, “self-shielding” and
“neutron absorption material” are the influencing factors causing measurement errors.

*  When 3 measurement techniques are combined, it was confirmed that there is a possibility of reducing
measurement errors (reduction in variation in the measured values).

Conditions under which measurement becomes difficult .
. L . Measurement technique
(Factors with a significant |mpact)

Burn-up (low)
Burn-up (high) * * A

Fuel debris
composition,

Self-shielding of gamma rays filling rate, O A @] @)
uneven distribution,
etc.

Combination

Burn-up

Neutron absorption material Gd, B content O O X O

O Sufficient flux reaches the measurement surface, there is little variation and measurement is possible, A: Flux changes about 1 order of
magnitude or less but can be corrected, etc., X : flux reduces extremely and hence measurement is difficult.

¥ : Sufficient flux reaches the measurement surface, but based on the information obtained using the passive y-n measurement technique, a
mutually complementary relationship is required for estimating nuclear material.

Olnternational Research Institute for Nuclear Decommissioning
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= 2.2 Analysis results | —
2.2.4 Passive/active neutrons + passive gamma rays — Summary No.159

» Study of the necessity of detailed analysis and consolidation of technical issues

« The technique for correcting the influence of factors that have a significant
impact needs to be studied (Following are typical examples).

Burn-up: Correction based on the difference in the tendency of Eu=154
(passive y) and Cm-244 (passive n) to increase.

Neutron absorption material: Study of combination of different measurement
techniques (prompt gamma rays analysis, etc.)

« Based on the results of analyses conducted this year, analytical simulation
including the detector model will be performed with the purpose of developing
the concept of the equipment.

3

' D Olnternational Research Institute for Nuclear Decommissioning



2. Implementation Details No0.160

(1) Analytical evaluation of factors influencing measurement errors of prospective measurement
technologies

@  Selection of influencing factors
@  Setting the fluctuation range of the influencing factors
@  Analytical simulation

2.1Analysis conditions
2. 2 Analysis results
2.2.1 Passive neutrons
2.2.2 Passive gamma rays
2.2.3 Active neutrons
2.2.4 Passive/active neutrons + passive gamma rays
2.2.5 X-ray transmission measurement
2.2.6 Cosmic rays scattering measurement

@ @ ® @ ® ® @ ©)
Fuel debris Gd B MOX Burn-up FP Cooling Moisture Filling “Uneven Container Irradiating Detector
composition | content content emission Period content rate distribution 'Zg'f:'c‘;"
rate

225 No. 166 No. 166 No. 166 _ _ No. 166 No. 166 No. 166 No. 166 No. 169
X-ray No. 167 No. 167 No. 167 No. 167 No. 167 No. 167 No. 167 to 172
L

=5
l Rl D Olnternational Research Institute for Nuclear Decommissioning



= 2.2 Analysis results

2.2.5 X-ray transmission measurement - Measurement concept

« Measurement principle: From amongst the X-rays that are irradiated while rotating the debris, the x-rays that
penetrate the debris are measured, and a tomographic image is produced by means of computational image

reconstruction using the data measured in all directions.

. Measurement system: Debris is placed between the accelerator based X-ray source and the detector tally
. Radiation source conditions: X-ray spectrum calculated from the EGS"
. Detector response: Total amount of X-ray energy for every pulse irradiated by the accelerator based X-ray source

. Measurement time: 10 to 15 seconds per image

Object to be tested
X-ray beam F*ﬁ')
X-ray source AR

(accelerator) -

Rotating table

Structure of the radioparency measurement (High
energy X-ray CT method) equipment

TRID

In the radioparency measurement equipment,
the object to be measured placed on the rotating
table is placed in such a way that the accelerator
based x-ray source and the x-ray detector are on
either sides, and by irradiating X-rays while
turning around the rotating table once,
radioparency data in all directions with respect to
the measured object is obtained. A tomographic
image including the inside of the object being
measured is produced by performing
computational image reconstruction using this
radioparency data.

*Particle Transport Code: Electron Gamma Shower

Olnternational Research Institute for Nuclear Decommissioning
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= 2.2 Analysis results

2.2.5 X-ray transmission measurement — Analysis conditions No.162

Analysis conditions (1/3) Analysis model

Flux evaluation system for radioparency measurement (High energy X-ray CT method)

Unit [mm]

L: Distance from the rotation center up to
the front of the detector

PHITS simulation space

2\ /
)

Rotating table

Z ?—» y <|> ~~~~~~~~~~~
Unit can e T

X ®210 T
Detector

* Assuming that concrete is placed in front of the detector, the spatial width in the direction of the Z axis is set in
accordance with the scanning pitch (1mm).

|
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2.2 Analysis results
2.2.5 X-ray transmission measurement — Analysis conditions No0.163

Analysis conditions (2/3) Flow of analysis

PHITS simulation system Flow of analysis

\ / A: Flux evaluation for all cases \
I ~

Flux for each unit of energy of the y rays and
X-rays incident upon the detecting element
1ch is calculated.

/ Bird’s eye view

{

the y rays and X-rays) with respect to the
detecting element 1ch is evaluated.

Tally \_ J

Unit can (Detector space)

\ y rays contribution rate (energy flux ratio of

{

Lateral view (.

CT image is calculated by means of the CT
simulator incorporative of the detector
parameters, etc., and the CT value and error
with respect to fuel debris composition (UO,,
SUS, etc.) is evaluated.

{

X-ray
source

The relation between the y ray contribution ratio
and the CT value of fuel debris composition
(UO,, SUS, etc.) and its error is evaluated.

\_
B: Evaluation of CT image for the typical cases

I R' D Olnternational Research Institute for Nuclear Decommissioning
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= 2.2 Analysis results

2.2.5 X-ray transmission measurement — Analysis conditions

Analysis conditions (3/3) Analysis cases

No.164

Of the 20 passive gamma rays cases, the cases pertaining to burn-up and cooling period were excluded, and 18 cases in which

X-ray energy was added were analyzed.

Uneven
-- Filling rate distribution xeray energy

5-2

5-4

525

5-8

5-9

52112

5-13

5-14

5-15

5-16

5-17

5-18

5-19

5-20

5-21

5-22

IR

Base

Small amount of
uo,

MOX

Filling rate

FP emission rate

Uneven distribution

Container

Uranium-rich

Metallic debris

MCCI debris

X-ray irradiation
energy

1D

15vol%

7.5vol%

30vol%

5vo01%

25vol%

15vol%

15vol%

15vol%

15vol%

15vol%

0.5vol%

30vol%

0.075vol%

15vol%

1.05vol%

15vol%

15vol%

15vol%

15vol%

22.5v0l%

5vo0l%

25vol%

15vol%

15vol%

15vol%

15vol%

15vol%

10vol%

0.075vol%

15vol%

1.05v0l%

15vol%

15vol%

15vol%

29.85v0l%

30vol%

7.2vol%

Ovol%

20.7vol%

30vol%

30vol%

30vol%

30vol%

10vol%

50vol%

30vol%

30vol%

30vol%

30vol%

30vol%

10.5vol%

30vol%

30vol%

60vol%

30vol%

60vol%

30vol%

30vol%

Standard
Standard

Standard

Standard

Standard
Zero emission

High emission

Standard

Standard

Standard
Standard

Standard
Standard

Standard
Standard
Standard
Standard

Standard

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

At the center in
the horizontal
direction

Outer surface in
the horizontal
direction

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

Canister

Inner waste container

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

6MeV

15MeV
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= 2.2 Analysis results

2.2.5 X-ray transmission measurement — Analysis results

Analysis results (1/3) Flux evaluation of the base case

Base case analysis conditions in the radioparency measurement system

No0.165

Case No. Fugll;jpibns uo, Zro, H,O Filling rate” Entire fuel debris [ Amount of U™
5-1 Molten debris 15vo0l% 15vol% 1wt% 30vol% 15.8kg 8.79kg

“Filling rate does not include H,O, "Amount of U = Total mass of Uranium isotopes

Flux of energy from x-rays and energy from the y rays in the
radioparency measurement system

1.0E+04

rays
10e+03 LYY X rays

1.0E+02

1.0E+01

1.0E+00

1.0E-01

Flux [photons/cm2/s]

1.0E-02

00 1.0 20 3.0 40 50 6.0 7.0 8.0 9.0

Energy [MeV]

TRID

Results of base case analysis in the radioparency

measurement system
_
Total flux n 5
[photon/cm?/s] 3.5x10 8.5x10
Average energy 33 0.63

[MeV]

Since as against x-rays, the total flux of y rays
was low (<3%), and the average energy was
low, it is assumed that the impact of noise from
y rays on the CT image is low.
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= 2.2 Analysis results

2.2.5 X-ray transmission measurement — Analysis results

Analysis results (2/3) Flux evaluation of all cases

No0.166

The y ray and x-ray flux was calculated for all 18 cases (Since the analysis of y rays is the same as passive gamma rays, it was omitted).
It was found that the x-ray flux reduces following an exponential function with respect to the apparent density of fuel debris.

B Analysis conditions: Apparent density of fuel debris and y ray intensity

9x 1010

8 x 1010

Large

7 %1010

6 % 1010

5x 1010

y ray flux

4 x 1010
3x 1010

2x 1010

Small

1x10%0

y ray intensity of fuel debris [photon/s]

0

-When the apparent density of fuel debris was large and intensity of y rays was
high, since the proportion of y ray flux was larger than the x-ray flux, it is inferred

5-4\}»‘
PRt

CT image with lot of
P .
) y ray noise
5-8
(Zero FP emission)

5-16

O 5-5

“-: 5-18 5-12.13
(") (Metallic debris ~ (Uneven
520 ragt(é)hlgh filling  gistribution)
C.

5-17

) J— 59
. i 1 1 I

0

5-19 2

4 6 8
Apparent density of fuel debris [g/cm?]

10

Large X-ray flux Small

that the y ray noise in the CT image becomes bigger.

1RID

1.5%x10°

1.2x10°

Flux evaluation 9.0 104

6.0 X 104

X-ray flux [photon/cm?/s]

3.0x10*

0

B Analysis results: X-ray flux with respect to the apparent density of fuel debris

' 54

5-19

Fitting:
3.3x10%e*

(Inner waste 5-22(9MeV)

contalneQ

- 521 /

5-1,8,9

Apparent density of fuel debris [g/cm?]

/ 55
5-14 / N, 518 51213
(Canister)’ L O
0 2 4 6 8 10

= X-ray flux reduced following an exponential function with respect to the apparent density of

fuel debris.

energy (5-21,22).

* The values that deviated from the exponential function were values pertaining to the cases
with containers that have no correlation with apparent density (5-14,15) or X-ray irradiation
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= 2.2 Analysis results

2.2.5 X-ray transmission measurement — Analysis results No.167

Analysis results (3/3) Flux evaluation of all cases

In order to study the impact of y ray noise on the CT image, the y ray and X-ray energy flux (the value obtained by
adding flux of each energy and the energy product) respectively was obtained, and the proportion of y rays as against X-
rays was calculated.

y ray and X-ray energy flux (left vertical axis) and y ray / X-ray energy flux ratio (right vertical axis)

10° . . 10%
Xrays Uneven distribution Metallic debfis

(Center and outer surface) 9%
8%
7%
6%
5%
4%
3%
2%
1%

0%

108
107
106
10°
104

y/X energy flux ratio

103

102

Energy flux [MeV/photon/cm2/s]

10t

10°

5-1 5-2 5-3 54 5-5 5-8 5-9 5-125-135-14 5-15 5-16 5-17 5-18 5-19 5-20 5-21 5-22

Case No.

. The maximum y/X ray energy flux ratio was approx. 6%. The proportion of y rays was large in uneven distribution (5-12,13) and metallic debris (5-18).
. In the CT image evaluation, in addition to the base case, uneven distribution and metallic debris will be added to the typical cases and analyzed.

E—
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= 2.2 Analysis results

2.2.5 X-ray transmission measurement — Analysis conditions

Analysis conditions  Selection of typical cases for evaluating the CT image

No0.168

Four cases were selected in all, including the base case (5-1) and the cases in which y ray noise is assumed to have a major impact on the CT image.

Case uo, ZrO, SuUs Concrete Filling rate FP emission rate .U”.e"ef‘ Container X-ray energy
2 2 distribution

5-1 Molten debris (base case)

5-12

Uneven distribution

5-13

5-17 Metallic debris

5-18 Metallic debris (High filling rate)

5-19 MCCI (Molten Core Concrete Interaction)

5-20 MCCI (High filling rate)

5-21

5 X-ray irradiation energy
|

1RID

15vol%

15vol%

15vol%

0.075vo0l%

15vol%

1.05vol%

15vol%

15vol%

15vol%

15vol%

15vol%

15vol%

0.075vol% 29.85v0l%

15vol% 30vol%

1.05vol% 7.2vol%

15vol% Ovol%

15vol%

15vol%

20.7vol%

30vol%

30vol%

30vol%

30vol%

30vol%

60vol%

30vol%

60vol%

30vol%

30vol%

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Standard

Uniform

At the center in the
horizontal
direction

Outer surface in
the horizontal
direction

Uniform

Uniform

Uniform

Uniform

Uniform

Uniform

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

Unit can

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

9MeV

6MeV

15MeV
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= 2.2 Analysis results
2.2.5 X-ray transmission measurement — Analysis results No0.169

Analysis results (1/5) CT image evaluation of typical cases

Based on the computational results of the CT simulator [l incorporative of detector parameters, etc. equivalent to the actual
equipment, the CT image was reconstructed.

Heterogeneous model Case 5-1: Molten debris (Base case) ... UO,: 15vol%, ZrO,: 15vol%, H,O: 1wt%
The inside of the container
depicted in terms of voxels CT Value
(1cm?d) 15 15 B

Input image Unit can
=
1.0 T

ZrO,

Output image
000

.ﬁﬁ‘!‘,_
L S U0, 5 11500
| E
O, 0 11000
>
V _ -5
\_Random cross-section 500
-10
0
. 15 15
Caloulated assuming 15 10 5 0 5 10 15 "-15 -10 -5 0 5 10 15
arbitrary location X [cm] X [cm]

>  Itwas possible to recognize UO,, ZrO,, and H,O which are fuel constituent materials and the container ~ * CT value is Cqmputed Cons_ideri.ng average CT value of container (unit can) as 1000.
* CT value outside the container is set to 0

[1] So Kitazawa, et al., Simulations of MeV energy computed tomography, NDT & E International, Volume .38 Issue 4 (2005)

|
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No.170

= 2.2 Analysis results
2.2.5 X-ray transmission measurement — Analysis results

Analysis results (2/5) CT image evaluation of typical cases

Case 5-18: Metallic debris (High filling rate) ... UO,: 15vol%, ZrO,: 15vol%, SUS: 30vol%, H,O: 1wt%
CT Value

Output image
000

11500

Heterogeneous model
The inside of the
container depicted in

15 :

Unit can

terms of voxels
1cm?® .
ttem) Input image

e
paa

——

11000

\\Random cross sgaton 500
-10
. - 15
ross octionafan 15 <10 -5 0 5 10 15 "-15 -10 5 0 5 10 15
arbitrary location X [Cm] X [cm]
* CT value is computed considering average CT value of

» Even when there was lot of metal and the filling rate was high, it
container (unit can) as 1000.
* CT value outside the container is setto 0

was passible to recognize each material.
Olnternational Research Institute for Nuclear Decommissioning
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= 2.2 Analysis results

2.2.5 X-ray transmission measurement — Analysis results

No.171

Analysis results (3/5) CT image evaluation of typical cases

Uneven distribution model
Nuclear fuel (UO, + ZrO,)
unevenly distributed
inside the container

15

AT

Air + H,0

10

Calculated assuming a
cross section of the center
of the container.

» It was possible to recognize UO, and ZrO, in the uneven distribution case as well.
»  However, since the apparent density decreased as H,O got mixed with water, H,O could

not be distinguished from air.

1RID

Case 5-12: Molten debris unevenly distributed (at the center in the horizontal direction) ... UO,: 15vol%, ZrO,: 15vol%, H,O: 1wt%

S
-15

15 CT Value
10
ZrO,
U02 5 —1500
0 11000
_5 -
1 500
-10
Air + H,0 0
15
-10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
X [cm] X [cm]

* CT value is computed considering average CT value of
container (unit can) as 1000.
* CT value outside the container is set to 0
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= 2.2 Analysis results

2.2.5 X-ray transmission measurement — Analysis results No.172

Analysis results (4/5) CT image evaluation of typical cases

Case 5-13: Molten debris unevenly distributed (outer surface in the horizontal direction) ... UO,: 15vol%, ZrO,: 15vol%,
Uneven distribution model H,O: 1wt%

Nuclear fuel (UO, and ZrO,) is CT Value
unevenly distributed inside the ] 15 ]
container Input image Unit can Output image
e 12000
10
Air + H,0 ZrO,
ZI’OZ 5 B 1500
0 11000
-3
500
-10
Air + H,0O 0
Calculated assuming a 15 15
: 9 -15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
cross section of the
center of the container. X [cm] X [cm]
> Results were the same as case 5-12 with uneven distribution (at the * CT value is computed considering average CT value of container (unit can) as 1000.
center in the horizontal direction). * CT value outside the container is set to 0

|
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= 2.2 Analysis results
2.2.5 X-ray transmission measurement — Analysis results No.173

Analysis results (5/5) CT image evaluation of typical cases

In order to evaluate the ability to distinguish material based on the CT value, the average of the CT values of material voxels and the error
were evaluated.

(The CT values of material voxels excluding those that were at the border between materials were identified and error was calculated
based on 30 method.)

Average CT values of materials and the error

2500
20007 & uo, ¢
O]
= 15001
]
- SUS
~ ?
0 1000
®  zi0o, ¢ { {
5007
HZO e — >~ * Uneven distribution cases
0 : N 22| were excluded as H,O and Air
. L T fm==—mm-----77" . were mixed in those cases.
5-1 5-18 5-12 513
Case No. Molten debris Metallic debris Uneven distribution of Uneven distribution of
. . e Iten debri Ilten debri
Analysis conditions (Base case) (High filling rate) (Atr:;::: Egntgr irr|15the (Ourtg(r) sirr]fa:e r|Ir? the

horizontal direction) horizontal direction)

» As the CT value of UO, largely differed from other materials, it could be identified.
» Under the conditions this time, even SUS, ZrO, could be identified, however, if multiple influencing factors overlap, it is likely that
these cannot be identified.

| S
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= 2.2 Analysis results
. No.174
2.2.5 X-ray transmission measurement

Summary

B Major findings obtained from the analysis

» Flux evaluation for all cases:

+ y/Xray energy flux ratio that serves as the indicator for y ray noise in CT images was maximum approx. 6%. It was
found that the proportion of y rays was higher in the uneven distribution cases and metallic debris (high filling rate)
cases.

» Evaluation of CT image from the typical cases:

+ From the evaluation of the CT image that was reconstructed based on the results of calculations using the CT
simulator incorporative of detector parameters, etc. equivalent to the actual equipment, and assuming that the
heterogeneous model is made up of 1 cm square voxels, it was confirmed that nuclear fuel (UO,) and other
materials can be identified. )

Bl Study of the necessity of detailed analysis and consolidation of technical issues

» Flux evaluation for all cases:
+ The y/Xray energy flux ratio that underwent sensitivity analysis in this project was maximum approx. 6%, which is low.
— Cases in which multiple influencing factors are changed will be additionally analyzed, and the necessity of shielding y rays
will be studied.

» Evaluation of CT image from the typical cases:
+ If the apparent density of material changes (air mixes at a size that is lower than spatial resolution) it becomes difficult to
identify material.
— Assuming cases wherein the apparent density changes, the applicability of CT measurement using a different X-ray
energy will be studied.
+ If multiple materials mix at a size that is lower than spatial resolution, it becomes difficult to identify the material.
— Methods for evaluating the amount of fuel debris, etc. mixed at a size that is lower than spatial resolution will be studied.

| :
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2. Implementation Details No0.175

(1) Analytical evaluation of factors influencing measurement errors of prospective measurement
technologies

@ Selection of influencing factors
@ Setting the fluctuation range of the influencing factors
@ Analytical simulation

2.1Analysis conditions
2. 2 Analysis results
2.2.1 Passive neutrons
2.2.2 Passive gamma rays
2.2.3 Active neutrons
2.2.4 Passive/active neutrons + passive gamma rays
2.2.5 X-ray transmission measurement
2.2.6 Cosmic rays scattering measurement

@ @ ©) @ ® ® ) ©)
Fuel debris Gd B MOX Burn-up FP Cooling Moisture Filling “Uneven Container Irradiating Detector
composition content content emission Period content rate distribution radiation
rate source
= All

2.2.6
Cosmic mg' Ei No. 180 No. 180 No. 179 No. 181 No. 181 No. 181 No. 180 No. 179 No. 182 No. 183
rays ’

|
l Rl D Olnternational Research Institute for Nuclear Decommissioning



= 2.2 Analysis results

2.2.6 Cosmic rays scattering measurement - Measurement concept

No0.176

* Measurement principle: Measurement of changes in the trajectory of muons penetrating fuel debris

« Measurement system: Placement of muon trajectory detector above and below the sample

. Radiation source conditions: Setting of the muon energy and angle spectrum through EXPACS’

« Detector response: Muon scattering angle distribution (calculated from the changes in trajectory above and below)
*+  Measurement time: 1 hour (Conditions under which it is assumed that 10,000 or more valid events can be obtained)

Incident muons

NATadeiaeda ATl AT %foxmﬁﬁﬁﬁﬁ.‘I‘I‘Iﬁ‘x!:!{"-'ﬁ [ATala sioioetateTatatataln

Scattered muons

Y Muon trajectory

detector (2)

Cosmic rays scattering measurement system

IRID

Muon trajectory detector (1)

Frequency

Frequency

o

Muon energy [MeV]

Muon incidence angle [rad]

Conditions for
incident muons

Muon scattering angle

X,: Radiation length

13.6 1+ 0.0381n X (substance dependent)
0= [)’cp XO x: Penetration distance
Bep: Energy
|
107F w, 4 Ar
£ H20
. .'-:"-. {  Concrete
1074 " { B4C
t.... ........ 2102
o-'- o " - ‘ sus
"o' R
y -, X ‘oo'.. - 4 wz
g lo 4 '.." . .'.‘. ke .
o 5 ity ”
o< e .
L > pet N
3 " . Rl
o~ e f,. x Y ‘Q'!c TR
' Y MUY
'”tw W h | 1 il
(B wm
Fy " ’ L TR AR "
10 4 * IR NN :
Y s Liteibi U]
TR A0 1S c ATl
1n :’ 1 ‘“ ? ." {'ﬁ m .
|
10, I i

0 100 200 300 400 500 600 700 800
Scattering Anglefmrad]

Muon scattering angle distribution

X EXPACS (https://phits.jaea.go.jp/expacs/jpn.html)
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= 2.2 Analysis results
2.2.6 Cosmic rays scattering measurement - Analysis model No0.177

* Scope of simulation: The muon trajectory between the upper and lower detectors is reproduced by means of
simulation

 Scope of data analysis: Identification of data on muon scattering around the sample

« Data analysis technique: As a primary evaluation, the muon scattering average angles (Total scattering in the
area being analyzed / Total number of muons penetrating the area being analyzed) are compared.

Area Muon trajectory detector Area analyzed

simulated /

<p

‘i
Muon scattering
2m distribution
2m

Simulation system Simulation results
(Muon scattering distribution)

l D Olnternational Research Institute for Nuclear Decommissioning
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= 2.2 Analysis results

2.2.6 Cosmic rays scattering measurement - Analyzed cases No.178

Total Burn-up — Cooling period

Molten debris 15vol% 15vol% Ovol% 30vol% 23 Standard 20
62 Moltendebris (j)ma” quantity 7.5v01% 22.5v0l% ovol% - 30v0l% 23 Standard 20
6-3 MOX 15vol% (MOX) 15vol% Ovol% - 30vol% 0 Standard 20
6-4 Filling rate (low) 5vol% 5vol% Ovol% - 10vol% 23 Standard 20
6-5 Filling rate (high) 25vol% 25vol% Ovol% - 50vol% 23 Standard 20
6-6 Gd (low) 15vol% 15vol% Ovol% - 30vol% 23 Standard 20
6-7 Gd (high) 15vol% 15vol% Ovol% - 30vol% 23 Standard 20
6-8 B (low) 15vol% 15vol% Ovol% - 30vol% 23 Standard 20
6-9 B (high) 15vol% 15vol% Ovol% - 30vol% 23 Standard 20
6-10 Water content (low) 15vol% 15vol% Ovol% - 30vol% 23 Standard 20
6-11 Water content (high) 15vol% 15vol% Ovol% - 30vol% 23 Standard 20
6-12 Burn-up (low) 15vol% 15vol% Ovol% - 30vol% 13 Standard 20
6-13 Burn-up (high) 15vol% 15vol% Ovol% - 30vol% 51 Standard 20
6-14 FP emissi‘on'rate (P20 15vol% 15vol% Ovol% - 30vol% 23 Zero emission 20

emission)
6-15 72 TS (B (i 15vol% 15vol% ovol% : 30vol% 23 High emission 20
emission)
6-16 Cooling period 15vol% 15vol% Ovol% - 30vol% 23 Standard 30
6-17 Cooling period 15vol% 15vol% Ovol% - 30vol% 23 Standard 40
6-18 Uneven distribution 1 15vol% 15vol% 0vol% - 30vol% 23 Standard 20
6-19 Uneven distribution 2 15vol% 15vol% Ovol% - 30vol% 23 Standard 20
6-20 Container 1 15vol% 15vol% Ovol% - 30vol% 23 Standard 20
6-21 Container 2 15vol% 15vol% Ovol% - 30vol% 23 Standard 20
6-22 Uranium-rich 30vol% Ovol% Ovol% - 30vol% 23 Standard 20
6-23 Metallic debris 0.075vol% 0.075vol% 29.85vol% - 30vol% 23 Standard 20
6-24 Metallic debris 15vol% 15vol% 30vol% - 60vol% 23 Standard 20
6-25 MCCI debris 1.05vo0l% 1.05vo0l% 7.2vol% 20.7vol% 30vol% 23 Standard 20
| =
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= 2.2 Analysis results

No0.179
2.2.6 Cosmic rays scattering measurement - Analysis results: (1) Amount of U, filling rate
« Evaluation of the correlation between the amount of U +TRU contained in fuel debris and muon
scattering
» Parameters: U content, MOX fuel, filling rate
0.030 0.030
© Uuo2
MOX
0.025 ¢ 0.025¢
%0.0ZO F %0.020 F
éo.ms % 0.015 6
S N N e -1 g 9"
§ 0010} et e g 0.010+ :
0,005 0.005 F
000% 2 4 6 8 10 29905 20 a0 50 80 100
Weight of U + TRU [kg] Filling rate [vol%)]
Molten debris with a different U content and MOX fuel Changes in the filling rate of molten debris
(6-1, 6-2, 6-3) (6-1, 6-4, 6-5)

« The muon scattering value increased as the weight of U +TRU in fuel debris increased.
*  When the composition was the same, scattering value increased with the filling rate.
* The difference between UO, fuel and MOX was small.
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—2.2 Analysis results

2.2.6 Cosmic rays scattering measurement - Analysis results: (2) Gd, B content No0.180

« Evaluation of the impact of the proportion of each component contained in fuel debris
» Parameters: Gd,O,, B,C, Moisture content

0.030 0.030 0.030
0.025 0.025 0.025
g 1 3 T
Eo.ozo =.0.020 Eo.ozo
g © g Weight of U + TRU [kg]
20015 2 3 %oms- ey e 20015}
% £ g
2 0.010f §<)010» 2 0.010f
= 0.005 §0005 = 0.005
0.0005 20 a0 50 80 wo %000, 20 a0 60 80 0 9000 20 a0 50 80 100
Gd203 proportion [vol%)] B4C proportion [vol%)] H20 proportion [wt%]
Gd,O; (Density: 7.41g/cm3) B,C (Density: 1.76g/cm?) H,O (Density: 1.0g/cm3)
(6-1,6-6, 6-7) (6-1,6-8, 6-9) (6-1,6-10, 6-11)

* The impact of the proportion of Gd,O5; which has comparatively higher density was large.
« The impact of B,C and moisture content which have a lower density was small.

| S T e e e e e ]
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= 2.2 Analysis results

0.030

0.025

Muon scattering angle [rad]
o o o
(=] o =
[ - ~
o w o

=
2
o

o
2
=]

Evaluation of impact of operating conditions and cooling conditions, etc.
» Parameters: Burn-up, FP emission rate, cooling period
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Impact of burn-up, FP emission rate, and cooling period was small.
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2.2.6 Cosmic rays scattering measurement - Analysis results (3): Burn-up, FP, cooling period

0 10 20 30 a0

Cooling period [y]

Cooling period
(6-1, 6-16, 6-17)

Impact of difference in isotopes of the same element on muon scattering was small.
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= 2.2 Analysis results

2.2.6 Cosmic rays scattering measurement - Analysis results: (4) Volume of fuel N0.182
debris and uneven distribution

«  Evaluation of impact of the volume of fuel debris and uneven distribution of its location

+  The impact of different volumes, density and location in the base case and in cases with the same
components and weight was evaluated.

» Parameters: Volume, density and location

0.030
0.025

k=)

e

E 0.020 - Uneven distribution conditions

<

c

(@]

£ 0.015} B s it e /

9 ,” N

7] ’ \

§ 0.010} e 5 i

@ Uniform distribution @ Uneven distribution ® Uneven distribution § AN i
(center) (on the sides) S /’
. 3 . 3 0.005 B 2
Volume: 6,500cm Volume: 1,950cm
Density: 2.413g/cm?3 Density: 8.0425g/cm?3
Ooon Il 1 1 Il L 1 L
@ Uniform distribution @ Uneven ® Uneven distribution

distribution (center) (on the sides)

Uneven distribution conditions
(6-1, 6-18, 6-19)

*  When the weight remained the same but the volume changed, the muon scattering value changed.
* Impact of difference in location was small when the volume remained the same.

S e e e e e e ]
‘ Rl D Olnternational Research Institute for Nuclear Decommissioning



= 2.2 Analysis results
2.2.6 Cosmic rays scattering measurement - Analysis results: (5) Canister

«  Evaluation of the impact of difference in the container in which fuel debris is collected

+ The fuel debris composition was set to the same conditions as the base case, and the filling rate was set at
30% of the capacity of the container.

» Parameters: Shape of the container

Type of container

Shape of the container

Evaluation model

(Unit: mm)

1. Unit can

@ 210mm x 200mmH
Thickness 2mm

[Reference: Fuel

Figure Proposed structure of
the unitcan

| From the Subsidy Project

i of Decommissioning and Contaminated
|

|

T

janagement in the FY2018
Supplementary Budget - Development of
Technology for Containing, Transfer and

Storage of Fuel Debris

¢ 9210 o
210
Fuel
debris
5
2

200

Unit can

® 240mm x 928mmH
Thickness 10mm

Figure Proposed structure of canister (Simple
installation structure / Inner diameter 220mm /

Debris Retrieval PJ¥] e Reseaoh Repor e e M i Vertical cross section
. ez
2. Canister 25

S

Canister *__
~7]

[®

1Q

o
o
w

S

Muon scattering angle [rad]

500mm[x 300mmH
Thickness 2mm

[Reference: Treatment

=

Waste inner container

(Waste storage
container) Figure Proposed structure of the
waste storage container
From the Subsidy Project
of "Decommissioning and Contaminat
ed Water Management in the FY2018

928
without air feeder)
From the Subsidy Project 30,
. of "Decommissioning and Contaminated Water $240 |

[Reference: Canister Management in the FY2018 Supplementary Budget x

(Development of Technology for Containing, Transfer Fuel debris
P J**] and Storage of Fuel Debris PJ” FY2020 Final Report Horizontal Unit can o

dated June 2021 cross-section Vertical cross section
3. Waste inner container 500

. ) Fuel
*HK Supplementary Budget (Research and Development for Waste inner container

and Dis posal PJ ] Treatment and Disposal of Solid Wastes)” FY2019 Horizontal ! deb

Accomplishment Report dated December 2020 cross-section Vertical cross section

.
ZIMEM)

Unit can

Canister "

’
#

\
‘\
e}

Inner waste co

*Subsidy Project of Development of Technology for Fuel Debris Retrieval

**Subsidy Project of Development of Technology for Containing, Transfer and Storage of Fuel Debris

***Subsidy Project of R&D for Treatment and Disposal of Solid Waste

weight of U+TRU.

. Parameter survey by container needs to be conducted for detailed evaluation.

TRID
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a0 60 80

Weight of U+TRU [kg]

Unit can, canister, inner waste container
(6-1, 6-20, 6-21)

No0.183

ntainer

120

Even if the type of container was different, the scattering value increased in accordance with the muon scattering angle and the
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= 2.2 Analysis results

2.2.6 Cosmic rays scattering measurement - Analysis results: (6) Type of fuel debris N0.184

« Evaluation of the impact of the type of fuel debris (molten debris, Uranium-rich, metallic debris, MCCI (Molten
Core Concrete Interaction))

» Parameters : Fuel debris composition

0.030

0.025

0.020

T

-

0.015

0000 | sswnn P ST

L~

Muon scattering angle [rad]

0.005 + MCCI

000y 25 350 75 100 125 150 175 20.0

Weight of U+TRU [kg]

Molten debris, Uranium-rich, metallic debris, MCCI
(6-1, 6-22, 6-23, 6-25)

. The muon scattering value increased in accordance with the weight of U +TRU even when the fuel debris composition was
different.
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—2.2 Analysis results

2.2.6 Cosmic rays scattering measurement - Analysis results: (7) Creation of No0.185
reference data

. Reference data

Evaluation of muon scattering angle with respect to the amount of U as reference data
«  Simulation was conducted with only UO, as the uniform component.

(D Constant volume (Adjustment of the amount of U by changing the density):
«  Constant volume (unit can capacity), Density 0 to 10.525[g/cm?]

@ Constant density (Adjustment of the amount of U by changing the volume):
«  Constant density (10.525[g/cm3]), spherical (radius 1 to 10[cm])

0.0200

—— Reference data (Constant volume)
0.0175 ——

i Reference data (Constant density)
0.0150
0.0125
.£ 0.0100

0.0075

0.0050

Muon scattering angle [rad]

0.0025

0.000%

0 25 50 75 100 125 150 175 20.0
Weight of U+TRU [kg]

The muon scattering angle differed in accordance with the weight of U which varies when the volume and density of fuel debris changed.
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= 2.2 Analysis results

2.2.6 Cosmic rays scattering measurement - Analysis results: (8) Comparison wit

reference data

N0.186

« Evaluation of the overall trend by comparing the reference data and the analyzed cases

0.0200

Proportion of Gd content (high
0.0175

Proportion of SUS content (high)
0.0150 f

Molten debris |
(small quantity of U) 6

Metallic debri%/

T

Filling rate (high) N

0.0125
’ Uranjum-rich

0.0100
istribution

0.0075

Muon scattering angle [rad]

0.0050 |

¢ Analyzed cases

0.0025 —+— Reference data (constant volume)
—— Reference data (constant density)
O'OOO%.O Z5 5.0 7.5 10.0 125 15.0 17.5 20.0

Weight of U+TRU [kg]

@ Variation in measured values

* Variation of £30% when the weight
was the same as the base case

» Largest when there was Gd content

*  Smallest under high density
conditions

@ Lower limit for identification

* Even in the case of metallic debris
and MCCI conditions where U
content was less, scattering occurred
above a certain level.

« Ifitis converted to the weight of U in
the reference data it corresponds to
approx. 2.5kg to 5.0kg

. The reference data evaluated based independently on UO, and the trend of the analyzed cases matched by and large.

. The scattering value increased due to the Gd and SUS content.

. The scattering value decreased in the case of uneven distribution (small volume, high density)

1RID
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= 2.2 Analysis results
2.2.6 Cosmic rays scattering measurement — Summary No0.187

® Major findings obtained from the analysis:
« A mutual correlation can be seen between the muon scattering value and the weight of heavy elements
(U +TRU) present in fuel debris.
«  Scattering value increases due to SUS, Gd,O; that have a high density.
«  Scattering value fluctuates depending on the volume of fuel.
*  Burn-up, FP emission rate, and cooling period have little impact.

® Approximation of measurement accuracy (Primary evaluation based on the average scattering angle value)
« Variation in measured value: =30% (Fluctuates depending on the conditions in the case of fuel with
the same weight)

«  Lower limit for identification: 2.5kg to 5.0kg (Scattering occurs above a certain level even when there is
no U or only minute quantity of U)

® Study of the necessity of detailed analysis and consolidation of technical issues
» Detailed analysis of muon scattering angle

» Study of the method of distinguishing between scattering caused by U, Pu, etc., and scattering
caused by other material
»  Study of the techniques for analyzing muon scattering angle distribution
« Evaluation of the impact of the volume and density of fuel

» Study of the combination of data analysis and volume evaluation based on image analysis
* Impact of radiation from fuel debris on the sensor

» Verification of the radiation resistance of the sensor and study of improvement measures

| T e e e e ]
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No0.188

2. Implementation Detalils

(2) Study of future research and development plans aiming for application of
sorting technology to actual equipment

@ Identification of technical issues for the purpose of practical application
of the sorting technology

@ Study of research and development plan (Contents, duration, conditions)

@ Goals of the main processes

Olnternational Research Institute for Nuclear Decommissioning
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2.(2) @ Identification of technical issues for the purpose of practical application of the sorting  N0.189
technology (1/9)

[Work procedures]
A common form was created for identifying issues by measurement technique.
v' The step mentioned in section

2.(2)®@ at which action needs to
be taken is listed here.

. . . . Note
Development of technology for sorting fuel debris and radioactive waste (—A—\ )
Identification of technical issues for the purpose of practical application Target measurement technology: 1
Classification ] Corresponding

NO. Principle, Accuracy, Device, |temS DetaI|S Response p0|lcy development Remarks

conditions, efficiency, equipment, i . step

etc. etc. etc.
1-1
1-2

! !

v Principle, conditions, etc.: Issues arising from the measurement principle or ~ v' Development policy for resolving the

the conditions applied, etc. issues is mentioned here

v' Accuracy, efficiency, etc.: Issues pertaining to measurement accuracy v Refined as much as possible to ensure it
identified through analytical simulation is captured in the research and

v' Device, equipment, etc.: Issues related to equipment structure, placement, development plan
handling, etc.

Note) Indicates that the process of resolving the issue starts at the corresponding development step to get an idea of the prospects.

|
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No0.190
2.(2) @ Identification of technical issues for the purpose of practical application of

the sorting technology (2/9)

[Division of work]

* The companies responsible for each measurement technique are listed below (following the division
of analysis work).

= Overall review is conducted by all organizations including JAEA.

Prospective measurement technology

1 Passive neutron measurement technology Hitachi-GE, MHI
2 Passive gamma rays measurement technology Hitachi-GE, MHI
3 Active neutron measurement technology Hitachi-GE, MHI
4 Passive/active neutrons and passive gamma rays measurement MHI

technology
5  X-ray transmission measurement (High energy X-ray CT method) Hitachi-GE
6 Cosmic rays scattering measurement (Muon scattering method) Toshiba ESS

|
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e . . . .. No.191
2.(2) @ Identification of technical issues for the purpose of practical application of

the sorting technology (3/9)
[Consolidation of identification results]

- From among the issues identified, those considered to be “Key issues” from the following 3 viewpoints were marked.
(In the [Overview of identification results] described hereinafter, the identified key issues are indicated by a

View points on key issues Example of identified issue

: . Development of an algorithm for estimating the
Issue concerning the principle

A amount of nuclear material based on the measured
- Unprecedented
values
B Issues that will require time to be Issues that cannot be resolved unless implemented
resolved before the test
The properties of fuel debris are unknown, and
C Issues beyond the scope of there are major uncertainties in the preconditions

development of the sorting technology for development. Issues that could arise based on
new findings when these unknowns are ascertained.

|
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2.(2) @ Identification of technical issues for the purpose of practical application of the No0.192
sorting technology (4/9)
[Overview of identification results] [Target measurement technique]: 1. to 4. Passive/active neutrons and passive gamma rays
« Based on the analytical evaluation in 2.(1), it was confirmed that sorting and measuring is possible by combining

measurement techniques depending on the influencing factors.

+ Assuming the concept of measurement by combining the measurement technologies described in 1 to 3, in addition to the
issues pertaining to individual measurement techniques (1, 2, 3) that need to be resolved, the technical issues concerning
combination measurement technique (4) were consolidated.

1. Passive neutron measurement technology
Passive gamma rays measurement technology

2
3. Active neutron measurement technology
4

Passive/active neutrons and passive y rays measurement technology

. 2. Passive gamma rays measurement .
1. Passive neutron measurement technology technology 3. Active neutron measurement technology
- Neutrons produced by the spontaneous - Gamma rays produced by the spontaneous . li\:Eacé?:tzrfg’snieoﬂt?cfr:issfsricl)emn?hcelzi%i?sii% (ianduced by
fission of fissile nuclides are measured. fission of fissile nuclides are measured. - The prompt neutrons and delayed neutrons
e A et produced as a result, are measured.
olnciaence circut
J\ F Coincidence circuit
— /\ Enumerated /_\ Enum;erated
v value v y rays vaue 4 /_\ —— Enumlerated

- ' = Nuclear material / - - _ N Prompty value
% ’Nilm/cis/ Nuclear material /I\ﬁﬂ/r(f} % Ijgrszl *;/’ Conversion algorithm % I;?Lﬂlr%trfsd B mg%?g,l ,:j:llj?r):)i.ds .

o »\/\/L,\/\‘ g algorithm <—> 5 // /\/\, § | Conversion algorithm
'g ’\/\/\/\J = \\ Y rays detector g <_. ‘N\ 3

:;J Sp(?ir;t;rgra]ous 5 \ s \\- Nuclear /\’/\/\’ é

Z = 5 I~ fission 3

Amount of ) 2
Amount of v nuclear material =
L - nuclear material Container Amount of
Container - \_/ L nuclear material
Container
|
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2.(2) @ Identification of technical issues for the purpose of practical application of the sorting

technology (5/9)
[Overview of identification results]

The ke

issues from amon

Response policy

No0.193

[Target measurement technique]: 1. to 4. Passive/active neutrons and passive gamma rays

Note)

the technical issues identified with respect to each individual measurement technique (1, 2, 3) are consolidated.

Corresponding

development step

1-3

1-10

1-13

3-11

1-14

2-15

3-14

2-12

3-1

Method of converting the measured

value to evaluation value

Algorithm
(Estimation of the amount of

nuclear material)

Verification of simulation accuracy

Calibration test

Method of converting the measured

value to evaluation value

Correction of the self-shielding

effect

Error reduction

(Neutron absorption material)

State of co-presence of Cm244 and U is unknown

The method of converting the effective mass of Cm244 into
amount of U/Pu, when fuel with different burn-ups is mixed, is

yet to be determined.

Issues concerning simulation and the prediction accuracy have

not been ascertained.

It is difficult to conduct a calibration test in which the actual

system, contents and radiation source intensity are simulated.

The state of co-presence of Eu154 and U is unknown.

The self-shielding effect of gamma rays depends on fuel debris

(density, amount of U, uneven distribution, etc.) and is diverse.

In the DDA (FNDI) method, if more than a certain level of
neutron absorption material is present, the fission components

cannot be observed.

The analyst will be requested to verify the state of co-presence by

conducting a sampling analysis of fuel debris.

The correlation between the number of spontaneous fission neutrons
produced and the amount of U/Pu will be studied using a mixed simulation

of fuel debris composition from the 3D nuclide inventory data.

Prediction accuracy will be verified and calibrated by testing simulated

debris.

A mock calibration test will be conducted and the validity of the calibration

curve obtained from the simulation will be evaluated.

The analyst will be requested to verify the state of co-presence by

conducting a sampling analysis of fuel debris.

The method of correcting self-shielding by means of simulation using the
full energy peak of the energy of multiple y rays emitted from Eu154, etc.,

will be studied.

The scope of application will be verified by means of simulated tests using
Gd and B, or the introduction of prompt gamma rays method, etc. will be

studied.

2-®

2@

2-®

2-®

2-®

A, B

Step 2 (Measurement concept / scenario development)
@ Study of target performance value

(@ Development of the concept of the equipment by means of

analysis

@ Study of evaluation methods for nuclear fuel material, etc.

Note) Indicates that the process o

TRID

Step 3 (Basic design and software development)
@ Basic design of the equipment
@ Software development
@ Elemental technology verification test (ongoing)

@ Re-examination of sorting scenario
® Elemental technology verification test

f resolving the issue starts at the corresponding development step to get an idea of the prospects.
.

Step 4 (Test manufacturing and comprehensive verification test)
@ Test manufacturing of measuring equipment
(2 Demonstration test (Hot, etc.), improvement
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2.(2) @ Identification of technical issues for the purpose of practical application of the sorting  N0.194
technology (6/9)

[Overview of identification results]

[Target measurement technique]: 1. to 4. Passive/active neutrons and passive gamma rays

Note)

Corresponding
development step

Response policy

Splitting or merging of cells during neutron measurement and passive y

A comparative evaluation of the streamlining of layout due to merging / reduction in

4-1 Measurement cell 2-@
rays measurement processing time due to splitting will be conducted.
Streamlined layout of the neutron generator, detector, shield, moderator, The equipment will be configured for the process in which the side to be measured will 2-@
4-2 Optimization of the placement of detector
etc. be moved and measurement will be carried out sequentially. (2-G)
-Radiation resistant components and equipment will be used. 2-@
4-3 Radiation resistance Irradiation degradation of the detector, electronic equipment, cables, etc.
- Shield will be installed 2-®, 2-B®)
Performance assessment under the most stringent conditions of effective The scope of measurement and the performance (accuracy, measurement time, etc.) 2-@
4-4 Performance assessment analysis
signals / disturbing signals will be evaluated by means of performance assessment analysis. 2-@, 2-G)
4-5 Algorithm Difficulty in developing a generic and versatile algorithm Algorithms exclusive to the category of the target of measurement will be used. 2-Q A. B
L
Study of measurement technique other Possibility of enhancing the measurement accuracy by a measurement
4-6 Introduction of the PGA method will be considered. 2-Q
than the DDA method technique other than the DDA method studied this year A, B
y rays generated due to the nuclear Need for a design that considers the y rays generated due to the nuclear
4-7 The phenomenon will be understood by comparing the simulation and the test. 2-2.2-3.2-® B
reaction of neutrons reaction of neutrons
Reduction in detection sensitivity due to accumulation of leaked fuel -Measurement using sealed containers
4-8 Accumulation of contamination 3-D onwards
debris -A design that enables decontamination inside the equipment
4-9 Maintainability Enhancement of the maintainability of the numerous detectors A structure that enables direct maintenance from outside the cell 3-@ onwards
Step 2 (Measurement concept / scenario development) Step 3 (Basic design and software development) Step 4 (Test manufacturing and comprehensive verification test)
@ Study of target performance value o . . @ Basic design of the equipment @ Test manufacturing of measuring equipment
(@ Development of the concept of the equipment by means of @ Re-examination of sorting scenario (@ Software development (2 Demonstration test (Hot, etc.), improvement

analysis

@ Study of evaluation methods for nuclear fuel material, etc.

TRID

® Elemental technology verification test ® Elemental technology verification test (ongoing)

Note) Indicates that the process of resolving the issue starts at the corresponding development step to get an idea of the prospects.
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2.(2) @ Identification of technical issues for the purpose of practical application of the sorting

technology (7/9)

[Overview of identification results]

No0.195

[Target measurement technique]: 5. X-ray transmission measurement (High energy X-ray CT method) 1/2

Note)

Corresponding

Details Response policy e
step
= Since only information on density can be
obtained from past radioparency measurements,  -As a distinction can be made between nuclear fuel 2@
a measurement technique that enables and structures (iron, concrete), etc. by means of @
5-1 Measurement principle evaluation of the amount of nuclear fuel material ~ radioparency measurement using different X-ray 23
by making a distinction between nuclear fuel and  energies, that measurement technique will be >®
structures (iron, concrete), etc. needs to be studied. B
studied.
-Fuel debris that is smaller than the spatial e me_thod_ of calculating the a_lmount of nuclear 2@
. SR o ; fuel that is mixed, based on the increase from the 2-@
5-2 Impact of spatial resolution is difficult to distinguish using the CT :
resolution. etc value CT value w_hen only iron or concrete are present, 2-Q
e ' will be studied. 2-® A, B
High dose rate gamma -Slnce_the CLES [EUS Ol fue! CEIDS EEMEES = The necessity of a shield installed in front of the
extensively, the S/N of the image could . 2-D
5-3 rays : . detector for reducing the dose rate of gamma rays
o deteriorate and the measurement accuracy is ; . 2-2
Noise impact . will be studied.
likely to worsen.
*The relation between each material and the CT
. o values will be evaluated beforehand, and the
= An algorithm for estimating the amount of o . "
. nuclear material will be identified based on the CT
nuclear material based on the values measured
Estimation of the amount by radioparency measurement using different x- e
. S : *The method of providing information on 2—Q
5-4 of nuclear material ray energies, is required. T : .
: 2 : . distribution of iron, concrete, neutron absorbing 3-@
Algorithm +An estimation algorithm that combines the L N
: . : agent, etc. that are factors inhibiting estimation of
radioparency measurement technique with other : .
: ; the amount of nuclear material using other
measurement methods is required. : :
measurement techniques, using the CT measured
values, and performing evaluation will be studied. A, B

TRID

Note) Indicates that the process of resolving the issue starts at the corresponding development step to get an idea of the prospects.
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No0.196

[Target measurement technique]: 5. X-ray transmission measurement (High energy X-ray CT method) 2/2

2.(2) @ Identification of technical issues for the purpose of practical application of the sorting

technology (8/9)
[Overview of identification results]

Corresponding

Details development

Response policy

- Since the dose rate of accelerator based X-rays is

step

Reduction of background  -The larger the background, longer it takes for higher than the background dose rate, a combined 2—@
5-5 radiation the target nuclides to be detected, and the lower  use of the shield in existing equipment for 3—®
detectable limit is likely to worsen. preventing leakage of X-rays to the outside will be 4—1
studied.
Accumulation of Fuel debris that has leaked from the container * A sealed container will be used.
5-6 L when it was measured is likely to accumulate - A design that enables decontamination inside the 4—@
contamination _— . . i
inside the equipment. equipment will be used.
o . *The detectors, electronic equipment, cables, = Since the dose rate of accelerator based x-rays is
Radiation resistance (y : L ) _ : 3—@
5-7 rays) etc. in the vicinity of the measurement cell are higher than the fuel debris dose rate, design of 4—D
4 expected to undergo irradiation degradation. existing equipment can be used for the shield, etc.
5.8 Radiation resistance *The detector is exp_ect_ed to degrade faster due -The need to install a shield will be studied. 3-@®
(neutrons) to the spontaneous fission neutrons. 4—D
-1t is assumed that the shields around the -The pessIals @ belng Ao carry out dlregt
L . . maintenance from outside the cell will be studied. 3—®
5-9 Maintainability equipment need to be handled during
; -Measures need to be taken to ensure 4—1
maintenance. Co o
maintainability of the radiation source, detector, etc.
- Calibration needs to be performed on a daily r'nTeh:Srjrgn?e?]ﬁ\é?gtrz(r::;(;egf i% (t)(; i%r;yézg: du;
5-10 Daily inspection basis in order to monitor ageing degradation or P 4—D

random failures, and for accurate measurement.

without loading fuel debris and monitoring the
status of the equipment, during normal operation.

Note) Indicates that the process of resolving the issue starts at the corresponding development step to get an idea of the prospects.

S
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2.(2) @D Identification of technical issues for the purpose of practical application of the
sorting technology (9/9)

[Overview of identification results]

[Target measurement technique]: 6. Cosmic rays scattering measurement (Muon scattering method)

No0.197

1D

Olnternational Research Institute for Nuclear Decommissioning

" n Corresponding
Details Response policy development
step
- Statistics, functions, etc. that have a strong correlation with

6-1 s 6 e et of U Development of the te_chnique_ of _evaluating the amount of U girgt(r)ilt;l?ttioﬂf U will be selected from the muon scattering g%
T e (LI SEREE 2 e -Methods for enhancing the accuracy of estimating the amount 3-D

of U by combining with other measured values will be studied. A
Backaround radiation The radiation generated by fuel debris (mainly gamma rays) -Background reduction effect will be evaluated by evaluating the 2-D

6-2 ori inat?n from fuel debris is incident upon the sensor in the detector which results in gamma rays flux and neutron flux under the measurement 2-@

9 9 dead time with respect to muons. conditions. 2-® B
The distance between the sample and the detector needs to - The correlation of the detector placement with the count rate of 2-@

6-3 EleeaTai af GEEsE be increased in order to reduce the background radiation background radiation and the muon count rate will be evaluated. 2-@
originating from fuel debris, but the larger the distance -A measurement system that can sufficiently reduce the 3-)
between detectors the lower is the muon count rate. background radiation will be studied.

The sample needs to be covered with a shield in order to b;:;lf ‘igLrﬁ(ljat'Org(;;igenam;#;t Oghzh'eﬁ'ﬂgnw'tgctgtet;?:m rc;tr:e ?ef 2-®

6-4 Shielding reduce the background radiation originating from fuel debris, measgurement accuracy will be evaluated 9 9 2-@

&uetggjré%%irt glijggld IEiEr 5 7 MUEn SEEEi) e *The shielding thickness that can sufficiently reduce the 3-D
Y- background radiation will be studied.

The detector is made up of numerous sensors, and each 2-®@

individual sensor has dead time for a certain period after the -Sensor size and performance corresponding to the background 2-6)

6-5 Detector specifications incidence of gamma rays. The gamma rays count rate can conditions will be studied. 3D
be reduced by downsizing each individual sensor, but the 3-®
cost increases.

Fluctuation in the measured The measured value fluctuates depending on the shape of -The method of correcting the measured value by estimating the 2-3)
6-6 value depending on the shape fuel debris even though its composition and weight are the shape of fuel debris based on the spatial distribution of muon 3-®
of fuel debris same. scattering angle, will be studied. A
Note) Indicates that the process of resolving the issue starts at the corresponding development step to get an idea of the prospects.
I S T T T T T T T T e e ]

ote)



No0.198

2. Implementation Detalils

(2) Study of future research and development plans aiming for application of
sorting technology to actual equipment

@ Identification of technical issues for the purpose of practical application
of the sorting technology

@ Study of research and development plan (Contents, duration, conditions)

@ Goals of the main processes
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2.(2)@ Research and development plan (Contents, duration, conditions) (1/11) No0.199
[Development steps and R&D items] [Target measurement technique]: 1. to 4. Passive/active neutrons and passive gamma rays

(Step 1) Feasibility study of measurement (Analyzing the possibility) « This year’ s research
@ Setting the purpose and target (shape, density, etc.) of measurement
@ Nuclear material — Evaluating the behavior of radiation incident upon the detector
@ Identification, etc. of technical issues contributing to the concept of measurement

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios Response to the identified issues

@ Study of target performance value required for sorting (Temporarily set for about 1 year + updated after @ to @)
Target performance value of the measuring equipment (measurement time, equipment size, lower detectable limit, error, 1-3, 2-2, 3-1, 4-3, 4-4
radiation resistance, etc.) will be set.

@ Development of the concept of the equipment by means of detector response analysis (about 2 years)
Analytical simulation including the detector model will be performed with the purpose of developing the concept of the equipment 4-1, 4-2, 4-3, 4-4, 4-7
and evaluating performance.

@ Study of method for evaluating nuclear fuel material, etc. based on the measured quantity (about 2 years)
Evaluation method for estimating the amount of nuclear fuel material based on measured values will be developed (Including 1-10, 2-12, 4-5, 4-6, 4-7
combination of measurement technologies).

@ Re-examination of sorting scenarios (Temporarily set for about 2 year + updated after D to @)
The applicable sorting/segregation scenarios, the location where the measuring equipment will be used, etc. will be studied.

® Elemental technology verification test using existing equipment, etc. (About 3 years: excluding permission and authorization)

Applicability will be verified by means of elemental technology verification test using existing non-destructive measuring 1-13,1-14, 2-15, 3-1, 3-11, 3-14, 4-2,

equipment, etc. 4-3,4-4,4-7
(Step 3) Basic design and software development
(@ Basic design of the equipment
@ Software development for estimating the amount of nuclear material 4-8, 4-9

Q@ Elemental technology verification test (ongoing)

(Step 4) Comprehensive verification test using prototypes, simulated radiation source, etc. (Demonstration test using the hot
laboratory, etc.)

@ Test manufacturing of measuring equipment

(2 Demonstration test using spent fuel with a known composition or actual fuel debris
= Improvement in software for estimating quantity of nuclear material
= Improvement in placement of detector, error evaluation

(Step 5) Fabrication of actual equipment = actual operation

|
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2.(2)@ Research and development plan (Contents, duration, conditions) (2/11) No0.200

[Development steps and R&D items]

1RID

(Step 1) Feasibility study of measurement (Analyzing the possibility) « This year’ s research
@ Setting the purpose and target (shape, density, etc.) of measurement
@ Nuclear material — Evaluating the behavior of radiation incident upon the detector
@ Identification, etc. of technological issues contributing to the concept of measurement

[Target measurement technique]: 5. X-ray transmission measurement (High energy X-ray CT method)

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios

Response to the identified issues

@ Study of target performance value required for sorting (Temporarily set for about 1 year + updated after @ to @)
Target performance value of the measuring equipment (measurement time, equipment size, lower detectable limit, error,
radiation resistance, etc.) will be set.

5-1,5-2,5-3,5-5

@ Development of the concept of the equipment by means of detector response analysis (about 2 years)

Analytical simulation including the detector model will be performed with the purpose of developing the concept of the equipment 5-1,5-2,5-3
and evaluating performance.

@ Study of method for evaluating nuclear fuel material, etc. based on the measured quantity (about 2 years)
Evaluation method for estimating the amount of nuclear fuel material based on measured values will be developed (Including 5-1, 5-3,5-4
combination of measurement technologies).

@ Re-examination of sorting scenarios (Temporarily set for about 2 year + updated after D to Q)
The applicable sorting/segregation scenarios, the location where the measuring equipment will be used, etc. will be studied.

® Elemental technology verification test using existing equipment, etc. (About 3 years: excluding permission and authorization)
Applicability will be verified by means of elemental technology verification test using existing non-destructive measuring 5-1,5-3

equipment, etc.

(Step 3) Basic design and software development

(D Basic design of the equipment

5-5, 5-7, 5-8, 5-9

@ Software development for estimating the amount of nuclear material

5-4

(3 Elemental technology verification test (ongoing)

(Step 4) Comprehensive verification test using prototypes, simulated radiation source, etc. (Demonstration test using the hot
laboratory, etc.)

@ Test manufacturing of measuring equipment

5-5, 5-6, 5-7, 5-8, 5-9, 5-10

(2 Demonstration test using spent fuel with a known composition or actual fuel debris
= Improvement in software for estimating quantity of nuclear material
= Improvement in placement of detector, error evaluation

(Step 5) Fabrication of actual equipment = actual operation
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2.(2)@ Research and development plan (Contents, duration, conditions) (3/11) No.201
[Development steps and R&D items] [Target measurement technique]: 6. Cosmic rays scattering measurement (Muon scattering method)

(Step 1) Feasibility study of measurement (Analyzing the possibility) « This year’ s research
@ Setting the purpose and target (shape, density, etc.) of measurement
@ Nuclear material — Evaluating the behavior of radiation incident upon the detector
@ ldentification, etc. of technological issues contributing to the concept of measurement

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios Response to the identified issues

@ Study of target performance value required for sorting (Temporarily set for about 1 year + updated after @ to @)
Target performance value of the measuring equipment (measurement time, equipment size, lower detectable limit, error, 6-2
radiation resistance, etc.) will be set.

@ Development of the concept of the equipment by means of detector response analysis (about 2 years)
Analytical simulation including the detector model will be performed with the purpose of developing the concept of the equipment 6-2, 6-3, 6-5
and evaluating performance.

@ Study of method for evaluating nuclear fuel material, etc. based on the measured quantity (about 2 years)
Evaluation method for estimating the amount of nuclear fuel material based on measured values will be developed (Including 6-1, 6-6
combination of measurement technologies).

@ Re-examination of sorting scenarios (Temporarily set for about 2 year + updated after D to Q)

The applicable sorting/segregation scenarios, the location where the measuring equipment will be used, etc. will be studied. 6-3, 6-4

® Elemental technology verification test using existing equipment, etc. (About 3 years: excluding permission and authorization)
Applicability will be verified by means of elemental technology verification test using existing non-destructive measuring 6-1, 6-2, 6-5
equipment, etc.

(Step 3) Basic design and software development

@ Basic design of the equipment 6-1, 6-3, 6-4, 6-5

@ Software development for estimating the amount of nuclear material 6-5, 6-6

(Step 4) Comprehensive verification test using prototypes, simulated radiation source, etc. (Demonstration test using the hot
laboratory, etc.)

@ Test manufacturing of measuring equipment

(2 Demonstration test using spent fuel with a known composition or actual fuel debris
= Improvement in software for estimating quantity of nuclear material
= Improvement in placement of detector, error evaluation

(Step 5) Fabrication of actual equipment = actual operation

|
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2.(2)@ Research and development plan (Contents, duration, conditions) (4/11) No0.202

[Approach towards the criteria for sorting]
@ Sorting category and criteria (Tentative plan in accordance with the current approach)

Sorting category Main purpose of sorting

a: Canister
(Inner diameter 220mm, height
approx. 1m)

b: Impact mitigation type canister

(Inner diameter 400mm) ® Reducing the scale of fuel

debris storage

c: Waste storage container

(Control level) Ensuring criticality safety

d: Waste storage container Streamlining of storage and
(Contamination level) management of waste

Will be updated at Step 2.

TRID

Criteria (tentative)

*1 %9 Quar_1tity of nuclear
material is equal to or
lesser than the
amount (to be
determined) in the
case of which physical
protection and
safeguards end

(None of the Quantity of
conditions Concentration of U-235 nuclear material
mentioned on in fuel debris: Lower is equal to or
the right are than reactivity equivalent lesser than
met) to 1.5wt% 3.7kg/container

® Enhancing retrieval throughput

= = O —
- — O @)

*1: According to results of past evaluations conducted under the Subsidy Project of
Development of Technology for Containing, Transfer and Storage of Fuel Debris, if it is
assumed that all fuel debris is composed of U-235 and U-238, as long as weight percent of
U-235 in fuel debris is about 1.7wt% or lower, canisters with inner diameter 400mm can be
used. Hence, expecting some margin in this 1.7wt%, 1.5wt% will be set.

*2: Considering the placement and stacking while storing, the least critical mass (approx.
30Kg) will be set on the condition that it would be divided equally in 8 waste storage
containers.
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2.(2)@ Research and development plan (Contents, duration, conditions) (5/11) No0.203

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios

@ Study of the values of performance objectives required for sorting (Temporarily set
for about 1 year + updated after @ to @)

The values of performance objectives of the measuring equipment will be
tentatively set so that the measurement concept for sorting and the sorting
scenarios can be studied.

»The values of performance objectives of the measuring equipment will be set,
depending on the measurement location (pretreatment building, storage facility,
etc.) during the fuel debris retrieval process, and the target container, so that the
measurement concept for sorting and the sorting scenarios can be studied.

»Following are examples of the performance objectives that will be set.

- Measured quantity, evaluated quantity
- Lower detectable limit, error, measurement time
- Radiation resistance, equipment size, etc.

»These performance objectives (tentative) will be tentatively set as the preliminary
proposal for about 1 year, and will be updated along with @ after studying @ to @
and incorporating the results.

' D Olnternational Research Institute for Nuclear Decommissioning
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2.(2)@ Research and development plan (Contents, duration, conditions) (6/11) No.204

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios

@ Development of the concept of the equipment by means of detector response
analysis (for about 2 years)

Analytical simulation including the detector model will be performed with the purpose
of developing the concept of the equipment and evaluating performance.

» A Monte Carlo simulation will be conducted for the stand-alone measurement
technology studied in FY2021 based on the value of the performance objectives
(tentative) in D and the issues in the technologies identified in FY2021, and a
tentative concept for the equipment will be proposed.

»The detector model here will take into consideration the placement of a reasonable
detector, moderator, y rays shielding material, etc., their radiation resistance, etc.
as a system that assumes actual equipment.

»The performance of this equipment concept will be evaluated focusing on the fuel
debris conditions based on the issues identified in FY2021 pertaining to each
measurement technology, besides the common cases of typical fuel debris.

» For this performance evaluation, the amount directly measured using each method
(for example, effective mass of Cm244 in the case of passive neutron method, etc.)
will be used, rather than the evaluated value.

Olnternational Research Institute for Nuclear Decommissioning

3

1D



2.(2)® Research and development plan (Contents, duration, conditions) (7/11)  N0.205

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios

@ Study of the technique for evaluating the amount of nuclear fuel material, etc. based on the measured
guantity (about 2 years)

The method for evaluating the amount to be evaluated (quantity of nuclear fuel material, etc.) based on
the measured quantity will be studied.

» The method for deriving the amount or properties to be evaluated from the measured quantity,
in the case of the equipment concept studied in @ will be studied and a tentative plan will be
created.

» The amount or properties to be evaluated are basically pertaining to the amount of U, but in
order to discover a broad range of possibilities pertaining to each measurement technology
(broad range of possibilities of the sorting scenarios), they will be considered as indicators,
etc. related to the Pu quantity, fissile quantity, isotopic composition, moisture content,
criticality risk, and the evaluated quantity that is believed to be applicable to sorting or nuclear
fuel material control, including the relative values, will be studied.

» The method for derivation refers to setting dedicated algorithms or parameters for estimating
the evaluation quantity, based on the property of the measured quantity to vary depending on
the conditions of the objects to be measured, or on the correlation between measured quantity
and evaluation quantity, and wherein multiple measurement methods are combined if required.

> In this study, test analysis and investigations will be conducted as required.
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2.(2)@ Research and development plan (Contents, duration, conditions) (8/11) No0.206

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios

@ Re-examination of sorting scenarios
(Temporarily set for about 2 years + updated after D to Q)

The applicable sorting/segregation scenarios will be studied, and prospective options will be
proposed.

» During the process from retrieval to storage of fuel debris, possible sorting/segregation
scenarios will be studied based on the results of @ to @, and prospective options will
be proposed.

» During this study, the practicality/ rationality of managing fuel debris and waste at the
Fukushima Daiichi Nuclear Power Station as well as the feasibility of the proposed
technology will be taken into consideration, and the location of measurement,
measurement technology (multiple combinations are also possible), measured quantity,
management method, etc. will be consolidated.

» A preliminary proposal will be tentatively set for about 2 years, and will be updated
along with @ after studying @ to @ and incorporating the study results.
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2.(2)@ Research and development plan (Contents, duration, conditions) (9/11) No.207

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios

® Elemental technology verification test using existing equipment, etc.
(For about 3 years: excluding permission and authorization)

Applicability will be verified by means of elemental technology verification test using
existing non-destructive measuring equipment, etc.

»Assuming that existing non-destructive measurement equipment or newly
installed small equipment will be used, in anticipation of measurement of actual
nuclear fuel material in the future, by implementing simulation and preliminary
tests (Refer to the next page for prospective existing equipment), verification tests
for element technology will be conducted.

»The above-mentioned test plan will be created in FY2022 (including study of TMI-2
debris measurement). In addition, the permission and authorization required for
implementing the elemental technology verification tests will be consolidated.

' D Olnternational Research Institute for Nuclear Decommissioning
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2.(2)@ Research and development plan (Contents, duration, conditions) (10/11) No0.208

[Target measurement technique]: 5. X-ray transmission measurement (High energy X-ray CT method)
(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios

@ Study of target performance value required for sorting (Temporarily set for about 1 year + updated after @ to @)
Values of the performance objectives of the measuring equipment
- Measurement time

- Equipment size
- Setting of lower detectable limit, error, radiation resistance, etc.

@ Development of the concept of the equipment by means of detector response analysis (about 2 years)
Analytical simulation including the detector model will be performed with the purpose of developing the concept of the equipment and
evaluating performance.

- The radioparency measurement method using different x-ray energies will be evaluated by means of analysis, and the applicability
will be examined.

- The shielding, etc. for reducing gamma rays originating from fuel debris will be evaluated by means of analysis, and its need will be
examined.

- The method of evaluating the amount of fuel debris, etc. mixed at a size that is lower than spatial resolution will be studied by means
of analysis.

@ Study of method for evaluating nuclear fuel material, etc. based on the measured quantity (about 2 years)
Evaluation technique for estimating the amount of nuclear fuel material based on measured values will be developed.
- The stand-alone radioparency measurement method and its combination with other measurement methods, etc. will be studied by
means of analysis.

- The algorithm for estimating and evaluating the amount of nuclear fuel material will be studied based on the results of studying @
and combinations of measurement methods, etc.

@ Re-examination of sorting scenarios (Temporarily set for about 2 years + updated after @ to @)
The applicable sorting/segregation scenarios, the location where the measuring equipment will be used, etc. will be studied.
- Considering the practicality/ rationality of managing fuel debris and waste at the Fukushima Daiichi Nuclear Power Station as well as
the feasibility of the proposed technology, the location of measurement, measurement technology (multiple combinations are also
possible), measured quantity, management method, etc. will be consolidated, and the sorting scenarios will be developed once again.

® Elemental technology verification test using existing equipment, etc. (About 3 years: excluding permission and authorization)
Applicability will be verified by means of elemental technology verification test using existing non-destructive measuring equipment,
etc.

- Tests will be conducted using simulated fuel debris (cold) test pieces, by means of existing radioparency measurement equipment
that can irradiate different x-ray energies, and applicability to fuel debris will be verified.

1RID
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2.(2)@ Research and development plan (Contents, duration, conditions) (11/11) No0.209

[Target measurement technique]: 6. Cosmic rays scattering measurement (Muon scattering method)

(Step 2) Development of the measurement concept and re-evaluation of the assumed scenarios
@ Study of target performance value required for sorting (Temporarily set for about 1 year + updated after @ to @)
Values of the performance objectives of the measuring equipment
- Measurement time
- Equipment size
- Setting of lower detectable limit, error, radiation resistance, etc.

@ Development of the concept of the equipment by means of detector response analysis (about 2 years)
Analytical simulation including the detector model will be performed with the purpose of developing the concept of the
equipment and evaluating performance.

- Creation of simulation model including the detector model

- Evaluation of the correlation of the background radiation count rate resulting from detector placement, shielding, etc. and
the muon count rate

- Study of required specifications of the detector corresponding to the measurement conditions

@ Study of method for evaluating nuclear fuel material, etc. based on the measured quantity (about 2 years)
Evaluation method for estimating the amount of nuclear fuel material based on measured values will be developed.

- Study of the method of evaluating the amount of U by combining muon scattering distribution and other measured values,
etc.

- Imaging by analyzing the spatial distribution of muon scattering angles and development of a correction method depending
on the shape of fuel debris

@ Re-examination of sorting scenarios (Temporarily set for about 2 years + updated after @ to @)
Applicable sorting/segregation scenarios, the location where the measuring equipment will be used, etc. will be studied.
- Study of combination with other techniques, division of work, etc.

- Study of optimization and positioning of this technique in the fuel debris sorting scenarios as a whole

® Elemental technology verification test using existing equipment, etc. (About 3 years: excluding permission and
authorization)

Applicability will be verified by means of elemental technology verification test using existing non-destructive measuring
equipment, etc.

- Sample measurement test using existing muon measurement facilities
- Development of elemental technologies such as circuit, etc. and combination tests with existing facilities

_— RSSO s
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2. Implementation Detalils

(2) Study of future research and development plans aiming for application of
sorting technology to actual equipment

@ Identification of technical issues for the purpose of practical application
of the sorting technology

@ Study of research and development plan (Contents, duration, conditions)

@ Goals of the main processes
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2.(2)® Goals of the main processes (1/3) No.211

[Proposed development schedule] [Target measurement technique]: 1. to 4. Passive/active neutrons and passive gamma rays
2020 2021 Short term (until FY2024) Mid- and long-term (FY2025 onwards)
Key dates ; )
Setting up of scenarios and updating Increase in S?IB of retrieval
of the mid- and long-term plan
Step 1 (Measurement FS) v v A
——
Step 2 (Measurement concept / scenario development)
@ Study of target performance value D ;_ 8
@ Development of the concept of the equipment by means > )
of analysis
@ Study of evaluation methods for nuclear fuel material, etc. >
@ Re-examination of sorting scenario 2 ), :: : : : }I'
® Elemental technology verification test 2 D ¢
1
1
Step 3 (Basic design and software development) !
. . . \ 4 \ 4
@ Basic design of the equipment >
@ Software development S
@ Elemental technology verification test (ongoing)
Step 4 (Test manufacturing and comprehensive verification Start of Step 3 when future J
test) prospects can be seen in Step 2
@ Test manufacturing of measuring equipment l
(@ Demonstration test (Hot, etc.), improvement
Starting of operation
Reflection into
evaluation
method
improvements

Operation

Actual fuel debris ;
(improved)

Coordination of retrieval Analysis results

conditions, etc.

Refer to 2.(2)@ for goals of Step 2. Subsidy Project of Development of Analysis facility

|
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2.(2) @ Goals of the main processes (2/3) No0.212

[PrO p 0S ed d evel 0 p m ent scC h ed u | e] L‘:ztrﬁsé)measurement technique]: 5. X-ray transmission measurement (High energy X-ray CT

Short term (until
| FY2024) SRS

Increase in scale of retrieval
Key dates Setting up of scenarios and updating of

the mid- and long-term plan

Step 1 (Measurement FS) v v A

Step 2 (Measurement concept / scenario
development)
@ Study of target performance value
@ Development of the concept of the equipment
by means of analysis
@ Study of evaluation techniques for nuclear
fuel material, etc.
@ Re-examination of sorting scenario
® Elemental technology verification test

|

P 4

P4

s MM M VU

<+ - -V~

Step 3 (Basic design and software development) v
@ Basic design of the equipment
@ Software development
@ Elemental technology verification test
(ongoing)

Step 4 (Test manufacturing and comprehensive
verification test) Start of Step 3 when future
. . . t b [
@ Test manufacturing of measuring equipment grtzzp; cis canbe seenin
(2 Demonstration test (Hot, etc.), improvement

Starting of gperation

Reflection into
evaluation
method
improvements

Operation
(improved)

S - Actual fuel debris
Coordination of retrieval

Refer to 2.(2)@ for goals of Step 2. conditions, etc. Analysis results

Subsidy Project of Development of Analysis facility
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2.(2)@ Goals of the main processes (3/3)

[Proposed development schedule]

Key dates
Step 1 (Measurement FS)

Step 2 (Measurement concept / scenario
development)
@ Study of target performance value
@ Development of the concept of the equipment
by means of analysis
@ Study of evaluation techniques for nuclear
fuel material, etc.
@ Re-examination of sorting scenario
® Elemental technology verification test

Step 3 (Basic design and software development)
@ Basic design of the equipment
@ Software development

Step 4 (Prototype manufacturing and
comprehensive verification test)
@ Prototype manufacturing of measuring
equipment
(2 Demonstration test (Hot, etc.), improvement

Refer to 2.(2)@ for goals of Step 2.

TRID

Short term (until
FY2024)

Setting up of scenarios and updating
of the mid- and long-term plan

v v

> XD

P 4

2 ),
2 )
> ) ) I
> >
/] \ 4 ;
>
Start of Step 3 when

future prospects can
be seen in Step 2

Coordination of retrieval
conditions, etc.

Subsidy Project of Development of
Technology for Containing, Transfer
and Storage of Fuel Debris

Reflection into
evaluation
method
improvements

Analysis facility

No0.213

[Target measurement technique]: 6. Cosmic rays scattering measurement (Muon scattering method)

Mid- and long-term (FY2025 onwards)

Increase in scale of retrieval

v
A

l Starting of operation

Operation
(improved)
Actual fuel debris
Analysis results
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3. Summary No.214

Level of achievement of this project
Issues were identified for setting the required specifications contributing to the future research and development
plan by conducting analytical simulation for the regions where existing technology cannot be applied.

1) Analytical evaluation of parameters influencing measurement errors of prospective measurement technologies

@ Analytical simulation *The intensity, etc. of the impact of factors on measurement errors was evaluated for each
measurement technology based on the correlation between the range of fluctuation of the
factors and the changes in the measured flux, etc. in the direction of the measuring surface
and information on the extent of impact was consolidated. (TRL: Level 2)

@ Study of the need for detailed The need for further detailed analysis and the issues in reducing measurement errors were
analysis and consolidation of technical  identified based on the results of analysis.
issues™

2) Study of future research and development plans aiming for application to actual equipment

@ Identification of technical issues *The challenges in studying the measurement technologies required for sorting were identified
for the purpose of practical based on the technical issues identified through analytical evaluation of parameters having an
application of the sorting impact on the measurement error and the investigation of measurement technologies for sorting
technology™ which was conducted in FY2019.

@ Goals of the main processes *In addition to studying the contents of research and development, the development procedures,
involved in developing the sorting and development period for resolving the technical issues identified in the previous section, the
technology™ approach towards the pre-conditions and judgment criteria required while examining the

research and development plan were consolidated.
*The technologies to be adopted were narrowed down, and based on that the goals of the main
processes involved in developing the sorting technology were organized.

*1: As identification and consolidation of issues in developing technologies, and organization of the goals, etc. are different than development items, the Technology Readiness Level (TRL)
has not been set.
| eSS
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