e -l

European Joint Programme
on Radioactive Waste Management

Deliverable 8.3: SFC Training materials.

Work Package 8

http://www.ejp-EURAD.eu/



EURAD Deliverable 8.3 SFC Training materials

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement N°847593.

=

=
e U L |,

European Joint Programme
on Radioactive Waste Management

Page 2

EURAD (Deliverable 8.3)- Title: SFC Training materials

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3

SFC Training materials

Document information

Project Acronym

Project Title

Project Type

EC grant agreement No.
Project starting / end date
Work Package No.

Work Package Title

Work Package Acronym
Deliverable No.
Deliverable Title

Lead Beneficiary
Contractual Delivery Date
Actual Delivery Date
Type

Dissemination level

Authors

To be cited as:

EURAD

European Joint Programme on Radioactive Waste Management
European Joint Programme (EJP)

847593

15t June 2019 — 30 May 2024

8

Spent Fuel Characterization and Evolution Until Disposal
SFC

8.3

SFC Training materials

CIEMAT

Month 48

Month 60

Report

PU

Llorente Herranz, Cristina (CIEMAT), L6pez del Pra, Claudia
(CIEMAT), Schillebeeckx Peter (JRC).

Llorente Herranz C., Lépez del Pra C. Peter Schillebeeckx (2023): SFC Training materials. Final
version as of 15.11.2023 of deliverable D8.3 of the HORIZON 2020 project EURAD. EC Grant

agreement no: 847593.

Disclaimer

All information in this document is provided "as is" and no guarantee or warranty is given that the
information is fit for any particular purpose. The user, therefore, uses the information at its sole risk
and liability. For the avoidance of all doubts, the European Commission or the individual Colleges of
EURAD (and their participating members) has no liability in respect of this document, which is
merely representing the authors' view.

Acknowledgement

This document is a deliverable of the European Joint Programme on Radioactive Waste
Management (EURAD). EURAD has received funding from the European Union’s Horizon 2020

research and innovation programme under grant agreement No 847593.

The SFC Training materials document consists of two volumes. This document corresponds to
the first volume.

European Joint Programme
on Radioactive Waste Management

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

Page 3



EURAD Deliverable 8.3

SFC Training materials

Status of deliverable

By Date
Delivered (Lead Beneficiary) CIEMAT 03/05/2024.
Verified (WP Leader) SKB 03/05/2024.
Reviewed (Reviewers) Niels Belmans and Paul Carbol 15/05/2024.
Approved (PMO) Paul Carbol 16/05/2024.
Submitted to EC (Coordinator) ANDRA 17/05/2024.

European Joint Programme
on Radioactive Waste Management

EURAD (Deliverable 8.3)- Title: SFC Training materials

Dissemination level: Public
Date of issue of this report: 17/05/2024

Page 4



EURAD Deliverable 8.3 SFC Training materials

Executive Summary

This report collects the main training materials (documents used in all kind of training actions, such as
courses, for new members or grant holders training, etc.) produced by WP8 team in tasks 2-4.

Forty documents are grouped into six different categories, depending on the type of event for which
the material was developed:

EURAD annual event 6 documents
External training course 6 documents
Internal meeting 2 documents
Participation to a Conference 6 documents
Participation to a Workshop 9 documents
Participation to an Event other than a Conference or a Workshop 6 documents

Each section lists the documents embedded its pdf version.

These training materials contain the state-of-the-art of nuclear fuel modelling, characterisation and
evolution of nuclear fuel until disposal.

If any parts of this training material is used, it is free, but must be acknowledged to EURAD
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Glossary

ARIANE Actinide Research In A Nuclear Element

ATF Accident Tolerant Fuels

BDBA Beyond Design Base Accident

BU Burnup

BUC Burnup Credit

BWR Boiling Water Reactor

CIRFT Cyclic Integrated Reversible-bending Fatigue Tester
CRAM Chebyshev Rational Approximation Method
DA Destructive Analysis

DBA Basis Accidents

DBTT Ductile-to-Brittle Transition Temperature
DDEP Decay Data Evaluation Project

DHC Delayed Hydride Cracking

DBRC Doppler-Broadening Rejection Correction

EGADSNF  Expert Group on Assay Data of Spent Nuclear Fuel
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Expert Group on Burnup Credit Criticality

Evaluated Nuclear Data Files

End Of Life

European Safeguards Research and Development Association

Fuel Assembly

Fuel/Cladding Chemical Interaction

Final Disposal Canister

Finite Element Analysis/Finite Element Modelling

Fuel Integrity Project

Fission Product

International Atomic Energy Agency

Inductively Coupled Plasma — Sector Field — Mass Spectrometer

Inductively Coupled Plasma Spectrometer

Initial Enrichment

Idaho National Laboratory

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

Page 10



EURAD Deliverable 8.3

JRC
LWR
MCNP
NDA
NEA
NPP
ORNL
PGET
PCI
PCMI
PIE
PNNL
PWR
RCT
RHCF

SCC

r A

eurad

European Joint Programme
on Radioactive Waste Management

SFC Training materials

Joint Research Center

Light Water Reactor

Monte Carlo N-Particle Transport Code

Non-Destructive Analysis

Nuclear Energy Agency

Nuclear Power Plants

Oak Ridge National Laboratory

Passive Gamma Emission Tomography

Pellet-Cladding Interaction

Pellet-Cladding Mechanical Interaction

Post-Irradiation Examination

Pacific Northwest National Laboratory

Pressurised Water Reactor

Ring Compression Test

Radial Hydride Continuity Factor

Stress Corrosion Cracking

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

Page 11



EURAD Deliverable 8.3

SCIP
SNF
SPAR
TIMS
TSC

UFDC

=i

e
e U L |,

European Joint Programme
on Radioactive Waste Management

SFC Training materials

Studsvik Cladding Integrity Project

Spent Nuclear Fuel

Spent fuel Performance Assessment and Research

Thermal lonisation Mass Spectrometer

Transport Storage Cask

Used Fuel Disposition Campaign
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1. EURAD annual event
e Thermal power produced by spent nuclear fuel; P. Schillebeeckx, JRC Geel; EURAD Annual
event 2021; 16 - 18/03/2021
e Neutrons as a signature for the characterisation of spent nuclear fuel; P. Schillebeeckx, JRC
Geel; EURAD Annual event 2021; 16 - 18/03/2021
e Validation and uncertainty analysis of SNF characterization based on SCALE code system; A.
Shama, NAGRA; EURAD Annual event 2021; 16 - 18/03/2021
e Fuel dry storage modelling with INL’'s BISON code at VTT; A. Arkoma, VTT; WP8 SFC Annual
Meeting 2023; 11/1/2023
e Statistical approach for evaluating the safety of spent fuel during transport accidents; C.
Aguado, F. Feria, L.E. Herranz, CIEMAT; WP8 SFC Annual Meeting 2023; 11/1/2023
e Mechanical behaviour of pre- hydrided cladding; Miguel Cristobal-Beneyto, Jesus Ruiz-
Hervias, Daniel Pérez-Gallego; WP8 SFC Annual Meeting 2023; 11/01/2023
eurad
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1.1 Thermal power produced by spent nuclear fuel; P.
Schillebeeckx, JRC Geel; EURAD Annual event 2021; 16 -
18/03/2021
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THERMAL POWER OF SPENT NUCLEAR FUEL

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 2014-2018 under grant
agreement N°847593

17/03/2021 EURAD Annual Event 2021

WP8: SPENT FUEL CHARACTERISATION

PWR UO, pellet (5 g)
25U/U = 4.8 wt %
burnup = 44 GWd/t

10 g
How accurate can we determine the =
thermal power of spent nuclear fuel for c
transport, intermediate storage and o
final disposal? &
g
o
10'3- TR | TR | TR,

1 10 100 1000

Cooling time, t / year
17/03/2021 EURAD Annual Event 2021
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THERMAL POWER PRODUCED BY SNF

PWR UO, pellet (5 g)

+ la<t<10a U/ =4.8wt%
_ 144Ce / 144py ) burnup = 44 GWd/t
— 106Ry / 10%Rh 107 Total
_ 134cg g 4 ipy
106, 106
— 190Gy /%0y mg: + “Rh
— 137cg / 137mBg % 7777777 9°Sr+9°Y
e 10a<t<100a = [ttt NGO ¥cs + ¥"Ba
— 905r/90Y o 'SAEU
~ IV E N s NG e 238P
— 137Cg [/ 137mBg g mPlUJ
— 238py [e) x 240p
o r LR u
_ 2“Am R ' . 241Am
— 28Cm T,
i Yooy oon ] ——"cm
. 100a<t i \ SR \ L
_ 21pm 10-2 PP VI LU S T 2 0 ke
_ 2py 1 10 100 1000
— 239241py Cooling time, t / year
17/03/2021 EURAD Annual Event 2021 3

THERMAL POWER PRODUCED BY SNF
PWR UO, pellet (5 g)
+ la<t<10a UV =48 wt%
— 143Cg / 144py burnup = 44 GWd/t
_ 106Ru / 106Rh 1 0
_ 134cg
—_ 9OSr/90Y
—_ 137CS / 137mBa
e 10a<t<100a
—_ QOSr/QOY
—_ 137Cs / 137mBa
— 238Pu

— 21pAm
— 24cm 0.2

06

04

Power fraction, Pk /P

e 100a<t

— 281pm 0.0 e .
_ 238py 10 100

— 239241py Cooling time, t / year

17/03/2021 EURAD Annual Event 2021 4

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 17
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

THERMAL POWER PRODUCED BY SNF

PWR UO, pellet (5 g)

* la<t<10a 25Y/U=48wt%
— 144Ce [ 144pPr burnup = 44 GWd/t
_ 106Ry / 106Rpy 1.0
- G I Ce + "*Pr
— 905 /%0y o o8+  _—_ | - ngu + %R
N s
— 137¢cg / 137mBg D_x | %Sr+90Y
e 10a<t<£100a g’ 06} 19 g 4 Mgy
154,
—_ QOSr / 90Y € | zaaEu
— 137cs/137mBa g —239 u
- P
— 241Am (;) I ZMAm
— 2%Cm o 02 - usz
".,' I 2A4Cm
e 100a<t [ o= N N -
— 241Am 0.0 k= Tt e
_ 238py 1 10 100 1000
— 29py Cooling time, t / year
17/03/2021 EURAD Annual Event 2021 5
THERMAL POWER PRODUCED BY SNF
PWR UO, pellet (5 g)
* 1a<t<10a 25U/U=4.8wt%
— 144Ce [ 144pr burnup = 44 GWd/t
_ 106Ry / 106Rpy 1.0
— 134 r g 4 4P,
7% S - 1°5R3 + WGRL
— 0gy /%0y o 08F g,
= s
— 137CS / 137mBa n-x | %SHQOY
e 10a<t<100a g’ 06} L WTag 4 WmEy
154,
—_ QOSr/QOY ‘(_,—J | ZaaEu
— 137CS/137mBa g o u
- P
- 238Pu 5 0'4 ZAOPE
— %Am g I 2Am
_ e o o2+ s S| 220,00
2A4Cm
e 100a<t 5
_ 201pm 0.0 e Tl = s
_ 238py 1 10 100 1000
— 2924y Cooling time, t / year
17/03/2021 EURAD Annual Event 2021 6
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THERMAL POWER PRODUCED BY SNF

P(t) = Z PNk (©) t: cooling time or
k

time after end of irradiation

SFC Training materials

PWR UO, pellet (5 g)
350/U = 4.8 wt %
burnup = 44 GWd/t

10% g
E Total
14406 + 144Pr
P(t, > t;) cannot be extrapolated from P(t,) oNe e %Ry + ®Rh
101 7777777 mCS
% ,,,,,,, g4ty
N,(t) : nuclide inventory at time t Y N S NG '54§3+ Ba
JIN e T N |
o 100EN D v e N e =
* N(t,) : nuclide inventory at time t, £ - e 0Py
with t > t, 10" s L Am
k "z" i _ 244cm
* Nuclide inventory at t > t, [ \ P
10'2 iaaalt i ..‘..... ."- " .\"“...
dN
d_tk= inNi — e N 1 19 . 100 1000
: Cooling time, t / year
17/03/2021 EURAD Annual Event 2021 7
THEORETICAL CALCULATIONS OF NUCLIDE INVENTORY
Burnup code: coupled neutron transport — nuclide depletion/creation calculations
Neutron transport
Bateman equation |
dNy
T =Y Nf Or P + Z kiNi + Z G]'Nj ¢ — (}"k + Gk,a(P)Nk
i j
Update nuclide vector
17/03/2021 EURAD Annual Event 2021 8
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BURNUP CALCULATIONS
Nuclear data SNF input data
* Cross sections: (n,y), (n,f), ... * Fuel properties
* Fission Yields - design
*D dat - i
" Halfives ==P|Burnup code [ T
- Emission probabilities - burn-up (BU)
- Recoverable energy - cooling time (CT)

Relative yield %

Nuclide inventory
Source terms

* Power (P, up)

* Neutron emission

Cross-section / barn

17/03/2021 EURAD Annual Event 2021 9
BURNUP CALCULATIONS
Nuclear data SNF input data
* Cross sections: (n,y), (n,f), ... * Fuel properties
* Fission Yields - design
* Decay data ﬁ h - material data (IE)
- Half-lives Burnup COde * Operational history
- Emission probabilities - burn-up (BU)
- Recoverable energy - cooling time (CT)

llas et al., Nucl. Eng. Des. 319 (2017) 176
Up/P = 1.3%, is this realistic?

Relative yield %
Cross-section / barn

Nuclide inventory
Source terms

Y0 10

N Evy o * Power (P, up)
* Neutron emission

17/03/2021

EURAD Annual Event 2021 10
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PRODUCTION OF 137Cs

dNy 137Cs production: only by (n,f) followed by p-
Sk_yN +Zx-N-+Z N; 0 — (e + Ga@)N ) ’
dt For P L 9iN; @ = (i + o1ap)Ni (decay of short lived precursors)
i j
“Ba
n+ 233U >27r + 13, Te +2n '@"‘"

BTe > 3 1+e” + v, \

12;1 - 137Xe +e” + Ve .\.

137Xe > 13.Cs+e™ + Ve '.TIe e

17/03/2021 EURAD Annual Event 2021 11

PRODUCTION OF 137Cs

dN, 137Cs production: only by (n,f) followed by B~
3t = YNroro+ Z AiNj + Z oiN; @ = (i + oka®)Ni (decay of short lived precursors)
i ]
Ni(t) ~ {ifﬁ[ e (hroye)e] =
Oky ¢

Vﬁsz keV

. = C‘S
N t, =Y, (if Nf()t’
k( ) Xe

) =
. . . . e
t’ . irradiation time !\ \
. 1 cumulative fission yield (nuclear data) .

o; : fission cross section (nuclear data)
N; : number of fissile nuclei, i.e. 235U (fuel properties)
ot’ : total neutron fluence (operation history)

(M +ory @) <<1

17/03/2021 EURAD Annual Event 2021 12
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PRODUCTION OF 137Cs DURING REACTOR OPERATION

dNy 137Cs production: only by (n,f) followed by p-
Sk_yN +Zx-N-+Z N; 0 — (e + Ga@)N ) ’
dt For P L 9iN; @ = (i + o1ap)Ni (decay of short lived precursors)
i j
Nu(t) ~ Yeor Ne o [1 = o (Atoiyo)t’] 55 X107
()~ — e —~
k TOky P e ——N=aBU
(kk +oxy (p) <<1 % 2.0
& 15+
I ! S
Nk(t)zYchNf(pt ,210
S 4ol
(of Nro t') : total number of fissions %
, . . o 05
(of Np@t')xE; :time integrated reactor power 8
E; = recoverable energy per fission ® ookl 0 o
Nk(to) o« Y, BU 0 10 20 30 40 50 60
= Nk(to) o« BU Burn up / (GWd/tU)
17/03/2021 EURAD Annual Event 2021 13
Production

PRODUCTION OF THERMAL POWER BY 137Cs

Thermal power by 137Cs at t (cooling time):
PL() = py Ni(ty) e M (t=to) t, : end of irradiation

* Production: 137Cs inventory at end of irradiation
Ni(ty) o< Y. BU Decay
— Y, :cumulative fission yield for 37Cs

— BU : burnup

* Decay : (A, Eg) Pk = Egc Ay
— A, :decay constant

— Eg4 :recoverable energy

17/03/2021 EURAD Annual Event 2021 14
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PRODUCTION OF THERMAL POWER BY 137Cs Production
Thermal power by 137Cs at t (cooling time):
PL() = pyc Ny (ty) e (t=to) t, : end of irradiation

* Production: 137Cs inventory at end of irradiation
Ni(ty) o< Y. BU Decay

— Y, :cumulative fission yield for 37Cs

— BU : burnup

* Decay : (A, Eg) Pk = Egx M
— A :decay constant

— Eg4 :recoverable energy

17/03/2021 EURAD Annual Event 2021 15

CONTRIBUTION TO THERMAL POWER FROM 137Cs AND 90Sr

Py () = pi Ny (to) e~M (t-to) N (tp) o Y BU Pk = Eak Ak

2 2 2
Yk _ _ [(UBU “ﬁ) (“Edk)
= Px \/(BU) + (YC + Eak

» Operational history: BU

* Nuclear data : (Y, Eg) Pk = g Ay
— ) :decay constant

— Eg :recoverable energy

Note: contribution of 137Cs and °Sr are simple cases, in addition, with rather well determined nuclear data

u
e.g. 134Cs production oc BUP withb~ 2 = —k=UBU
Nx  BU
17/03/2021 EURAD Annual Event 2021 16
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NUCLEAR DATA (Y,E,): 137Cs

T, =30.05 (8) a

137CS

Library Eq / keV Ratio 100 x Y Ratio (Yex Eq) / keV Ratio
DDEP/IAEA 811.8(18) 1 6.221 (69) 1 50.5 (6) 1

JEF-2.2 812.0(69) 1.000 (8) 6.244 (54) 1.004 (9) 50.7 (6) 1.004 (12)
JEFF-3.1.1 810.1(23) 0.998(3) 6.221(69) 1.000 (11) 50.4(6)  0.998 (11)
JEFF-3.3 801.8(23) 0.988(3) 6.090(63) 0.979 (10) 48.8(5)  0.967 (10)
ENDF/B-VI.8 813.4 (41) 1.002 (5)  6.188(31)  0.995 (5) 50.3(4)  0.997(7)
ENDF/B-VII.O 805.7 (16) 0.992(2) 6.188 (31)  0.995 (5) 49.9 (3) 0.987 (5)
ENDF/B-VIILO 805.8 (18) 0.993(2) 6.188(31) 0.995 (5) 49.9(3)  0.987 (5)
17/03/2021 EURAD Annual Event 2021 17
NUCLEAR DATA (Y,E,): °°Sr
T,/,=28.80 (7) a

905y

Library Eq / keV Ratio 100 x Y Ratio (Ye x Eq) / keV Ratio
DDEP/IAEA 1129.4 (14) 1 5.730(130) 1 64.7(15) 1

JEF-2.2 1129.6 (7) 1.000(1) 5.847(188) 1.020 (33) 66.0(21)  1.021(33)
JEFF-3.1.1 1107.8 (13) 0.981(1) 5.729(132) 1.000 (23) 63.5(15)  0.981 (23)
JEFF-3.3 1127.3(13) 0.998 (1) 5.676(131) 0.991 (23) 64.0 (15) 0.989 (23)
ENDF/B-VI.8 1129.9(12) 1.000 (1) 5.782 (58) 1.009 (10) 65.3 (7) 1.010 (10)
ENDF/B-VII.O 1129.4 (13) 1.000 (1) 5.782 (58) 1.009 (10) 65.3 (7) 1.009 (10)
ENDF/B-VIIL.O 1128.8(11) 0.999 (1) 5.782(58)  1.009 (10) 65.3(7)  1.009 (10)
Ramthun (Exp. 1976) 1147.0 (90)

17/03/2021

EURAD Annual Event 2021
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NUCLEAR DATA (Y_Eg): °°Sr and 137Cs

tibrary oSr ] BCs
(EqxYc) / keV  Ratio (Ycx Eq) / keV  Ratio
DDEP/IAEA 64.7(15) 1 50.5 (6) 1
JEF-2.2 66.0(21)  1.021(33) 50.7 (7) 1.004 (12)
JEFF-3.1.1 63.5(15)  0.981(23) 50.4 (6) 0.998 (11)
JEFF-3.3 64.0 (15) 0.989 (23) 48.8 (5) 0.967 (10)
ENDF/B-VI.8 65.3 (7) 1.010 (10) 50.3 (4) 0.997 (7)
ENDF/B-VII.O 65.3 (7) 1.009 (10) 49.9 (3) 0.987 (5)
ENDF/B-VIILO 65.3 (7) 1.009 (10) 49.9 (3) 0.987 (5)
17/03/2021 EURAD Annual Event 2021 19
CONCLUSIONS

* Prediction of thermal power of SNF strongly depends on
— Nuclear data

— Operational history

*  up/P=1.3%:not realistic

= WP8: Spent fuel characterisation until final disposal

“Define best practice procedures to determine thermal power with realistic confidence limits”

17/03/2021 EURAD Annual Event 2021 20
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1.2 Neutrons as a signature for the characterisation of spent
nuclear fuel; P. Schillebeeckx, JRC Geel; EURAD Annual event
2021; 16 - 18/03/2021

¢ A

e U A |,
European Joint Programme

on Radioactive Waste Management
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Neutrons as a signature for the characterisation
of spent nuclear fuel

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 2014-2018 under grant
agreement N°847593

18/03/2021 EURAD Annual Event 2021 1

SPENT NUCLEAR FUEL (SNF): INTERMEDIATE STORAGE OR FINAL DISPOSAL

A safe, secure, ecological and economical transport, storage and final disposal requires
that SNF is characterised for the main source terms of interest:

¢ Decay Heat

* Neutron emission

* y-ray emission

* Reactivity
(fissioning nuclides + nuclides with high neutron absorption cross sections for BUC)

* Fissile material (Nuclear Safeguards)
* Specific long-lived radionuclides for long term safety

(e.g' 14Cl 7959, 94Nb, 99TC, 129', ZZGRa)

= Requires a nuclide inventory that can only be determined by theoretical calculations

18/03/2021 EURAD Annual Event 2021 2
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THEORETICAL CALCULATIONS OF NUCLIDE INVENTORY

Burnup code: coupled neutron transport — nuclide depletion/creation calculations

Neutron transport

Bateman equation |

dNy.

s =YN¢oro + ZXiNi + Z oiNjo — (kk + ok,a(p)Nk
i j

Update nuclide vector

18/03/2021 EURAD Annual Event 2021

Verify by NDA experiments:
- Gamma-ray
BURNUP CALCULATIONS - Neutron

Nuclear data

SNF input data
* Cross sections: (n,y), (n,f), ... * Fuel properties
* Fission Yields

- design
* D dat - ial IE
" alFlves P|Burnup code [ T e
- Emission probabilities - burn-up (BU)
- Recoverable energy

- irradiation cycles
- cooling time (CT)

Source terms
* Power
* Neutron emission

18/03/2021 EURAD Annual Event 2021
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NEUTRON EMISSION OF SNF

PWR UO, pellet (5 g)
25J/U=4.8wt%
burnup = 44 Gwd/t

—S =8, +8§

n

=y
o
w

10°

1
1 10 100 1000
Cooling time, t / year

Neutron emission rate, S_/ (s” cm®)

18/03/2021

NEUTRON EMISSION OF SNF

* Neutron emission rate: main contribution due to 244Cm(sf)

EURAD Annual Event 2021

* 24Cm inventory depends on operational history

= Neutron measurement provides information about

operational history

18/03/2021
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Relative sf rate, sz / Sn

n

o

Relative (a,n) rate, S /S

$a() = D (51 * Sunt) N(®
k

1.0

0.8

0.6

0.4

0.2}

99
08}
06}
04}

021

0.0

1

24Cm concentration / (g/cm®)

10’

Cooling time / a

x10°

sz

——N=aBU’ b=60

10° f——N=aBU® b=40

.l

107 F

2

10%

10° F

104 F

10° F

10°

107 L L L L L L
0 10 20 30 40 50 60

Burn up / (GWd/t)
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VERIFICATION OF SNF INPUT DATA BY NEUTRON MEASUREMENTS

Neutron based NDA measurements of SNF assemblies

Nuclear safeguards: DOE (NGSI), IAEA, EURATOM

- Total neutron emission rate (Fork)
- Passive Neutron Albedo Reactivity (PNAR)

- Differential Die Away Self-Interrogation (DDSI)

: routine inspections

PNAR and DDSI: also sensitive to neutron multiplication

PNAR: Tupasela et al., NIMA 986 (2021) 164707
18/03/2021

BURNUP CALCULATIONS

Nuclear data

* Cross sections: (n,y), (n,f), ...
* Fission Yields

- Half-lives
- Emission probabilities
- Recoverable energy

Validate by experiment

18/03/2021

: Finland

: Sweden

DDSI: Trahan et al., NIMA 955 (2020) 1643329

EURAD Annual Event 2021

* Decay data =P Burnup code

h

SNF input data
* Fuel properties
- design
- material data (IE)
* Operational history
- burn-up (BU)
- cooling time (CT)

Source terms
* Power
* Neutron emission

EURAD Annual Event 2021
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ABSOLUTE MEASUREMENT OF NEUTRON EMISSION RATE OF A SNF SAMPLE

* Procedure to transfer SNF segment sample from hot cell to neutron detection system

— Based on a multi-layer barrier encapsulation making use of special features of hot cell facilities at SCKeCEN (LHMA)

* Absolute determination of neutron emission rate by NDA in standard controlled area conditions
using conventional well-counter for nuclear safeguards applications

18/03/2021 EURAD Annual Event 2021 9

SELECTION AND CHARACTERISATION OF SNF SEGMENT SAMPLE

woo| & Resvtol ey measuements * Irradiation history of the SNF

— Segment (~50 mm) from rod of a PWR Assembly

— PWR (15 x 15): 188 UO, rod (4.5 wt% 23°U/U) and 16 (U,Gd)O, rods
— Irradiated at Tihange 1 (BE)

2000

Sampling zone

Counts

1000

— Rod used for other international project

i 10‘00 20‘00 30‘00 2000 (First-Nuclides, REGAL, WETFUEL & AGAF, SF-ALE)
Position / mm

SNF segment sample characteristics

3000
(

b) Grdacted one Part of a set of 4 samples (REGAL project)

sl }—— — Radiochemical analysis (BU)
"W — Microstructural analysis

— Leach tests (low 0,)

Counts

2000 |- ——Neutron measurements
—— Radiochemical analysis (BU analysis)
—— Microstructural Analysis

e an ) — Leach tests (high 0,)
1900 teo0 1900 2000 2100 EURAD - SFC (NDA): neutron measurements
Position / mm
18/03/2021 EURAD Annual Event 2021 10
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SELECTION AND CHARACTERISATION OF SNF SEGMENT SAMPLE

¢ SNF segment sample: nuclide inventory and BU * SNF segment sample: characteristics
BU indicator  Nuclide inventory Burnup Parameter Value
Gwd
me/e ft Length 52.01 (4) mm
137,
mcs s 1.288(30) 52.6 (10) Segment weight 42,616 (1) g
Nd+*Nd 3.029(32) 53.0(6) Cladding weight 6.71(4) g
143N + 144N 1.962 (21) 53.1(6) Net fuel weigh 3'5 o1 (4
1eNg 0.534 (12) 53.3(12) et fuel weight 91(4)g
150N g 0.257 (11) 52.2(23)
Average 52.8 (4)
3000
(b) Grd affected zone
2500 1 H
Yl N
(]
2000 | —— Neutron measurements
—— Radiochemical analysis (BU analysis)
Tl tons ooy
—— Leach tests (high O,)
1500 L L L L
1700 1800 1900 2000 2100
18/03/2021 Position / mm EURAD Annual Event 2021 1

RESULTS AND COMPARISON WITH THEORETICAL CALCULATIONS

* Neutron emission rate determined by absolute neutron measurements
S =682 (10) s'ig? Sen = 25 (10) sgt

e Comparison with theoretical calculations

Code Ltibrary (wn) S/ (') Su/(g's?) _Calculation/Experiment
Method Library Ssf San
SCALE ENDF/B-VIL1  Y(o,n) 665 11.8 0.974 0.48
SERPENT(1) ENDF/B-VIL1  Y(a,n) 662 14.2 0.971 0.58
SERPENT(2) ENDF/B-VIL1  Y(o,n) 694 14.2 1.017 0.58
ENDF/B-VIILO  Y(o,n) 692 14.1 1.013 0.57
JEFF-3.1.2 Y(o,n) 629 13.2 0.922 0.56
JEFF-3.3 Y(a,n) 658 13.8 0.964 0.56
JEFF-4T0 Y(o,n) 695 13.7 1.018 0.56
ALEPH28  ENDF/B-VIILO  o(o,n) TENDL2015 660 26.5 0.968 1.08
o(a,n)  JENDL_AN/500 224 0.91
JEFF-3.3 o(a,n) TENDL2015 641 28.1 0.940 1.14
o(a,n)  JENDL_AN/500 239 0.97

18/03/2021 EURAD Annual Event 2021 12
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RESULTS AND COMPARISON WITH THEORETICAL CALCULATIONS

* Neutron emission rate determined by absolute neutron measurements

Sy =682 (10) s'g?

SFC Training materials

San = 25 (10) sigt

» Comparison with theoretical calculations

Code Library (a,n) St/ (g%sh) S/ (gs?) Calculation/Experiment
 Method | tbrary St San

SCALE ENDF/B-VII.1 Y(a,n) 665 11.8 0.974 0.48
SERPENT(1) ENDF/B-VII.1 Y(a,n) 662 14.2 0.971 0.58
SERPENT(2) ENDF/B-VII.1 Y(a,n) 694 14.2 1.017 0.58
ENDF/B-VIII.O Y(co,n) 692 14.1 1.013 0.57
JEFF-3.1.2 Y(a,n) 629 13.2 0.922 0.56
JEFF-3.3 Y(a,n) 658 13.8 0.964 0.56
JEFF-4TO Y(a,n) 695 13.7 1.018 0.56
ALEPH28 ENDF/B-VIII.O o(a,n) TENDL2015 660 26.5 0.968 1.08
o(a,n) JENDL_AN/500 22.4 0.91
JEFF-3.3 o(a,n) TENDL2015 641 28.1 0.940 1.14
olan)  JENDL_AN/500 23.9 0.97

18/03/2021

RESULTS AND COMPARISON WITH THEORETICAL CALCULATIONS

* Neutron emission rate determined by absolute neutron measurements

Sy =682 (10) s'g?

EURAD Annual Event 2021

San = 25 (10) sigt

» Comparison with theoretical calculations

Code Library (wn) Sst/(g7's") Su/(g's?) _Calculation/Experiment

Method Library Ssf Sun

SCALE ENDF/B-VIL1  Y(o,n) 665 11.8 0.974 0.48
SERPENT(1) ENDF/B-VIL1  Y(e,n) 662 14.2 0.971 0.58
SERPENT(2) ENDF/B-VIL1  Y(e,n) 694 14.2 1.017 0.58
ENDF/B-VIILO  Y(a,n) 692 14.1 1.013 0.57

JEFF-3.1.2 Y(a,n) 629 13.2 0.922 0.56

JEFF-3.3 Y(a,n) 658 13.8 0.964 0.56

JEFF-4TO Y(a,n) 695 13.7 1.018 0.56

ALEPH28  ENDF/B-VIILO  o(o,n) TENDL2015 660 26.5 0.968 1.08
olo,n)  JENDL_AN/500 224 0.91

JEFF-3.3 ola,n) TENDL2015 641 28.1 0.940 1.14

olo,n)  JENDL_AN/500 239 0.97

18/03/2021
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SUMMARY AND OUTLOOK

* Absolute neutron emission rate measurements of SNF sample with uncertainty < 2% in
standard controlled area conditions

— Calculated S with latest libraries (ENDF/B-VIII.0, JEFF-4TO): within experimental uncertainty
— Differences in S only due to methodology can be about 5 %

— Calculated S, : best agreement by including a- transport

* Development of optimised neutron counter and transfer container
Increased detection efficiency and reduced y-ray sensitivity

— Reduce uncertainty of both S;and S,

— Broader application range:
MOX, short cooling times, low burnup, end of rod, ...

18/03/2021 EURAD Annual Event 2021 15

THANK YOU FOR YOUR ATTENTION

* JRC Geel (BE) and Ispra (IT)

G. Alaerts, J. Paepen, P. Schillebeeckx, R. Wynants, G. Zerovnik* (JRC Geel)
B. Pedersen, G. Varasano (JRC Ispra)

« SCK CEN (BE)

K. Govers™, N. Messaoudi, Y. Parthoens, P. Romojaro, A. Stankovskiy, M. Verwerft

“JSI(SI)
“"FANC (BE)

18/03/2021 EURAD Annual Event 2021 16
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1.3 Validation and uncertainty analysis of SNF characterization
based on SCALE code system; A. Shama, NAGRA; EURAD
Annual event 2021; 16 - 18/03/2021

=

=
B, ]

uropean Joint Programme

Europe:
on Radioactive Waste Management
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Validation and Uncertainty Analyses of SNF
Characterization based on SCALE Code System

EURAD WP8/Subtask 2.1

A. Shama (EPFL / Switzerland), 17.03.2021

Nagra’s activities in WP8/Subtask 2.1

— Subtask 2.1: Theoretical study of SNF source terms
— Subtask leader: PSI
— Contributors: CIEMAT, JSI, NAGRA, PSI, SCK.CEN, VTT, KIT, JRC-Geel, ENRESA

— Nagra’s activities:

(1) Selection of SNF benchmarks (decay heat / nuclide inventory)

(2) Modelling of SNF benchmarks

Comparison with existing measurements:
— Calculations using simplified assumptions and modelling
— Calculations using advanced method

(3) Uncertainty propagation

Estimate uncertainties of different origins:
— Nuclear Data (ND)
— SNF design and irradiation

(4) ldentification of parameters contributing to uncertainties

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024
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1. Selection of SNF benchmarks

1. Takahama SF95-5
SNF Decay Heat 1. Clab PWR 0OE2 SNF Nuclide Inventory 2. KKB BM1

calorimetric measurements 2. Clab BWR 6432 PIE samples 3. Gundremmingen-7.
4:11. ENRESA 1:8

2. Modelling of SNF benchmarks

Comparison with existing measurements:
— Calculations using simplified assumptions/modelling
*  ORIGEN, prepared one-group XS libraries
— Calculations using advanced method
* Polaris, 2D lattice code with multi-group XS libraries

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 37
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3. Uncertainty Propagation

Estimate uncertainties of different origins:
— Nuclear Data (ND)
* Cross-sections, Fission-yield, Decay Data: SCALE data based on ENDF/B-VII.1
— SNF design and irradiation
* Material, geometrical, operational (whenever provided by operators and fuel vendors)

(SFCOMPOQ)”
Parameter lo
Clad thickness 16.7 pm
Clad diameter 67/100 pm (PWR/BWR)
Pellet density 0.67%
Pellet diameter 6.7 um [NEE;];:%‘O;MS]
U-235 wt.% 0.0167%
SFA powers 1.67%
Water temp. (PWR) 2K
Water density (PWR) 0.005 g/cm3
Void fraction (BWR) 6%
Fuel temp. 50 K
Boron (PWR) 10 ppm

¢ NEA/NSC “Evaluation Guide for the Evaluated Spent Nuclear Fuel Assay Database

3. Uncertainty Propagation

Estimate uncertainties of different origins:
— Nuclear Data (ND)
— SNF design and irradiation

Decay Heat of Clab BWR 6432

EURAD (Deliverable 8.3)- Title: SFC Training materials
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3. Uncertainty Propagation

Estimate uncertainties of different origins:
— Nuclear Data (ND)
— SNF design and irradiation

Nuclide conc. in Gundremmingen (BWR) B23 — E3 sample

4. Identification of relevant parameters contributing to uncertainties

Nuclear Data: XS: C_ro;sfse_cnons
- FY: Fission yield
DY: Decay
by analyzing fractional variances ND: Nuclear Data
DO: Design and Operation
2 _ .2 2 2 _ 2 2 2
Ofotal = ONDT0Do ONp= Oxs + 0gy + Opy
—
2
OFy
o2 — =L
po  _] oip
2
OTotal
2

|
o
<

OND
o2 2
Total — Oxs
Tip
8
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4. Identification of relevant parameters contributing to uncertainties
. XS: Cross-sections
Nuclear Data: FY: Fission yield
DY: Decay
by analyzing fractional variances ND: Nuclear Data
DO: Design and Operation
Tfotar = OXp+0B0 ONp= O%s + Oy + by
Decay Heat of Clab BWR 6432
(1]
g 235 242py, 2080,
B LOfF=====] Fm====3 F=====
5 -—- XS.
=0 -—- FY.
Nuclide conc. in Gundremmingen B23 — E3 sample 5 n'os --- Decay
s ° ND
0 b ] ]
% 0.0 5 5 5
= Cooling Time (a)
9
4. Identification of parameters contributing to uncertainties
Model Parameters:
Correlation Analysis
Decay Heat of Clab PWR 0E2 and BWR 6432
Correlation Analysis
Nuclide conc. in Gundremmingen B23 — E3 sample
10
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Publications

(1) Related to SNF decay heats

—  Accepted in Nuclear Engineering and Technology
“Uncertainty Analyses of Spent Nuclear Fuel Decay Heat Calculations using SCALE Modules”

—  Submitted to Annals of Nuclear Energy

“Validation of Spent Nuclear Fuel Decay Heat Calculations Using Polaris, TRITON/ORIGEN-
ARP and CASMO5”

(2) Related to SNF nuclide concentration

— Planned
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Appendix

(1) Area of Applicability (AOA)

Burnups, enrichments, and cooling times of the selected SFAs

Appendix

(2) Uncertainties of the Measurements

Table 1. Uncertainties (20) in the decay heat measurements at the Clab facility based on [15].
SFA Power (W) Uncertainty (W) Uncertainty (%)

50 4.2 8.4
BWR 350 6.2 1.8
250 9.2 3.7
PWR 900 18.8 2.1

Table 2. Uncertainties (20) in the decay heat measurements at the GE-Morris facility based on [5].
The values correspond to both PWRs and BWRs.
SFA Power (W) Uncertainty (W) Uncertainty (%)

200 16 8
GE 700 28 4
14
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Appendix

SFC Training materials

(3) Hypothesis Testing on Calc. and Meas.

Mean-difference plot of calculations and measurements along with shaded total uncertainty band. Combined
z-scores are shown for each SFA (top).

Appendix

(4) Uncertainties Components

Burnup  Cooling Decay heat Meas. Calc. Total
(Gwd/tU) time (a) (W/tU)
(20) %
PWRs 51.0 16.1 1595 2.3 5.6 6.1
BWRs 36.9 16.6 1015 2.8 4.6 5.4
Calc. ND DO
Burnup  Cooling Decay heat alc
W i W,
(Gwd/tU) time (a) (W/tU) (20) %
PWRs 51.0 16.1 1595 5.6 3.1 4.7
BWRs 36.9 16.6 1015 4.6 1.8 4.2
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Appendix

(5) Validation (Clab)

Appendix

(5) Validation (GE and HEDL)
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1.4 Fuel dry storage modelling with INL’s BISON code at VTT; A.
Arkoma, VTT; WP8 SFC Annual Meeting 2023; 11/1/2023

r o
U & 3 -
European Joint Programme
on Radioactive Waste Management

Page 45
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r o

eu

European Joint Programme
on Radioactive Waste Management

L <

THERMO-MECHANICAL PROPERTIES OF THE
SNF CLADDING: CREEP MODELLING WITH
THE BISON CODE

1 November 2023 ¢ Asko Arkoma (VTT)

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement N°847593.

31 October -2 November 2023 WP8 SFC Annual Meeting 2023

OQutline

= Background for the investigation

= Applied simulation tool

= Modifications to the code

= Simulation cases

= Results of the verification simulation

= Creep results of the CIP0O-1 mother rod
= Summary and conclusions

eu
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Background for the study

= Creep rupture is one of the postulated cladding failure mechanism
during dry storage, another being embrittlement caused by hydrides

= |n this work, CIEMAT's dry storage creep law (Feria and Herranz, 2011;
Feria et al., 2015) was implemented into fuel performance code BISON
 Previously, the model has been implemented (Arkoma et al., 2018) into VTT'’s

version of the ENIGMA code
» No dry storage creep model was available in BISON

eu

31 October - 2 November 2023 WP8 SFC Annual Meeting 2023 3 r

Simulation tool: BISON fuel performance code

= Developed by Idaho National Laboratories (INL) since 2009 (Newman et al., 2009)
= BISON is built within the INL's MOOSE (Multi-physics Object-Oriented Simulation
Environment) framework (Gaston et al., 2009)
= MOOSE is a general solver that uses finite element method (FEM) to solve partial differential equations
= BISON solves the fully coupled thermo-mechanics and species diffusion in 1D-, 2D-
(axisymmetric) and 3D-geometries
= Fuel models describe temperature and burnup dependent thermal properties, swelling,
densification, thermal and irradiation creep, relocation, fracture, and fission gas production
and release
In order to model cladding mechanical behaviour, plasticity, irradiation growth, and thermal
and irradiation creep models are included
= Models are also able to simulate gap heat transfer, mechanical contact, and the evolution of
free volume pressure
The calculation mesh can be generated with an external tool, or a simple mesh created
through the input file

eu
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A Kl

Modifications to the code

= The implemented dry storage creep law by CIEMAT (Feria and Herranz, 2011;
Feria et al., 2015):

ach ec/T e=d/¢t

&y =
1/ tdry,storage

= a, b, c and d are fitted constants
" tary storage IS the time spent in dry storage, ¢t is the fast neutron fluence

= The law is based on experimental database of stress-relieved annealed Zircaloy-4
cladding alloy

= The default creep model in BISON by Limbé&ck and Hoppe is used before entering
the dry storage period (INL, 2023)

= The cladding oxidation model in BISON is modified to stop outer surface oxidation
during wet and dry storage
« Without this modification, the default EPRI/KWU/C-E oxidation model in BISON continues

to produce significant oxidation during dry storage .
eu

31 October - 2 November 2023 WP8 SFC Annual Meeting 2023 5 r

J Simulation cases

Verification case
= To verify the implementation, the creep model was first tested with a spent fuel example input delivered with BISON
= In this simple case, constant linear heat rate of 25 kW/m and axially flat power profile is used throughout the irradiation

= Rod segment consisted of ten pellets, and the calculation mesh was generated with an external meshing tool (the
mesh file was also provided with the code delivery)

= Three radial and 40 axial meshes in the cladding
= Average burnup of 58 GWd/tU

Application to a full rod irradiated in a commercial reactor (CABRI CIP0-1 mother rod)

= Next, the law was applied to the mother rod of a reactivity-initiated accident (RIA) test made in CABRI test reactor, the
CIPO-1 test: 17x17 PWR rod with Zirlo cladding, mother rod average burnup 68 GWd/tU

= 2D axisymmetric mesh with smeared solid fuel pellets (i.e., no dishes and chamfers) was generated within the BISON
input file

= For the sake of simplicity, wet storage period was not modelled except that there is a period of one week with 50 °C in
between the irradiation and dry storage

= The number of pellet and cladding elements in axial direction was 200 and in radial direction 12 and 4, respectively

= Cladding thermal boundary conditions during steady-state calculated by the built-in coolant channel model of BISON

Flat axial temperature profile was imposed during dry storage, the evolution given by Penalva et al., 2021

eu
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=

= The results show high creep at the beginning of dry storage, and after

a few years, the creep rate slows down
» The results are qualitatively reasonable

» The behaviour is consistent with the earlier results with the CIEMAT

SFC Training materia

Verification of the creep model

correlation calculated with FRAPCON-xt (Feria et al., 2015)

Reactor

Wet storage

Dry storage

— 180
160
7 140
2 120
= 100
80
60
40
20

MPa

S8

Cladding max. hoop str

MAT dry storage crecp model ——

BISON example input

Limback-Hoppe crecp mode] <=

=20

5
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15 20 25

Time [years)

Axially maximum cladding hoop stress calculated with the
CIEMAT model and compared with the default Limbéack-

Hoppe creep model
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dry storage

= Calculated FGR is 8.2% and measured is 7.4%
(NEA, 2022)

= Calculated end-of-life plenum volume is 10.5 cm3
at 20 °C; measured free volume 12.26 cm?3

= Measured plenum pressure 5.85 MPa at 0 °C

Plenum pressure [MPa]

. TR
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Time [years]
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Simulated state of CIP0O-1 mother
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rod prior to
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Axial distance from the bottom of the rod [m]
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Applied temperature history

B n

Cladding outer surface diameter axial profile after irradiation at
20 °C. Comparison is made to paper by Georgenthum et al.
(2017), where the measurement result is published. In the figure,
one of the curves from the paper is digitalized (approximation)
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=

= Creep is highest at both ends of the rod

31 October - 2 November 2023

B

Temperature [°C]
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hoop stress

Fuel stack is
on the left

WP8 SFC Annual Meeting 2023

Creep results of the CIPO-1 mother rod (2/2)

Creep results of the CIP0O-1 mother rod (1/2)

Calculated hoop stress axial distribution is quite uniform, but the fast neutron fluence distribution is non-uniform

fluence

Fast fluence (thus, burnup) is lower at the end parts of the rod, and according to the CIEMAT creep correlation that results in
higher creep

The maximum creep strain after 19.2 years of dry storage in is 3.0% (at the ends of the rods) and 0.9% in the axial middle
part of the rod

The Limback-Hoppe steady-state creep model for Zirlo applies a factor of 0.8 to
decrease the creep given by the creep law of Zry-4. However, during dry
storage, this model is bypassed and replaced by the CIEMAT model in which this

reduction was not applied

If the 0.8 multiplication factor is applied, the innerwall axial midplane hoop

creep strain at the end of dry storage simulation is reduced from 0.9% to

0.7%

Dry storage

i
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=l

Summary and conclusions

= CIEMAT’s dry storage creep law was implemented into INL's fuel performance code BISON

found to be qualitatively reasonable

= The creep law was tested with a spent fuel example input delivered with BISON, and the results were

= Then the law was applied to the mother rod of a RIA test rodlet tested in CABRI sodium loop, the

CIPO-1 test

= |[n addition to creep, cladding hydrogen radial distribution in the beginning of dry storage was
modelled in CIP0-1 mother rod with BISON by making use of the existing models in BISON (results

are given in VTT Research Report)

= Compared to FRAPCON-xt results of the CIPO-1 mother rod, creep calculated with BISON is

considerable higher

« According to analysis by CIEMAT, the differences can be explained by the differences in calculated rod internal
pressure and fast neutron fluence prior to dry storage, and different calculated stress evolution during the dry

storage

= |n the CIPO-1 mother rod, dry storage creep was found to be mostly reasonable (i.e., less than 1%)

but in the top and bottom parts of the rod, the creep was considerable higher

« In these parts, the fast neutron fluence (burnup) was lower, and that results in higher creep according to the

CIEMAT creep correlation

31 October - 2 November 2023 WP8 SFC Annual Meeting 2023
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1.5 Statistical approach for evaluating the safety of spent fuel
during transport accidents; C. Aguado, F. Feria, L.E. Herranz,
CIEMAT; WP8 SFC Annual Meeting 2023; 11/1/2023
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Subtask 4.1 - CIEMAT

Statistical approach for
evaluating the safety of spent fuel
during transport accidents

C. Aguado, F. Feria, L.E. Herranz (CIEMAT)
EURAD WP8 SFC — Spent Fuel Characterization and evolution until disposal
SFC Annual meeting, November 01-02, 2023

3 .f' This project has received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement N°847593.
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OUTLINE

U INTRODUCTION
40 METHODOLOGY
U APPLICATION
a

FINAL REMARKS
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INTRODUCTION

3D codes based full mechanical evaluation of SNF under handling/transport accidents require
high computational cost...

... and further clad characterization after irradiation & storage is needed

Hydrides embrittlement Irradiation damage annealing
S it Aomietal. (PATRAM 2022)
¢ 330degC
B 380degC

Irradiation hardening recovery

31 Oct - 2 Nov 2023 WP8 SFC Annual Meeting 2023 0 2000 4000 5000 8000 £
Annealing time (h)

- |

INTRODUCTION

Main goal

Development of a methodology for the assessment of SNF performance under
handling/transport accident from statistical cladding characterization based on 1D T-M tools

Main achievements
» Derivation and verification of proof of concept from information available
» Assessment of factors affecting cladding mechanics:
- Radial hydrides embrittlement
- Irradiation damage annealing
eu.

.
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S|

METHODOLOGY

APPROACH
e
" FRAPCON-xt+HYDCLAD
g Rod initial characterization
< © +
= £ e .
oFf Boundary conditions Clad applied stresses
< S +
e g Clad performance
S +
w . . . .
Failure criteria Egaiture = T (T; i.C.5 .
r yea ;
l n Done (enhancements from CIEMAT s database)
2] osta available in T4 (feedback with NAGRA)
I Failure probability | n Scarce data in T4 v
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APPROACH
Threshold
Statistical approach
DAKOTA
Irradiation+Dry storage )
Characterization g
FRAPCON-xt & HYDCLAD .
2 Failure
. probability
Accident / Integrity
Stress-strain models + Failure criteria
MATPRO or NAGRA B} —
FOM

Maximum clad stress
under accident addressed
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ol

Gg

METHODOLOGY
TOOLS (UPDATE IN T3.1)

SFC Training materials

CIEMAT’s FRAPCON extension to dry storage

FRAP!

Creep law

D““b‘“""[uo, ox. criterion

Deactivation

CIEMATs in-clad H model

‘A“."l. e
2k
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FRAPCON-xt*
(1Bu > FGR)

METHODOLOGY

CRITERIA
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@
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Precipitation modelling update
(more phenomenological)

stress

Yield

stress

—NUREG-2215

In-reactor SFP
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Dry storage
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S|

METHODOLOGY

CRITERIA
T stress
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METHODOLOGY
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S|

METHODOLOGY

Conservative - Strain limits (g;,)
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METHODOLOGY
CRITERIA

Clad characterization
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x Excluded for axial loads
METHODOLOGY
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Clad characterization
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METHODOLOGY
STATITICAL ANALYSIS - MONTECARLO BASED

DAKOTA
————— -

Rod design ” N
< i S— / \
a9 (Design); A\
- 1 deonr, 1
p— () *ddi=y P —
Accident | e FRARCOR e I
Siress. nm:%: ;«::Hl:!mm ||-Hd I |
=, [ R |
Maximum clad stress ‘ = ‘ ! :—_‘-E:‘ ' — '
under accident addressed e I nnnnnn Two - i My
(Face) |
1 ves ,; 1
Dry Storage 1 (0Sh 2 es |
I- |l I yg‘ Tho owT . 'u I
I 1 . — : - i 1
1 (Accid.); “ ]
% |
Accident : — I
B8 \ I
» /
Te=lmin,max] S 7/
O e e T . o e e e e e e e e e e o o s -
APPLICATION
SCENARIO
PWR 17x17 Irradiation Dry storage - Metallic cask

Failure
probability

15

Handling accident

Variability: Rod design + Power history + Clad temperature (DS&Accident) + Clad maximum stress (c,¢.)

1
Open
literature

bl
o)
L |
ot
a
1

31 Oct - 2 Nov 2023

q' (kw/m)

as0
\\ 400
1 3s0
2 300
=
=
g 20
O 200
o
~
\% 150
-l
m 100
\%
N 50
™
o
0 1000 2000 3000 4000 5000 5000 7000 8000 3000
t(d)

EURAD (Deliverable 8.3)- Title: SFC Training materials

Dissemination level: Public

Date of issue of this report: 17/05/2024

Tic)

405 MPa
(IDOM, sT 4.1, 2021)

Maximum stress in
cladding during a 75 g
side drop accident
(17x17 fuel assembly)

Page 60



EURAD Deliverable 8.3

ol

APPLICATION
BASE CASE
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S|

APPLICATION
SCOPING CALCULATIONS

e Stress at drying for radial hydrides embrittlement — FRAPCON-xt vs FRAPCON-xt*

¢ Yield stress at accident — Full annealing vs no annealing

eu

31 Oct - 2 Nov 2023 WPS8 SFC Annual Meeting 2023 19 r

- |

APPLICATION
STRESS AT DRYING

90
80 - B FRAPCON-xt*
70 - FRAPCON-xt
- 60
250 No significant impact of the FGR modeling
3 improvement up to 70 GWd/tU
S40 -
fr
30 ‘
20 -
%l l
’!7' L L | ‘Flllvlvlfl'lfj‘fh’;‘W’T”TTT”W’W”W’\’\ .
343740434649525558616467707376798285889194 e U
31 Oct - 2 Nov 2023 Op (MPa) WPS8 SFC Annual Meeting 2023 | 20 I'r
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S|

APPLICATION
YIELD STRESS AT ACCIDENT

200 -
180

160 -
140 -

Frequency

= =

N A D ® O N

© © © & & o
L L L L

o O O
O —m
< S <

31 Oct - 2 Nov 2023

- |

450 &

APPLICATION
YIELD STRESS AT ACCIDENT - ANNEALING DATA FROM LITERATURE

FRAPCON-xt (MATPRO):

*+ 220-700°C

e 3.6:10%-4.4-10% n/m?

1.4E+26

1.2E+26

1E+26

8E+25

6E+25

$ t(n/m2)

4E+25

New data (Aomi et al., 2023):

+ 270-360°C

e 11.9-13.2-10% n/m?

31 Oct - 2 Nov 2023

2E+25

0

SFC Training materials

W FRAPCON-xt*
B NO ANNEALING
B FULL ANNEALING

o o
o
o ©

T
O OO O oo
N O A o,mwn N~
CON~NNKNN eu

oy (MPa) WP8 SFC Annual Meeting 2023 21 r

Significant impact of the IDA model

B Aomi (360 °C)

R 700

—FRAPCON-xt
5 am (360°C)

L 100
LI a . o
0 2000 4000 6000 8000 100 0 2000 4000 6000 8000 10000
t(h) t(h)

Significant differences between MATPRO and new data

eu

WP8 SFC Annual Meeting 2023 22 r
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ol

FINAL REMARKS

CIEMAT has developed a methodology to evaluate SNF under handling/transport accidents,
based on statistical cladding characterization.

* The proof of concept derived has been verified. It allows analyzing the impact of aspects of
interest for the cladding characterization.
* Main conclusions:

= Safety margin of hoop stress at drying for radial hydrides embrittlement (up to 70 Gwd/tU).
= Potential impact of irradiation damage annealing.

e Further work:
= Continuation of irradiation damage annealing analysis. eu
= NAGRA'’s dataimplementation. wessrcannual veeting 2023 2 r

THANK YOU FOR YOUR ATTENTION!!

eu
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1.6 Mechanical behaviour of pre- hydrided cladding; Miguel
Cristébal-Beneyto, Jesus Ruiz-Hervias, Daniel Pérez-Gallego;

WP8 SFC Annual Meeting 2023; 11/01/2023

r 1
U - 3 -
European Joint Programme.
on Radioactive Waste Management
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a F
e U
i -
European Joint Programme
on Radioactive Waste Management

Mechanical behaviour of pre-hydrided cladding

Miguel Cristébal-Beneyto, Jesus Ruiz-Hervias, Daniel Pérez-Gallego

Department of Materials Science
Universidad Politécnica de Madrid (UPM), Spain
miquel.cristobal@upm.es

2 INDEX

Introduction

I  Experimental
A Results

NV )
2/~ Conclusions
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— INTRODUCTION

Cladding is the first engineering barrier: let us take advantage of it.

In-reactor cladding degradation: irradiation, corrosion, creep, H pickup

Effect on cladding safety? (particularly in case of accident)

Structural integrity cladding/rod: irradiated samples (scarce & expensive)

Non-irradiated material: alternative to develop testing protocols applicable
to irradiated material, increasing test outcome

C Annual Meeting 2023 3

- INTRODUCTION

Cask drop accident: rod failure modes

« Grids — |

a1 Artist view of deformed 4
assembly (accident \
condition simulation)
J WATERIAL FRACTURE Cladd|ng
Pinch loading: ring compression test Rod bending: 3 point bending test

C Annual Meeting 2023 4
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— INTRODUCTION

* Objective
— Study the mechanical behavior of un-irradiated pre-hydrided
cladding in accident conditions

» Perform RCT test and TPB in pre-hydrided samples
— Effect of hydride morphology
— Effect of surrogate fuel pellet
— Effect of temperature

Ring compression test

3 point bending test

O 52

Annual Meeting 2023 5

=, EXPERIMENTAL

* Hydrogen charge
— ZIRLO! cladding samples

+ -
— Charge through the outer surface of cladding
— Cathodic charge: 3h, 0.1 M KOH, 0.25 A/cm?
N _ .| zRwo
— Precipitation treatment: Platinum cladding
« 7h at 450 °C electrode
+ Cooling at 60 °C/h [ Vvamish
Plug ——
KOH 0.1M
1ZIRLO® is a registered trademark of Westinghouse Electric Company, LLC, its affiliates and/or its subsidiaries in the United States of America and may be
registered in other countries throughout the world. All rights reserved. Unauthorized use is strictly prohibited.
Annual Meeting 2023 6
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"!f
EXPERIMENTAL
* Hydride Reorientation treatment (RHT)
— Using internal pressure (argon gas) Hydride Reorientation
— Independent temperature and pressure control Temperature vs Internal Pressure
— T=400°C
— P =19 MPa — gy= 140 MPa
| 5°C/h
= e
g 8
SS Cap £ =
& s
ZIRLO _
cladding § —— Thermocouple
Time
SFC Annual Meeting 2023 7
“‘!j
e EXPERIMENTAL
* Ring compression test e Three point bending
— Sample is compressed — Sample is placed over two
between two parallel plates supports, and load is applied
in the middle point
— Similar to JRC-KA
L]
=~y RCT setup TPB device schematic
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2 EXPERIMENTAL

e Test conditions:

Filling Hydrides Temperature
Circumferential | 20, 135 and 300 °C
Hollow -
Radial 20, 135 and 300 °C
RCT - -
Circumferential 20°C
Inserts -
Radial 20°C
As Received 20, 135 and 300 °C
Hollow - -
o Circumferential | 20, 135 and 300 °C
As Received 20, 135 and 300 °C
Inserts - -
Circumferential | 20, 135 and 300 °C

2 RESULTS

11

Hydride Reorientation treatment: 140 MPa hoop stress

« Before RHT (= 75 wppm Hydrogen)

Microstructure of samples: AT RHT )

(a) before and (b) after
reorientation treatment

EURAD (Deliverable 8.3)- Title: SFC Training materials
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RESULTS

Ring compression tests (RCT): hollow samples
Detail RCT ZIRLO

PT vs RHT

Detail RCT ZIRLO
PT vs RHT
O - o] - O
20°C - 135°C - 300 °C 20 °C - 135 °C - 300 °C
12 T 12 T
- —pra0%c — —PT20°C
S
1= Riraoee - 1 1 =" Rirzoec 1
RHT 135 °C s K 1
RHT 300 °C L T R 300 °C L7 e
e N RHT 300 °C , ¢ s
- < 4 -
_- Pl L. -7 ARSI
- _ 1 | 08 - - R
= - ] - - ]
g - . N g T e i
< P I 1 < PP i I
o - ’ " 3 06 - - I )
3 I o ] -
<) ] 'l S - === ! N
2 h 1y 2 Voo ' [N
! ¥ v, k I
1] 04 ! N
b ’ I !
L | [N
H 1 I ]
i : N [N
E : I h ! I
02} H I 1 02 NN
H 1
E H 1 1 !
: i , 11
H H ] 1 1
: ’| | 11
A X [ , ‘ L
0 1 3 4 5 6 7 0 1 2 3 4 5 6 7
Displacement (mm)
13

Displacement (mm)

RESULTS

Ring compression tests (RCT): surrogate pellet
RCT

Comparative: Insert vs Hollow

RCT
Comparative: Insert vs Hollow
I I I
PT with Insert 1
1 PT with insert 2 7\ 5 - -
= RHT with insert PT with Insert 1
RCT_PT_20_01 PT with insert 2
RCT_RHT_20_01 RHT with insert
RCT_PT_20_01
08 4 RCT_RHT 20_01 |17
z z
X 06 X 3
[ [}
I 2
o o
w w
0,4 2
02 1 \
) = /
ol . - %
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6
Displacement (mm) Displacement (mm)
ting 2023 14
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e RESULTS

Ring compression tests (RCT)

O

t
Crack
Image of hollow sample with radial hydrides during Image of sample with insert and circumferential
RCT at failure hydrides during RCT at same load
Max. Load: 0,33 KN Load: 0,33 KN

Displacement: 0,32 mm Displacement: 0,1 mm

2 RESULTS

Three point bending tests

TPB Comparative TPB Comparative
20 °C All samples 300 °C All samples

]
—

LM
. A/Z’f N / V _

\ e A “?—\k

§

Force (KN)
\‘_
Force (KN)
T~

05 04
TPB_AR_H_020_01 TPB_AR_H_300_01 /
TPB_AR_P_020_05 0.2 | ——TPB_AR_P_300_01
TPB_PT_H_020_01 TPB_PT_H_300_01
TPB_PT_P_020_01 TPB_PT_P_300_01
TPB_PT_P_020_02 TPB_PT_P_300_02

0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35

Displacement (mm) Displacement (mm)

ting 2023 16
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RESULTS

Three point bending tests

bt

i b B4 3 =
= * 4 #
Bin ot i ?;, N

Images taking during the TPB test of a sample with ceramic inserts at 20 °C at a) beginning of the
test, and b) after max load

SFC Annual Meeting 2023 17

CONCLUSIONS

* ZIRLO ® samples were charged with = 100 wppm hydrogen

* Hydrogen reorientation treatment (hoop stress=140 MPa)
— Almost full reorientation
— Long radial hydrides: almost 100 % cladding thickness in some cases

¢ RCT tests

— Hollow samples: brittle failure with radial hydrides (RT and 135°C)
— Samples with inserts: no failure with radial hydrides

* TPB tests
— Cladding behavior dominated by inserts
— Failure mode: cladding cracking in the boundary between pellets
— Increasing temperature decreases displacement at failure

@ _ T 18
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Europ
on Radioactive Wast

2. External training course

Characterization of spent nuclear fuel for intermediate storage and final disposal; P.
Schillebeeckx, JRC Geel; ANNETTE school "Final stage of the nuclear lifecycle" KIT, Karlsruhe; 2
- 6/12/2019

Characterization of spent nuclear fuel by theoretical calculations; P. Schillebeeckx, JRC Geel;
Online available (JRC127309);

Neutron resonance experiments; P. Schillebeeckx, JRC Geel; Summer school on neutron
detectors and related applications, Riva del Garda; 30/06 - 04/07/2022

Spent Nuclear Fuel Characterisation, P. Schillebeeckx, JRC Geel, Training for DG-ENER
EURATOM; 28/06/2023

SNF characterisation by NDA; P. Schillebeeckx, JRC Geel; School on "Nuclear data for depletion
calculations; 11/09 - 15/09/2023

Observables of interest (in spent fuel); G. Zerovnik, JSI-; School on "Nuclear data for depletion
calculations"11/09 - 15/09/2023
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2.1 Characterization of spent nuclear fuel for intermediate storage
and final disposal; P. Schillebeeckx, JRC Geel; ANNETTE
school "Final stage of the nuclear lifecycle" KIT, Karlsruhe; 2 -
6/12/2019

(o o

e U n !,
European Joint Programme

on Radioactive Waste Management
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Characterisation of spent nuclear fuel for
intermediate storage and final disposal

ANNETTE
"Final stage of the nuclear lifecycle"

2 — 6 December 2019, Karlsruhe

m European I
Commission

Contents

* Introduction

* Source terms
— Neutron
— Gamma-ray
— Heat

* Theoretical estimation of source terms
— Principles
— Nuclear data

— Fuel properties and irradiation history

e Application: CLAB (SE)

m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
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Spent Nuclear Fuel (SNF) intermediate storage or final disposal

A safe, secure, ecological and economic transport, storage and final disposal
requires that SNF is characterised for the main source terms of interest:

* Decay heat :H
* Neutron emission :S,

* y-ray emission :S,

* Reactivity : R
i.e. FP, actinides (Burn Up Credit)

* Fissile material (Nuclear Safeguards)

i.e. 235U, Z3°%Py

e Specific nuclides (Long term safety)
e.g. 14C, 36C|' 7956, 94Nb, 99TC, 129'1 226Ra, 237Np

European I
Commission

ANNETTE, 2 - 6 December 2019, Karlsruhe

Nuclear spent fuel: nuclide inventory

* Fission products

e.g. PTc, 1¥7Cs, >4Eu, ...

proton excess:
- B*decay
- EC (electron capture)

heavy nuclides:

- fission «hH
- o -decay
« (n,f)
Stable
. “on
z i Proton Emission
1
neutron excess: | BNt Eaision .. . ..
- B decay _ * Actinides / minor actinides
e. g. 2%Pu, 2*1Am, 4Cm, ...
N
(n,7) B B
n + 238U 523U 23INp —»237Pu
23.5 min 236d
European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
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B decay: 3’Cs (neutron rich)

T.,=30.05(8)a
* Qg =1175.73 (17) keV

137Cs

Ty,=30.05(8)a

0.9436

E,=661.659 keV

283.5 keV

0.0564
E,=283.5keV

137
sgBa

m European I
Commission

13705 >137Ba% + e~ + v,

|

137
seBa + E,

661.7 keV, 2.552 m

Gamma-ray emission probability: B

E, B
661.7 keV 0.8436 (20)
283.5 keV 5.8 (8) x 106

http://www.nucleide.org/DDEP_WG/Nuclides/Cs-137_tables.pdf

ANNETTE, 2 - 6 December 2019, Karlsruhe

o decay: 2*'Am

T.,=432.6(6)a
« Q,=5637.82(12) keV

5/2
msz.sa

9sAM &

0-0166\ 9/2', 158,50

0 1323\ 7/2',102.96

0.8445\ 5/2°, 59.54

E,= 59.5 keV

0.38 < 52"

0 237N
93''P

Emission of a-particles
P. Kandlakunta and L. Cao, Rad. Prot. Dos. 151 (2012) 586
__ Dimtizer b.;_sc-d

DAL sysiem
= Analeg NIM system |

60590 420 5450 =480 5410 5540
Energy (keV)

E,/keV  P(E,)

5388.3  0.0166 (3)
5442.9  0.1323(10)
5485.6  0.8445 (10)

http://www.nucleide.org/DDEP_WG/Nuclides/Am-241_tables.pdf

m European I
Commission
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Spontaneous fission

Fission: nucleus splits up into fission products (FP)

e.g. 238:240242p(sf), 242,244,246C (sf), 252Cf(sf)

e FP:acceleration due to Coulomb repulsion

e FP:strongly excited, emission of

' ' ®n — Prompt fission neutrons
U \ - Prompt fission y-rays
w °

) n ' * Prompt fission neutrons important for NDA
fission products (see K. Abbas)
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Prompt fission neutron energy distribution

0.5 0.5
*py(s,f.) | —— *%py(s,f)
0.4 04}
~ 03 ~
= w
P4 Z
0.2
0.1F
00 YT R RTTTT R EETTT BT R R TTTT BT RN ETY, i I I n
10* 10° 10% 10" 10° 10 0 2 4 6 8 10
Neutron energy, E / MeV Neutron energy, E / MeV
<E,>=~2MeV
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
EURAD (Deliverable 8.3)- Title: SFC Training materials Page 79

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

Prompt fission neutron multiplicity

04 - -y Emission of prompt fission neutrons:
' . T2l |- statistical process
[ i - - *Ci(sf) - onaveragev>1
03F SN
l’l “- 4 .'.
© S i .
T 02 ’a' S \ Nuclide V(1) Vs(2) Vs(3)
R » %y 2.210 1.978 0.933
01 A \h #0py 2,154 1.895 0.868
L, ’ K
. D) ) . \
¢ N *py 2.145 1.882 0.867
oobk=t o+ . | »2cf 3.756 5.978 5.287
0 2 4 6 8 10
S (v
Neutron multiplicity, v Ve =2, (JPSV
v=]
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Spontaneous fission: neutron emission

Nuclide Tin/a Main (sf) branch <y> Shsf
decay mode x 100 (s'gh)
28y 4.468 10° o 5.4510” 1.990 135107
28y 87.74 a 1.85107 2.21 2592
py 24110 o 3.110™ 2.219 2.18 107
20py 6561 a 5.710° 2.154 1023
#py 14.29 1} 57410 2.27 45107
#2py 373500 a 5.4910" 2.145 1725
*Am 432.6 o 430107 2.46 1.3
*2Cm 0.446 o 6.36 10" 2.54 2.10 10’
*Cm 18.1 o 1.37 10" 2.72 1.08 10’
B2cf 2.645 a 3.10 3.757 2.31 10"
m Eg:gﬁ:giun ANNETTE, 2 - 6 December 2019, Karlsruhe

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 80

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

Neutron production by (a,n)

Additional neutron source, Sna
SNF: o - decay of actinides followed by (a,n) reaction in light elements

. Neutron energy emission spectrum
e (a,n) reactions u gy emission spectru

4.0
- 180(a,n)?Ne B A ~ Fluorine (5 MeV)
- 170(a,n)®Ne =) o ~Oxygen (5MeV)
N i / \
— 19F(q,n)?2Na = .-"/ \
E 25 7 \
e Neutron energy (emission) ° _— / \
- O(o,n) : <E > ~2 MeV g 1.6 / / \
- F(o,n): <E,>~1MeV 2 e / \
< 1.0 N/ \ \
used to separate prompt fission neutrons from .3 \

(a,n) neutrons in neutron correlation counting (NDA) 0.0 i ’ i ’
0 1 2 3 4 5
Neutron energy / MeV

European
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Neutron emission by SNF

PWR UO, pellet (5 g)

Sn(®) = Z Snx () PU/U=48%
k

burnup = 44 GWd/tU

* S.«(t) : contribution of radionuclide k

sf

* S lt) = (Spk + Seni) Ni(t)

— N(t) : number of nuclei of nuclide k
attime t

n

[EnN
o
w

S¢x . specific neutron emission rate of
nuclide k due to sf

AN
o
N

Neutron emission rate, S_/ (s* cm®)

— Sex : specific neutron emission rate of
nUCIide kdue to (a’n) reaCtionS 101 1 AR | 1 L1 aaanl 1 i1 1 111
1 10 100 100c
Cooling time, t / year
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
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Neutron emission by SNF

Sn() = ) {5y Sangd NK(D)

PWR UOQ, pellet (5 g)
235y/U=4.8%
burnup = 44 GWd/tU

k
1.0 1.0
....... Pu
(nc ------- 239Pu b
v 0.8 ~, 08Ff Pu
\m U) —— 241Am i
wn Q)— — 20
g 0.6 4@' 0.6 | _ZAACm
E ~—~
“— <
(%]
o 04 S o04f P
2 g ’ N,
= 2 . .
o s K \
@ 02 &J 0.2 /
0.0 0.0 ==
1 10 100 100(
Cooling time / a Cooling time / a
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
Gamma-ray emission by SNF
PWR UO, pellet (5 g)
Sy(D) = Z Syx(Ey t) 250/U=4.8%
k burnup = 44 GWd/tU
10" F———
wee —CT= 1a
9%Nb 35.0d ol 1=
957r 64.0 d W ORI
144Ce/144pr 284.9d C?E r . g,
154, Cs
106Ru/106Rh 1.02a ’ii 10° - | E‘l } !
134Cg 2.06 a :J-,\ i
154gy 8.8a e
137Cs/137mBa 30.0a 10°
= WA ol
0. 1.0 15 2.0 25
Gamma-ray energy, Ey/ MeV
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
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Gamma-ray emission by SNF

Sy(t) = Z Syx(Ey t)
k

PWR UO, pellet (5 g)
B5/U=4.8%
burnup = 44 GWd/tU

10" g :
I CT= la
. } ——CT=10a
%Nb 35.0d ol
957r 64.0d ., WOF
144Ce/144Pr 2849d "-’E Cs
106Ru/1%6Rh 1.02a 2 l
134Cs 2.06a E
154y 8.8a o
137Cg [137mBg 30.0a 10°
107 ANE i B P T B ST
0.5 1.0 15 2.0 25
Gamma-ray energy, Ey/ MeV
m [E:g;gs—ﬁ:;on I ANNETTE, 2 - 6 December 2019, Karlsruhe
Gamma-ray emission by SNF
PWR UO, pellet (5 g)
Sy = Z Syx(Ey,t) 2350/U = 4.8 %
k burnup = 44 GWd/tU
10" g
L - CT= 1la
Eo ——CT=20a
%Nb 35.0d ol
957r 64.0d - 100F B
144Ce/144pr 284.9d e F .
106Ru/1%6Rh 1.02a T
134Cs 2.06 a fj
154y 8.8a e
137Cs /137mBg 30.0a 10°
107 i i IV B ST
0.5 1.0 15 2.0 25
Gamma-ray energy, Ey/ MeV
m ig;gs;:;on ANNETTE, 2 - 6 December 2019, Karlsruhe
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Gamma-ray emission by SNF

Sy(t) = z Syx(Ey
k

)

PWR UO, pellet (5 g)
250/U=4.8%
burnup = 44 GWd/tU

10" g
Eoee CT= 1la
E ——CT=30a
%Nb 35.0d ol 1
957r 64.0d < 00F ¥
144Ce/144Pr 284.9d e Fo g,
105Ru/1%6Rh 1.02a 2 100k b
134Cs 2.06a = : i
154Eu 8.8a e
137Cg /137mBg 30.0a 10°
107 Ll il b P I IR SR B S
0.5 1.0 15 2.0 2.5
Gamma-ray energy, Ey/ MeV
m EE:E:?;M I ANNETTE, 2 - 6 December 2019, Karlsruhe

Gamma-ray emission by SNF: recoverable thermal power

P© = D hNi(®
k

j EySyx(Ey, t)dEy

Recoverable energy

PWR UO, pellet (5 g)
BZ5Y/U=4.8%
burnup = 44 GWd/tU

2
10 E uo Total
2] e E > 400 keV
95Nb 350 d ; ]_O:l E ——%Nb
957r 64.0d E T e
144(:e/144pr 2849 d €>_ 100 \ :::jz:+aosRh
106Ru/106Rh 1.02a C_L_ _S 4 By
— u
134Cs 2.06 a % 107 —tam
154Ey 8.8a o
137Cs/137mBa 30.0a 102
241Am 432.6a
10° - el
1 10 100 1000
Cooling time, t/ year
European
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Thermal power produced by SNF (recoverable)

PWR UO, pellet (5 g)

P(t) = Z Py () 25/ = 4.8%
R

burnup = 44 GWd/tU

e P,(t) : contribution of radionuclide k

o P (t) =p Ni(t) %
— N,(t) : number of nuclei o
of nuclide k at time t g»
[e]
— pe : specific decay heat rate o
of nuclide k
10'3- Ll Ll M i
1 10 100 1000
Cooling time, t / year
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Thermal power produced by SNF

e 1a<t<10a
_ 144Ce / 144Pr
_ 106Ru / 106Rh

PWR UO, pellet (5 g)
BZ5Y/U=4.8%
burnup = 44 GWd/tU

— 134cg
_ 9°Sr / 90Y
Total
_ 137(:5 / 137mBa 144Ce + IMPr
106 106
e 10a<t<100a 1342§+ Rh
— 90Gr /90y = 5r+%y
— 137CS / 137mBa E 137CS+ 137mBa
o =]
— 8Py o .23
— 28Am g 295,
_ 244 [@] ““'~‘_“ ’ 240P
Cm a ) L = - u
L LN L Am
e 100a<t 3 i Y ‘.“ 2oy
_ 241Am [ \ | \ “,‘ .,'1. —244Cm
— 238py 10-2 et s S K
— 239241py 1 10 100 1000
Cooling time, t / year
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
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Thermal power produced by SNF

e 1a<t<10a

PWR UOQ, pellet (5 g)
— 144ce / 144Pr 235U/U =4.8%
— 106Ry / 106Rh -woe 7
_ 138¢g burnup =44 GWd/tU
— 905y / 90y 1.0
— 137Cg / 137mBg I g 4 M0,
106, 106,
+ 10a<t<100a o 08f R
- QOSI’ / 90y D_x B ; b 0G40y
— 137Cs [/ 137mBg g 0.6 —i::CS +1mgg
= ; = EuU
~ =Py 3 | e
— 21Am E =,
— 24Cpm (7] e 20Dy
% 2‘uAm
« 100a<t o o Py
— 241Am o
— 238py - : ; N
— 239241py 1 10 100 1000
Cooling time, t / year
European
m Cl;:ns"lission I ANNETTE, 2 - 6 December 2019, Karlsruhe
Thermal power produced by SNF
e 1a<t<10a
144 144 PWR UO, pellet (5 g)
- Ce /*%pr 235U/U=4.8%
— 106Ry / 106Rh =07
_ 13 burnup = 44 GWd/tU
— 990G, / 90y 1.0
_ 137CS / 137mBa N “4Ce+ 144Pr
106 106
« 10a<t<100a a R
— 90gy / 90y D_—“ 0G4 30y
— 137cs / 137mBa g _1:05 ESIL
= - e
— 238py o 238 .
@© Pu
_ 241Am = 239Pu
_ 244Cm [0 e 240D
: B
¢ 100a<t o T
— 241Am zaacm
— 238py = _— S— _
— 239,241p, ’ 1000
Cooling time, t / year
European
m Cg;&issiun I ANNETTE, 2 - 6 December 2019, Karlsruhe
EURAD (Deliverable 8.3)- Title: SFC Training materials Page 86

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

Thermal power produced by SNF

e 1a<t<10a

_ 1eace / 104py PWR UO, pellet (5 g)
— 106Ry / 106Rh PU/U=48%
134 burnup = 44 GWd/tU
_ QOSr / 90Y
_ 137Cs / 137mBa
e 10a<t<100a o
_ QOSr / 90Y D_—“
_ 137 137 -
Cs / 137mBa s
_ 238Pu *8
IS
— 281Am =
_ 244 o
Cm %
e 100a<t a
_ 241Am
_ 238Pu
— 239,241Pu
Cooling time, t / year
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
Thermal power produced by SNF
P(t) = Z PNk (D) PWR UO, pellet (5 g)
k 235Y/U=4.8%
P(t, > t,) cannot be extrapolated from P(t,) burnup = 44 GWd/tU
—Total
N,(t) : number of nuclei at time t Ce+ Mpr
------- Ru + Rh
,,,,,,, iy
% ——————— “sr+7y
) ] [ S 70 4 250,
* N,(t)) : number of nucleiattimet, =z _r o0 el NO |- gy
with t >t g """""" iy
DO_ ZADPLI
* Nuclide vectoratt>t, e
de *2- A ......|..'- “\ R ;.'z..... AT
10
el Z AiNj — Ak Ny 1 10 100 1000
i Cooling time, t / year
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
EURAD (Deliverable 8.3)- Title: SFC Training materials Page 87

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

Characterisation of SNF

Main source terms of SNF are

— Decay heat :H

— Neutron emission :S,

— y-ray emission :S,

— Reactivity : 2354, 239py, Fission Products (BUC)
— Fissile material : 2351, 239py

— Long-termsafety :e.g. '%C, 36Cl, 7°Se, ?*Nb, %°Tc, 12°I, 226Ra, 23’Np
* a complex contribution of different nuclides
» prediction at cooling time t requires nuclide vector N,(t) , k=1, ...,n
 difficult to be measured directly, in particular during industrial operation

(e.g. decay heat, reactivity)

= Determined/estimated by theoretical calculations using a burnup code
Neutron transport + depletion/creation code

European
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Burn-up calculations

Coupled neutron transport — nuclide depletion/creation calculation

10

Neutron transport

&

Neutron spectrum
3

10° 107° 107 107 10°
Energy / MeV

Bateman equation

dNy

F = YNf (ey X0 + inNi + ZG]N] - (7\'1( + Gk,a‘P)Nk
i j

Update nuclide vector

European
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ALEPH-2 (SCKeCEN)

Coupled neutron transport — fuel depletion calculation

Neutron transport MCNP®

e Simple 1D to complex 3D

e Multi-particle physics

e Detailed energy-angle treatment

e Parallelization and PC based
cluster computing

RADAU-5

EEMETIEL CELEO Runge-kutta solver

dNg
dt —YNfo(P‘l'Z)\N +ZG] ie— (}“k+cka(P)Nk

European
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Production of 137Cs

dNg
dt —YNfo(P‘FZ)\.N +ZG] ](p (xk+cka(P)Nk

137Cs production: only by (n,f) followed by 3-
(decay of short lived precursors)

= E=662 keV
U —) Zr + 13 Te + vp \

U’c ™ HHC

5| 025 3

30, > 2
y 3m32m

137Te — 1371 te” +V,

1371 — 137Xe +e” + Ve

137Xe —» 2lCs+e™ + v,

m European
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Production of 137Cs

dN

k
F =YNrorop+ z kiNi + z Gij ¢ — (kk + Gk,a(P)Nk
i j

137Cs production: only by (n,f) followed by 3-
(decay of short lived precursors)

SN @ [ ~(lacroiyo)] S

Ny (t
k(O ~ 7»1( +oky ¢

(M +ory ) << 1 . =
Ni(t) = Yoor Neog t .
Y. : cumulative fission yield

o; : fission cross section

N; : number of fissile nuclei, i.e. 23U (fuel properties)

ot : total neutron fluence (operation history)

European
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Estimation of SNF nuclide inventory by theoretical calculations

e Burn up code: Neutron transport + nuclear fuel depletion

* Input data:
— Nuclear Data (ND) — Fuel History (FH)
+ Cross sections (neutron interactions) «+ Fuel fabrication data (design, composition)
« Fission yields e.g. Initial enrichment (IE)
+ Neutron emission probabilities + Reactor operation and irradiation conditions

. Decay data e.g. Burnup (BU)

» Cooling time (CT)

BurnUp (BU):
time integrated power per mass of initial fuel (MWd/kg)

oc total number of fission x energy per fission event

European
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
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Estimation of SNF nuclide vector and source terms by theory

* Nuclide vector N(t,) at time t, after irradiation : burn-up code

— Nuclear Data (ND) — Fuel History (FH)

» Cross sections « Fuel fabrication data (design, composition)

- Fission yields e.g. Initial enrichment (IE)

» Reactor operation and irradiation conditions

« Neutron emission probabilities
e.g. Burnup (BU)

» Decay data
» Cooling time (CT)

* Nuclide vector at t > t, —_
dNy
T: Z?\,iNi —?\,ka
i

— Depends on well-known decay data
* Source terms att > t, (except for reactivity relying on BUC)

e8P = ) pk(®)
k

European
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

137Cs : gamma-ray emission + decay heat

» Production : o(n,f) + Fission yields
— 25U(n,f) :1.0%
— Fission yields :15%
* Gamma-ray emission : N
- T, :30.18 (15) a
— P(E,=661.66keV) :0.851 (2)

* Decay heat: specific decay heat rate, p, = Ey A,
- Ti :30.18 (15) a
- Q :1175.63 (17) keV
— Recoverable energy

e Average electron + recoil energy : 247.9 (12) keV
* <E> : 565.4 (13) keV

European
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Decay heat: °°Sr and 137Cs

* Production : o(n,f) + fission yields * Specific decay heat rate (recoverable)
— 235Y(n,f) :1.0%
_ . . . QDSI, + BOY 157CS+ 137mBa
Fission ylelds <E.>/keV E, /keV <E.>/keV <E,>/keV <Ee+ E,>/keV
Library Cumulative yield x 100 Exp. (Ramthun) 1147 (9)
_90_5',_ -TT=- _137_(:; -T=- Theory (Collé) 1130
Decay data 1129.4(14)  ~0.0 247.9(12) 565.4(13)  813.3(18)
IAEA 5.730(130)  6.221(69) JEFF-3.1.1 1107 0.0 25 567 812
JEF-2.2 5.847 (188) 6.244 (54) JENDL/FPD-2011 1130 0.0 248 563 811

ENDF/B-VII.1 1129 0.0 240 566 806

JEFF-3.1.1 5.729(132)  6.221(69)

JENDL-4.0 5772 (59)  6.175(34)

Rel. Uncertainties

QOSr 137CS
— Cross section : 1.0% 1.0%
— Fissionyield : 2.3% 1.5%
— Specificheat : 0.8% 0.2%

2.6 % 1.8%

ENDF/B-V 5913 (42) 6.220(31)
ENDF/B-VL.8 5782 (58) 6.188(31)
ENDF/B-VIL.1 5.782 (58) 6.188(31)

European
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Production 244Cm

U 239U—> Z3Np +e” +V, '
B
239 239 x 2020m_24Cm_2Cm 35Cm 3%6Cm
33Np = “5;Pu+e™ + v, T () T A
(ny) #1Am 32Am 43 Am 34Am
39Pu — 2&%Pu N 1 et
238py 5239py 290Py 5241PY 5292PyY 3Py
ny) T T T
n+ Zggp _1‘ 241 27N p_23INp 229N p2Np
(n7) Tb' T
(ny) 235> 236 > 237> 23815 239
n + 241Pu— 242pu
A —
07 243 b 243
42Pu— 283Pu — 283Am+e” + v,
n+ 2§ Am—>244Am—>244Cm+e + Ve
H European
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EURAD (Deliverable 8.3)- Title: SFC Training materials Page 92

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3

SFC Training materials

242,244Cm : production in MOX

Borella et al. MC 2017, Jeju, Korea

:‘42PU
1004 HAm T
- :‘42!’!1An.| :
« MOX B0.....2am |
60 !
— PWR:17x 17

— Single pin model

« Production : 5(n,y)

— 242Cm

_ 244Cm

(n.y) cross section uncertainty / %

T T T T T T T
10° 10* 10° 10* 10" 10° 10

Neutron Energy / MeV

T T
107 10°

:2.5% 241 Am(n,y), 242mAm(n,y)

110 % 242py(n,y), 2*Am(n,y)

European I

Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Fuel design and irradiation history: initial enrichment and burnup

4 m x=IE -
= x=BU PWR UO, pellet (5 g)
3 25Y/U=4.8%
I - burnup = 44 GWd/tU
3 L
~ 1 "]
= I " u L] n n
2 |
= 0 . T T = ., T =
[ |
-1
[ ]
2 ]
1 1 1 1 1 1 1 1 1 1 1 1 1
gosr BACS 13703 148Nd 14QSm 235U 235U zsgpu onPu 2A1Pu 241Am 24ZCm ZMCm

European I
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Production of 13/Cs

dNy
T =Y Nf (ey N0 + Z 7\'iNi + Z GjN]' (O (7\.1{ + Gk,a(P)Nk
i ] Ni(t) = aBU
137Cs production: only by (n,f) followed by - 55 X107
(decay of short lived precursors) m'g | —N=aBU
Y, N S %[
G _ N—rt
Nk(t) ~ c Nfor @ [1 — e (?\.k+0k"y(P)t] E
Mk +oky @ S 15}
(7\.]( +Gk,Y (p) <<1 E
S 10}
Nk(t) = Y. ofNr ot 2
3
o o 05
(o Nfo t) : total number of fissions  ©
ﬂolo.l.l.l.l.l.l
(of Ng @ t) x E; : time integrated power 0 10 20 3 0 o
= N,(t) «c BU Burn up / (GWd/tU)
E; : recoverable energy per fission
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

137Cs used as burn-up indicator

Nk(®) = Y. Nfosot

ZSSU(n,f)
e NocBU < 8 = ®py(n,f
(long half-life, small c,) < 7 o o
S 6 =" Sl
° 3 -
. ey > " . H .
* Fixed BU: not sensitive to IE 2, .
E "
. .. . Q .
e Cumulative fission yields (x 100) x| : : .
I " . . L
BUMnf 29Puln/f) N
80 100 120 140 160
106
Ru 0.41 (1) 4.19 (9) Fission fragment mass / u
137Cs 6.22(7) 6.59 (8)
E
m cg;g.gﬂi:;on ANNETTE, 2 - 6 December 2019, Karlsruhe
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Production of 134Cs

dNy
dt —YNfo(P'l'Z?\,N +z($] ](p (}"k+0ka(P)Nk
N =aBUP
.1¢  b=2 for BU<30GWd/tU

134Cs production: 4.0
(n,f) followed by 3-and (n,y)

——N=aBU’ b=20

n+ 23 U—>1°°Zr+ 133Te + v,

B

133Te 51331+ e + v,
124mm

B
1331 —>133Xe +e + Ve
20.8h

3Cs concentration / (g/cm?®)

132%e & P, 133Cs +e” + V,
5.24

(ny) Burn up / (GWd/tU)
n + 133Cs—>134Cs

European
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Production of 1>*Eu

dNg
dt —YNfo(P"‘Z)»N +ZG] ](p (}\k+cka(P)Nk
N = aBUP

5 b =2 for BU < 35 GwWd/tU
x 10

154Ey production: complex 0.7

(n,f), B-and (n,y) from 5 mass chains 06| N=aBU b=20

mf\

1S

o

2

2
Z 05
c L

I N I (R T - [ N"““‘Y e

2 & e s Nopo Joe L2 04t
(nsghreaction © L

|st. Ist. 28a\[st. Loh \st. Fission yiglds i
i =, T S 03}
Ud _ [53h\[27a [28h \|7: 3 ot 8 L
#d s 45h:sl 12N 41 o /: g 0.2 -
g.g; 300 zzx 459 409 068 0W2 0212% . o o

. 09% 0719 0507% s =}
NUMBER DF NEUTRONS —_—— ~ 01 -
s e M I

0 T e 0
BURNUP 0.0 N 1
R. Berndt, Kernenergie 31 (1988) 59 0 10 20 30 40 50 60
Burn up / (GWd/tU)
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Production of 244Cm

dNy

W =YNforo + Z}\,iNi + ZO']-N]- ¢ — (7\1{ + Gk'a(p)Nk
7 j N = aBUP

b=6 for BU <20 GWd/tU

3
n+ 2% 2391;—5? 239Np +e” +V, 10" 220

. E——N=aBU” b=6.0
10" E

239 239 -1
Np d94Pu+e tve 2 B~

10" k
n+ 239Pu > 240Pu 10k
n + 239pu™ 281pu

n+ 24 Pu% 2¢2py

*4Cm concentration / (g/cm®)

(ny) 107 L s 1 s 1 s 1 s 1 s 1
42py5 283py ﬁ) ZBAm+e” + v, 0 10 20 30 40 50 60
Burn up / (GWd/tU)
)
n+ ZggAm 23TAm LN 24Cm +e” + v,
10.1h
m European |
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Experimental characterisation

» Code validation

— Radiochemical analysis of pin segments (KIT, JRC Karlsruhe)
(chemistry + mass spectrometry and o and y—spectrometry)

— Calorimetric measurements of fuel assemblies (CLAB)

* VVerification of input parameters (fuel design and irradiation history)
by NDA (see S. Vaccaro)

— Gamma-ray spectroscopic measurements
— Neutron counting
— Advanced systems developed at LANL (simulations) and tested at CLAB

EURAD/SFC:
develop NDA methods to characterise fuel assemblies under industrial operation conditions

European
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EURAD: relies on experiments at CLAB (intermediate storage SE)

Installed systems
e Calorimeter
» Gamma-ray spectroscopic scanner

Testing
* Differential Die-Away Self-Interrogation (DDSI)
e Differential Die-Away (DDA)

European I

Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
Calorimeter at CLAB
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Calorimeter at CLAB: principle

Calibration with an electrical heater

* Determine AT =T, —T 50 VS time P=a,+a, daTidt
i — 1000 | a,=89.90 (50)
* Determine dAT/dt for AT =0 a, = 1727800 (3400)
. ,a,)=-0.90
+ Fitto data: P = a, + a, dAT/dt > P32
o}
§ 500 |-
0 " 1 " 1 " 1
0.0000  0.0002  0.0004  0.0006
(dAT/dt) / (°CIs)
m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe

Calorimeter at CLAB: principle

Calibration with an electrical heater Spent nuclear fuel assembly
 Determine AT = Ty —To0 VS time  Determine AT = T, —T,o0 VS time
» Determine dAT/dt for AT =0 » Determine dAT/dt when AT =0
» Fitto data: P = a, + a, dAT/dt e Q=a,+a; KdAT/dt

« P=Q+P,

— K : correction factor due to thermal
capacity difference between electrical
heater and fuel assembly

— P, heatloss due to y-rays escaping from
the calorimeter

m European I
Commission ANNETTE, 2 - 6 December 2019, Karlsruhe
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Gamma-ray spectroscopic scanning system at CLAB

T e T T

Canberra BWR and PWR
and ORTEC BWR

Fuel Assembly

ORTEC PWR
Measurements’ position

PHA Acquisition System

Garmanium Detector

134(:5, 137(:5, 154Eu

CT=52a

Vaccaro et al. NIMA 830 (2016) 325

Collimator

European
Commission

List Mode Acquisition Energy juev)
System
.a_--.",'O-..
P Sa
1500 - .
= .
3 ¥ \
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3 +
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em

Fig. 8. Count rate for the 662-keV 137Cs net peak area as a function of axial lo-
cation along BWRO. These data were measured with the ORTEC GMX detector and
Canberra Lynx MCA from the 45° comer. The axial location is specified as down-
ward along the uranium containing portion of the fuel (The indicated absolute
positions are accurate to + 10 cm, the error bars are much smaller than the data
points).

ANNETTE, 2 - 6 December 2019, Karlsruhe

Fuel assemblies: DDSI and DDA (LANL development, NGSI)

 Differential Die Away Self-Interrogation (DDSI, passive) A.C. Trahan, LA-UR_16_20026

LANL, Kaplan et al., NIMA 764 (2014) 347 - 351

 Differential Die Away (DDA, active) V. Henzl, LANL-UR-123025

European

EURAD (Deliverable 8.3)- Title: SFC Training materials

Dissemination level: Public

Commission

Date of issue of this report: 17/05/2024

ANNETTE, 2 - 6 December 2019, Karlsruhe

Page 99



EURAD Deliverable 8.3

SFC Training materials

Thank you for the attention

— PhD position at Uppsala University

EURAD project (SNF characterisation)

https://www.uu.se/en/about-uu/join-us/details/?positionld=300024

— NUGENIA

http://nugenia.org/call-for-mobility-grants-open/

* JRC Geel and Karlsruhe: open access

— https://ec.europa.eu/jrc/en/research-facility/open-access

m European
Commission
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2.2 Characterization of spent nuclear fuel by theoretical
calculations; P. Schillebeeckx, JRC Geel; Online available
(JRC127309).
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r =
e U L X
European Joint Programme

on Radioactive Waste Management

CHARACTERISATION OF SPENT NUCLEAR FUEL
BY THEORETICAL CALCULATIONS

PWR UO2 SNF
P. Schillebeeckx, L. Fiorito, P. Romojaro, G. Zerovnik ® WP 8 Task 2

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme 2014-2018 under grant
agreement N°847593

= |

KEY WORDS

Actinides
Alpha-decay
Bateman equation
Beta-decay

Burnup

Cooling time

Decay heat
Depletion codes
Final disposal

Fission product
Gamma-ray emission
Initial enrichment
Light water reactor
Irradiation history
Neutron transport
Pressurised water reactor
Spent nuclear fuel
Spontaneous fission
Thermal power

Training material
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CONTENTS
* Learning outcomes * Theoretical estimation of source terms
¢ Introduction - Principles

Radioactive decay - Nuclear data

- Fuel properties and irradiation history

- B decay
- Examples: 37Cs and 2*4Cm
- o decay
- spontaneous fission (sf) * Summary and conclusions
Source terms * Bibliography and References

- Neutron emission
- Gamma-ray emission

- Decay heat rate (thermal power)

el

Training material

LEARNING OUTCOMES

After the completion of this training lesson, the participants should be able to

« identify the observables or source terms that are important for the transport, handling, intermediate storage

and final disposal of spent nuclear fuel

identify key nuclides determining the observables

breakdown the complexity to theoretically estimate the observables

identify the different components involved in the theoretical calculations of the observables

understand the importance of nuclear data and operational history for an accurate theoretical estimation of
the observables

realise the need of more accurate data to improve the theoretical calculations

eu

Training material
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INTRODUCTION

SFC Training materials

A safe, secure, ecological and economic transport, storage and final disposal requires that Spent
Nuclear Fuel (SNF) is characterised for the main observables or source terms of interest:

Decay heat

Neutron emission

y-ray emission

Reactivity (Burn Up Credit (BUC), i.e. Fission Product (FP), actinides )
Fissile material (Nuclear Safeguards, i.e. 235U, 23°Pu)

Specific nuclides (Long term safety)
i_e' 14C 36c| 7SSe 94Nb 99Tc 129' ZZGRa 237Np

= requires knowledge of a complex nuclide inventory

S|

 Fission products (FP): neutron induced fission (n,f)

Training material

SPENT NUCLEAR FUEL: NUCLIDE INVENTORY

e.g. 9Tc, 137Cs, 1>*Eu, ...

N
BNE

N

Actinides: major and minor actinides

e.g. 235U, 238U, 239Pu, 2“Am, 244Cm,

Training material

n+ 73}
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PTDIDH excess:
= P decay

iG7

"

- EC (electron capture)

heavy nuclides:
- fission
- o -decay

N\

|l Frowa Eision:
u-
neutron excess: l"“"'“"
- P decay 1 Spomtanemes Husan
ny) p p
U —233U — 23Np ->237Pu
23.5 min 236d

.
eu
L
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B - DECAY BY NEUTRON RICH NUCLIDES

Isobaric transition in which a neutron
is transformed into a proton
and an electron + anti-neutrino are emitted

N-1 N N+1

Training material

= |

" - DECAY BY NEUTRON RICH NUCLIDES: e.g. 137Cs

+ T,,=30.05(8)a
* Qg =1175.73 (17) keV

127Cs

T,2=30.05 (8) a

0.9436

661.7 keV, 2.552 m

A Avx - =
X >z4Y*+e” + Vv,

|

A
z+1Y +E,

131cs »>137Ba* +e™ + v,

|

137
seBa + E,

Gamma-ray emission probability: P,
E,= 661.659 keV Ey Py
2835 eV 661.7 keV 0.8499 (20)
283.5 keV 5.8 (8) x 10®
E‘,= 283.5 keV
v http://www.nucleide.org/DDEP_WG/Nuclides/Cs-137_tables.pdf
147Ba :

Training material

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

eurac

r

Page 105



EURAD Deliverable 8.3

o

o - DECAY

Radioactive decay in which a nucleus
emits an a-particle (*He nucleus) and
transforms into a nucleus with 4 less

nucleons (2n, 2p)

Z+1

Z-1

-2 | a

N-2 N-1 N N+1

Training material

= |

o - DECAY BY ACTINIDES: e.g. 2*Am

« T,,=4326(6)a
Q, = 5637.82 (12) keV

ggAM
COIEN s
0.1323 7/2,102.96
0.8445

0.38

Training material
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SFC Training materials

in heavy nuclei

2¢Am »>23INp* + o

l

Np +,

o, -particle emission probability:
E P(E,)

o
5388.3 keV 0.0166 (3)
0.1323 (10)

5442.9 keV
5485.6 keV 0.8445 (10)

http://www.nucleide.org/DDEP_WG/Nuclides/Am-241_tables.pdf

eurad

O
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SPONTANEOUS FISSION

Fission: nucleus splits up into fission products (FP)

e.g. 238.240,242py(sf), 242,244,246Cm (sf), 252Cf(sf)

e FP :acceleration due to Coulomb repulsion

e FP:strongly excited, emission of
—  Prompt fission neutrons (PFN)
— Prompt fission y-rays (PFG)

SFC Training materials

¢ Prompt fission neutrons important for Non-Destructive Analysis (NDA)

= |

PROMPT FISSION NEUTRONS: MULTIPLICITY

Emission of prompt fission neutrons:
- statistical process

- onaveragev>1

Nuclide V(1) Vs(2) Vs(3)
¥py 2210 1.978 0.933
*py  2.154 1.895 0.868
*2py  2.145 1.882 0.867
®cf 3.756 5978 5.287

(v
Vi =2, (j]Psv

v=j

. ‘ . n
@ .\
. n ‘
fission products
Training material 11 r
n
e®
el -
..
T
oo oy
@ - Pu(sf)
0.4 . - - "Py(s)
I - - *?Pu(sf)
',-".\‘.“ - - F2CA(s)
0.3 F \\\ %
P N
© B S
a :7 AN .
0.2} o Y bN
i SN %
[/ » N
01 b
{ O
0.0 "’.’ 1 1 m.."'\m e .
0 2 4 6 8 10
Neutron multiplicity, v . .

Training material
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SFC Training materials

- " P
1 s
PROMPT FISSION NEUTRONS: DATA RN
hmmn’.\ 3]
Nuclide Ti2 (sf) branching <v> S/ (stg?)
38py 8.774(3) x 10%a 1.85 (5)x10° 1.980 (30) 2.59 (11)x10°
240py 6.561 (7) x10°a 5.70 (20) x 10°® 2.154 (5) 1.031(36)x 10°
242py 3.73 (3) x10°a 5.49 (9)x10° 2.149 (8) 1.728(32)x10°
242Cm 162.86 (8) d 6.36 (14) x 10°® 2.540 (20) 1.980 (46) x 107
244Cm 1.811 (3) x10*a 1.36 (1)x10°® 2.710 (10) 1.107 (10) x 107
246Cm 4.72 (3) x10%a 2.61 (4)x10° 2.930 (30) 8.70 (13)x10°
Decay data from Nichols et al., INDC-2453, , INDC(NDS) — 0534, August 2008
<v> from Santi and Miller, NucL; Sci. Eng. 160 (2017) 190
eurad,
Training material 13 r
-
J . .. ,/
PROMPT FISSION NEUTRONS: ENERGY DISTRIBUTION ® .
P— A
0.5 0.5
| —*°Pu(s,t) | —*“Pu(s.f)
0.4 0.4
~ 03 ~ 03
w w
z z
0.2 0.2
0.1F 0.1
OO Tl 11 annl 1 aaauul 11 auul 1111 OO 1 n 1 1 1
10* 10° 10% 10" 10° 10 0 2 4 6 8 10
Neutron energy, E / MeV Neutron energy, E / MeV
<E, >=2MeV P
euraq,

Training material
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S|

NEUTRON PRODUCTION BY (ct,n) REACTIONS

¢ (a,n) reaction with light nuclides -
- 180(a,n)*Ne g 3s /“‘\ ::;luorine ((:Ma:i\;)
= Xygen
- 170(q,n)®Ne g 3.0 / \ ¥g
- 19F(o,n)2Na g :; AR .
.. o 4
e Neutron energy (emission) £ 4 o //\\ \\
s
- O(a,n) : <E,>~2 MeV .>ﬂ__-’ 1.0 ~7 \ \
- F(oyn): <E,>~1MeV 0.5 \ K
. P( =1 0.0 T - - -
V) = 0 1 2 3 4 5
used to separate prompt fission neutrons from Neutron energy / MeV

(a,n) neutrons in neutron correlation counting (NDA)

= in SNF: a - decay of actinides followed by (a,n) reaction in light elements

= |

NEUTRON EMISSION BY SPENT NUCLEAR FUEL

PWR UO, pellet (5 g)

Sa(®) = Z Snk() 25U/U=4.8%
K

burnup = 45 GWd/t

S, (t) : contribution of radionuclide k

* Solt) = (Seep + Sen i) Nilt)
— Ny(t) : number of nuclei of nuclide k at time t

— sS4, @ specific neutron emission rate of
nuclide k due to spontaneous fission

— s, : specific neutron emission rate of
nuclide k due to (o, n) reactions

Neutron emission rate, S,/ (s* cm®)

101 PR | PP | N
1 10 100 1000

Cooling time, t / year e U

Training material r
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SFC Training materials

NEUTRON EMISSION BY SPENT NUCLEAR FUEL

1.0

n

0.8

s

0.6

0.4

Relative sfrate, S_/ S

0.2

8

n

0.8

0.6

0.4

Relative (o,n) rate, S /'S

0.2

0.0
1

10

100

fraining ma'<€gbling time / a

1000

PWR UO, pellet (5 g)
S, B35U/U=4.8%
burnup = 45 GWd/t

10

an

10°

101 MEEEEEET | PR |

Neutron emission rate, S_/ (s ecm?)

1 10 100

1000

Cooling time, t / year e U

NEUTRON EMISSION BY SPENT NUCLEAR FUEL

1.0

n

0.8

s

0.6

0.4

Relative sfrate, S_/ S

n

0.8

0.6 -

0.4+

0.2

Relative (a,n) rate, S /'S

0.0
1

10

100

Training matqighjing time / a

1000

PWR UO, pellet (5 g)
S, BY/U=4.8%
burnup = 45 GWd/t

Nuclide Ti2 (sf) branching <v> S/ (stg?)
2y 8.774(3) x10'a  1.85 (5)x10° 1.980 (30) 2.59 (11)x 10°
20py 6561 (7) x10°a  5.70(20) x 10°® 2.154 (5) 1.031(36)x 10°
2#py 373 (3) x10°a  5.49 (9)x10° 2149 (8) 1.728(32)x 10°
20m  162.86(8) d 6.36 (14) x 10° 2540 (20)  1.980 (46) x 107

San  wicm 1811 (3) x10'a  1.36 (1)x10° 2.710 (10)  1.107 (10) x 107
26Ccm 472 (3) x10%a  2.61 (4)x10° 2,930 (30) 870 (13)x10°

Decay data from Nichols et al., INDC-2453, , INDC(NDS) — 0534, August 2008
<v> from Santi and Miller, NucL; Sci. Eng. 160 (2017) 190
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SFC Training materials

GAMMA-RAY EMISSION BY SPENT NUCLEAR FUEL

Sy(t) = z Syx(Ey t)
k

PWR UO, pellet (5 g)
25U/U=4.8%
burnup =45 GWd/t

1011
—CT= 1a
*Nb 35.0d o
- 10 Nb
SZr 64.0 d » 10
144Cg [144py 284.9d g 7 g
. )
106Ry /106Rh 1.02a = gy | e | i
= 109 ¢ i ¢ i
134Cs 2.06a o
13%Eu 8.8a o
137¢5 /137mBy 30.0 a Lo ‘
107 ! .J|. |||I.| i

= |

Gamma-ray energy, E / MeV

Training material

GAMMA-RAY EMISSION BY SPENT NUCLEAR FUEL

Sy(t) = Z Syx(Ey t)
k

PWR UO, pellet (5 g)
B5Y/U=48%
burnup =45 GWd/t

eurad

O

11

10 CT= 1la
5Nb 35.0d —CT=10a
957 64.0d v 10'°
144Ce/144py 284.9d 'g
106Ry/1%Rh 1.02a =
134Cg 2.06a o 1o
154y 8.8a o
137Cs/137mBa 30.0a 108

107 AL [ A : .ii.il o

0.5 1.0 1.5 2.0 2.5

Gamma-ray energy, E, / MeV

Training material
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SFC Training materials

GAMMA-RAY EMISSION BY SPENT NUCLEAR FUEL

Sy(t) = z Syx(Ey t)
k

%Nb

9SZr

144Ce /144pp
106Ry /106Rh
134¢g

154y
137Cg[137mBg

= |

35.0d
64.0 d
284.9d
1.02a
2.06a
8.8a
30.0a

1011

PWR UO, pellet (5 g)
B5Y/U=48%
burnup =45 GWd/t

1010

10°

3 -1
S(E,y/cm”s

[y
(=]
E

107

Lis iy

CT= 1a
—CT=20a

1.0 15 2.0

GAMMA-RAY EMISSION BY SPENT NUCLEAR FUEL

Sy(t) = Z Syx(Ey t)
k

%Nb

9Zr

144Ce /144pp
106Ru/106Rh
134CS

154Eu
137cs/137mBa

35.0d
64.0d
284.9d
1.02a
2.06a
8.8a
30.0a

0.5 2.5
Gamma-ray energy, E, / MeV ey
Training material 21 r
PWR UO, pellet (5 g)
35U/U=4.8%
burnup =45 GWd/t
10" g
E CT= 1la
s ——CT=30a
" 10%° .
T E
o
= 10°
Y
%3
108
107 A R L
0.5 1.0 15 2.0 2.5
Gamma-ray energy, E, / MeV eu

Training material

EURAD (Deliverable 8.3)- Title: SFC Training materials

Dissemination level: Public

Date of issue of this report: 17/05/2024

O

Page 112



EURAD Deliverable 8.3

o

SFC Training materials

GAMMA-RAY EMISSION BY SNF: CONTRIBUTION TO THERMAL POWER

P = ) MNi(® f EySyx(Ey, £)dEy
k

9SNb 35.0d

957r 64.0d 2

144Ce/144pp 284.9d =
106R |y /106Rh 1.02a o
134Cg 2.06a g
154y 8.8a S

137Cg/137mBg 30.0a

241Am 4326a

Training material

= |

THERMAL POWER PRODUCED BY SNF

PO = ) Pu(®
K
e P,(t) : contribution of radionuclide k

e P (t) = p, Ni(t)
— Ng(t) : number of nuclei

of nuclide k at time t

Power, P/ mW

: specific decay heat rate
of nuclide k

Py

Training material

EURAD (Deliverable 8.3)- Title: SFC Training materials
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PWR UO, pellet (5 g)
B5Y/U=48%
burnup =45 GWd/t

10? ot
vo, | T ; t> ‘400 keV
10 —Zsz
—z
e 1 Hpy
) o gy
107 & —cs
T age gy
"
10* e
10?
10° : !
1 10 100 1000
Cooling time, t / year . =
r
PWR UO, pellet (5 g)
P5U/U=4.8%
burnup =45 GWd/t
10° . !
1 10 100 1000
Cooling time, t / year " "

Page 113



EURAD Deliverable 8.3

o

THERMAL POWER PRODUCED BY SNF

¢ 1la<t<10a
— 144Ce / 144pr
— 106Ru / 106Rh
_ 134Cg
— QOSr / 9OY
— 137CS / 137mBa
e 10a<t<100a
— 9DSr / 90\{
— 137CS / 137mBa
_ 238py
— ZAlAm
—_ ZMCm
e 100a<t
— 241Am

_ 238py
_ 239241py

= |

Power, P / mW

SFC Training materials

PWR UO, pellet (5 g)
B5U/U=4.8%
burnup =45 GWd/t

——Total
144

L Beg

137

s

py

1 10 100
Cooling time, t / year

Training material

THERMAL POWER PRODUCED BY SNF

e 1la<t<10a
_ 14Ace / 1AAP|.
— 106Ru / 106Rh
— 134cs
— 9DSr / 90\{
— 137¢cg / 137mBg
e 10a<t<100a
— 9OSr / 90Y
—_ 137CS / 137mBa
— ZSSPU
_ 21pAm
_ 284Cm
e 100a<t
—_ 241Am

— 238py
— 239,241p,

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Power fraction, Pk /P

PWR UO, pellet (5 g)

235J/U=4.8%

burnup =45 GWd/t
1.0

0.6 [

e +

106,
— R+

— g

——¥cs +
Eu
23BPU
ZSSPU

240,
Pu
241

242

Cm
ZMCm

Cooling time, t / year

Training material

1000

eu.

Ce +
Ru + '*Rh

144,
Pr

= Psr+Py
Cs +

137m

Ba

144,

Pr
Rh

106,

—— Psr+%y

137
"Ba
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THERMAL POWER PRODUCED BY SNF

e 1a<t<10a
— 144Ce / 144pr
— 106Ru / 106Rh
_ 134Cg
— QOSr / 9OY
— 137CS / 137mBa

e 10a<t<100a
— BOsr / QUY
— 137c5 / 137mBa
_ 238py
— ZAlAm
—_ ZMCm

e 100a<t
— 241Am

_ 238py
_ 239241py

= |

SFC Training materials

PWR UO, pellet (5 g)

B5U/U=4.8%
burnup =45 GWd/t

1.0

Power fraction, Pk /P

Training material

THERMAL POWER PRODUCED BY SNF

e la<t<10a
_ 144ce / IAAPr
— 106Ru / 106Rh
— 134CS
— 9OSr / 90\{
_ 137Cg / 137mBg

e 10a<t<100a
— 9OSr / 90Y
—_ 137CS / 137mBa
— ZSSPU
_ 21pAm

— 24Cm

e 100a<t
_ 201pm

— 238py
— 239,241p,

EURAD (Deliverable 8.3)- Title: SFC Training materials
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1.0

10 100
Cooling time, t / year

PWR UO, pellet (5 g)

235J/U=4.8%
burnup =45 GWd/t

0.8 |

0.6 [

Power fraction, Pk /P

Training material

100
Cooling time, t / year

1000

eu.

e TURU A+

144,

ce + “*pr

g 4 14

106,

Pr
Rh

106,

134

Cs
“5r+%y
s +
BEy

137
"Ba

p,

3p,

20p)

241

—TAm

242

Cm
ZMCm

O
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THERMAL POWER PRODUCED BY SNF
PO = ) pei(®)
K
N, (t) : number of nuclei at time t

*  N,(t,) : number of nuclei at time t,

with t > t,

* Nuclide vectoratt > t,

?Z Z)\,iNi —kka

i—k

= |

SNF SOURCE TERMS

SFC Training materials

PWR UO, pellet (5 g)
25U/U=4.8%
burnup =45 GWd/t

— Total
1MC e
106

------- Ru
. maCS

137

rrrrrrr cs

Power, P/ mW

1 10 100 1000
Cooling time, t/ year

144,
+ " Pr
106

+ Rh

"""" “sr+%y

137m
B

+ a

Training material 29 r

Main observables or source terms of interest:

— Decay heat

— Neutron emission
— y-ray emission

— Reactivity

- Fissile material

— Long-term safety

:H
.S

n

:S

y

1 2354, 239py, Fission Products (BUC)
. ZSSU, 239Pu

re.g. 14C, 36C|, 7958, 94N b, 99Tc, 129', ZZSRa, 237Np

difficult to be measured directly, in particular during industrial operation

— Decay heat by calorimetry at CLAB: accurate but long measurement times

— Criticality safety analysis: calculations required to account for burn-up credit (MA, FP)
— Prediction at long cooling times only possible by theoretical calculations

= Determined/estimated by theoretical calculations using a burnup code .
Neutron transport + depletion/creation code eu

Training material 30 .
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SNF SOURCE TERMS: NUCLIDE INVENTORY

SFC Training materials

H :thermal power or decay heat
Nuclide Source term cT Nuclide Source term cr S, :neutron emission

95y H,S, 10a<t<100a U R, S, 10°a<t :y I::cyt:/:;s(s::z:icality safety)
106p,, H la<t<10a Bl R,S, 10°a<t
Bacg H la<t<10a #py H,S, 10a<t
wigg Hs, 10a<t<100a oy R, S, 100a<t<10*a
104cq H la<t<10a *py R, S, 100a<t<10*a
1487y Burn-up stable #py H,S, 10a<t<100a
95m Power stable “Am H 10as<t
18g, H, S, la<t<10a 22cm H, S, la<t<10a

#em H, S, 10a<t<100a

Criticality safety (Burn Up Credit, BUC):

95Mo 99TC 101Ru 103Rh, 109Ag 133(:5, 143Nd’ 147,149,150,151,1525m ISSGd
Long term safety:

14C’ 36C|, 795el 94Nb, 99TC, 129|’ ZZGRa, 237Np

Training material

S|

= Requires complex nuclide inventory
which can only be obtained by
theoretical calculations

r A

euradq,

N

BURNUP CALCULATIONS: COUPLED NEUTRON TRANSPORT — NUCLIDE DEPLETION/CREATION

Neutron spectrum

dNy.
F = YNf Cr ¢ + Z XiNi + Z GJN]([) - (kk + Gk,a(p)Nk
i—k j—k

w0
10”

P E—
10

10 107 10
Energy / MeV

Update nuclide vector

Training material
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PRODUCTION OF 137Cs

SFC Training materials

F =Y Nf [y R0] + Z )"iNi + Z Gij ¢ — (}"k + Gk,a(P)Nk
=k j—k "Ba
137Cs production: only by (n,f) followed by B g N
(decay of short lived precursors) — .
zggU H%Zr + 1g;Te +vp “:\E\
B7Te » B2 +e” + 7V, . .
1371 N 137Xe +e 4V <« (n,f)
137Xe - 137Cs +e” + Ve
eurad,
Training material 33 r
PRODUCTION OF 137Cs
dNy
T—YNfo(p‘I‘Z}\,N +Z($] ]q) (xk"’_cka(P)Nk
i—k j—k "Bal
137Cs production: only by (n,f) followed by - v _gmseakev
(decay of short lived precursors) o
N () ~ 0N [ (hacroicy )]
Mg +oky ¢ ,
(}"k toky (P) t'<<1
Ni(t) ~Yc o¢ N t/
Y, : cumulative fission yield
o : fission cross section < (n,f)
N¢ : number of fissile nuclei, i.e. 22°U (fuel properties)
ot . total (time integrated) neutron fluence (operation history)
of N; @ t’ @ total number of fissions y i

Training material
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A

BURNUP CODES: THEORETICAL CALCULATION OF SNF NUCLIDE INVENTORY AND OBSERVABLES

Nuclear data

SNF input data
* Cross sections: (n,y), (n,f), ... * Fuel properties
* Fission Yields - design

* Decay data - material data (IE)
— Half-lives ﬂ Burnup code hl * Operational history
- Emission probabilities - ‘burn-—up (BU)
- Recoverable energy - irradiation cycles

_ - cooling time (CT)

Source terms

¢ Thermal Power

¢ Neutron emission
e y-ray

o 239p

. eu)

Training material 35 r

|

BURNUP CODES: THEORETICAL CALCULATION OF SNF NUCLIDE INVENTORY AND OBSERVABLES

 Burnup code: Neutron transport + nuclear fuel depletion
— Deterministic < stochastic

— Approach to solve the Bateman equation
— Geometry

¢ Input data:
— Nuclear Data (ND)

Cross sections

— Fuel History (FH)

« Fuel fabrication data (design, composition)

Fission yields e.g. Initial enrichment (IE)

Decay data < Reactor operation and irradiation conditions
e.g. Burnup (BU

(at,n) production yields & P (BU)

e Cooling time (CT)

Burnup (BU): 3
time integrated power per mass of initial fuel (MWd/kg) e UL

Training material 36 .
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= |

BURNUP CODES: NUCLEAR DATA

Neutron induced interaction cross sections Fission process

elastic scattering : (n,n)

_n %\ capture: (n,y) -l . .. .
o— & L 4

- /

%ﬁdﬂ( fission : (n,f) o . \
W inelastic scattering : (n,n'y) bl dcs
@ & others: e.g. (n,p), (n,a), ... . er . :.ELT"Un
30l
) O = Oy + Ty, + Oy B % a0 :. .
g - g TS il
2 —, B L
% 10° . J}; L : ‘L.
ﬁ 80 100 120 140 160
2 10° A Fission fragment mass / u
5 = f’ eur
107 L ; =
10°  10° 100 10°  10°
Neutron Energy / eV Training material B7
BURNUP CODES
* Nuclide vector N(t,) at time t, after irradiation : burn-up code
— Nuclear Data (ND) — Fuel History (FH)
« Cross sections « Fuel fabrication data (design, composition)
. Fission yields e.g. Initial enrichment (IE)
« Neutron emission probabilities « Reactor operation and irradiation conditions
e.g. Burnup (BU)
» Decay data o
« Cooling time (CT)
* Nuclide vector at t > t,
dNy
= Z AiNj = A Ny
a4 Depends on well-known decay data
* Sourcetermsatt>t,
eg P =) pNi(® :
X {8
Training material 38
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o

GAMMA-RAY EMISSION BY SNF

Sy(t) = z Syx(Ey t)
k

BNb 35.0d
95Zr 64.0 d
144Ce /144pr 284.9d
106Ry/106RK 1.02a
134Cs 2.06 a
154Ey 8.8a
137Cg /137TmBg 30.0a

= |

THERMAL POWER PRODUCED BY SNF

e la<t<10a
_ 14Ace / 144Pr
— 106Ru / 106Rh
— 134CS
— 9OSr / 90\{
_ 137Cg / 137mBg

e 10a<t<100a
— QOSr / SUY
—_ 137cs / 137mBa
— 238Pu
_ 21pAm

— 24Cm

e 100a<t
_ 21pm

— 238py
_ 239,241p,

EURAD (Deliverable 8.3)- Title: SFC Training materials
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SFC Training materials

PWR UO, pellet (5 g)
25U/U=4.8%
burnup =45 GWd/t

1011

CT= 1a
—CT=30a

1010

10°

3 -1
S(E,y/cm”s

[y
(=]
E

107‘ | A 1N N TR R
0.5 1.0 1.5 2.0 2.5

Gamma-ray energy, E / MeV

Training material 39 r

PWR UO, pellet (5 g)
235J/U=4.8%
burnup =45 GWd/t

1.0

106,

Rh

—Pgr+%y
— g 4 BT
Eu

—_=py
239Pu
24UPU

P 241Am

— 242Cm

I ZMCm

a

Power fraction, Pk /P

1 10 100 1000
Cooling time, t / year
eurad,

Training material 40 .
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A

137Cs: y-RAY EMISSION AND THERMAL POWER

e Production :

N (t) ~ Y. o Neg t/

e Gamma-ray emission : (decay data)

- Ty, :30.05 (8) a (R )
— P(E, = 661.66keV) :0.8499 (20) a8
94.36 \_ 142 ;ul.s»zs
* Thermal power: specific decay heat rate, p, = Ey A, (decay data)
- T, :30.18 (15) a
00092 N 1/2': 2838

- Q :1175.63 (17) keV
— Recoverable energy 5688 -

« Average electron + recoil energy : 247.9 (12) keV 0 137 aabls

. <Ep . 565.4 (13) keV/ 5552 )

eurad,

Decay data from DDEP (Decay Data Evaluation Project) : http://www.nucleide.org/DDEP.htm

Training material

S|

137Cs: PRODUCTION

r

dNy
F=YNfoq)+ Z AiN; + Z Gij(P_(7Lk+0k,a(P)Nk =
i—k =k
N
~ _ YeorNeo@ —(n '
Ni(t) = — — e (heroye)r] 137Cs production: only by (n,f) followed by B

A +0
kTOky ? (decay of short lived precursors)

- Relatively long lived
Small capture cross section

(M +opy 9)<<1
Ni(t) ~Yc o Neop t! .

(of Nfo t') : total number of fissions

(of Nf ¢ t') x E; : time integrated reactor power = burnup (BU)
Nk(to) o Y. BU

E; = recoverable energy per fission

= N,(t,) o BU

eu.

Training material
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o

137Cs: CONTRIBUTION TO THERMAL POWER

» Production : cumulative fission yields + burnup 25 X10
M’g ——N=aBU
Nk(t()) oC YC BU % 2.0 F
§ 15
¢ Thermal power after cooling time t by 137Cs g
§ 10}
Pi(t) = pic Nic(tg) e/ (t-t0) Pk = Eai M S os|
O
= Nuclear data % 0 20 w0 40 s e

- Y, : cumulative fission yields
- A : decay constant

- E4 : recoverable energy

= Operational history : BU

Training material

= |

137Cs: v-RAY EMISSION AND THERMAL POWER
* Production : cumulative fission yields + burnup

Nic(to) < Y BU

* Gamma-ray emission : (decay data)
- Ty :30.05 (8) a
— P(E,=661.66keV) :0.8499 (20)

* Thermal power: specific decay heat rate, p, = Ey A, (decay data)
- T, :30.18 (15) a
- Qp :1175.63 (17) keV
— Recoverable energy

Average electron + recoil energy : 247.9 (12) keV
© <Ep : 565.4 (13) keV

Decay data from DDEP (Decay Data Evaluation Project) : http://www.nucleide.org/DDEP.htm

Training material
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o

137Cs and 9°Sr: CONTRIBUTION TO THERMAL POWER (UNCERTAINTY EVALUATION)

Pk(t) =Pk Nk(to) e‘}‘k (t=to) Nk(to) « Y. BU Pk = Eax }"k

= Nuclear data

Note:
= Y. : cumulative fission yields »  Contribution of 137Cs and %0Sr: similar
- M : decay constant — simple cases
- E, : recoverable energy — with relatively well determined nuclear data

. . e Production of e.g 13%Cs ore complex oc BUP with b ~ 2
= Operational history : BU & P

UNg QUBU
Nk BU E
eu.
Training material 45
137Cs : NUCLEAR DATA (Y,E,)
137CS
Library Eq / keV Ratio 100 x Yc Ratio (Yc x Eq) / keV Ratio
DDEP/IAEA 811.8(18) 1 6.221(69) 1 50.5 (6) 1
JEF-2.2 812.0(69) 1.000(8)  6.244(54) 1.004 (9) 50.7 (6) 1.004 (12)
JEFF-3.1.1 810.1(23) 0.998(3) 6.221(69)  1.000 (11) 50.4(6)  0.998 (11)
JEFF-3.3 801.8(23) 0.988(3) 6.090(63) 0.979 (10) 48.8(5)  0.967 (10)
ENDF/B-VI.8 813.4(41) 1.002(5)  6.188(31)  0.995 (5) 50.3(4)  0.997(7)
ENDF/B-VIL.O 805.7 (16) 0.992(2) 6.188(31)  0.995 (5) 49.9 (3) 0.987 (5)
ENDF/B-VIII.O 805.8 (18) 0.993(2) 6.188(31)  0.995 (5) 49.9(3)  0.987 (5)
DDEP: http://www.nucleide.org/DDEP.htm
Evaluated data libraries: https://www.oecd-nea.org/jcms/pl_39910/janis
Training material 46
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Sl

%0Sr : NUCLEAR DATA (Y,,E,)

SFC Training materials

sy
Library Eq/ keV Ratio 100 x Y Ratio (Ycx Eq) / keV Ratio
DDEP/IAEA 1129.4 (14) 1 5730 (130) 1 647 (15) 1
JEF-2.2 1129.6 (7) 1.000(1) 5.847(188) 1.020 (33) 66.0 (21) 1.021 (33)
JEFF-3.1.1 1107.8(13) 0.981(1) 5.729(132) 1.000 (23) 63.5(15)  0.981(23)
JEFF-3.3 1127.3(13) 0.998(1) 5.676 (131) 0.991 (23) 64.0 (15)  0.989 (23)
ENDF/B-VI.8 1129.9(12) 1.000(1) 5.782(58)  1.009 (10) 653(7)  1.010(10)
ENDF/B-VIL.O 1129.4(13) 1.000(1)  5.782(58)  1.009 (10) 65.3(7)  1.009 (10)
ENDF/B-VIII.O 1128.8 (11) 0.999 (1) 5.782 (58)  1.009 (10) 65.3 (7) 1.009 (10)
Ramthum (Exp. 1967) 1147.0 (90)
DDEP: http://www.nucleide.org/DDEP.htm
Evaluated data libraries: https://www.oecd-nea.org/jcms/pl_39910/janis
H. Ramthum, Proc. Symp. Standardization of radionuclides, Oct. (1966) (IAEA, 1967), p. 589 L
eurad,
Training material 47 r
90Sr and 37Cs: NUCLEAR DATA (Y,,E,)
Lbrary S5y FE7n llas et al., Nucl. Eng. Des. 319 (2017) 176
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — o/ i ; ietie?
(ExxYJ)/keV  Ratio (VexEa) /keV  Ratio up/P = 1.3%, is this realistic? No
DDEP/IAEA 64.7(15) 1 505(6) 1 Data et Data et Teerany 0oi®
Modeling data Fuel design 020
Operating data 085
JEF-2.2 66.0 (21) 1.021 (33) 50.7 (7) 1.004 (12) Total os7
JEFF-3.1.1 63.5(15)  0.981(23) 50.4 (6) 0.998 (11) Mactear data e oo
JEFF-3.3 64.0 (15) 0.989 (23) 48.8 (5) 0.967 (10) Total 092
Overall effect Total 127
ENDF/B-VI.8 65.3 (7) 1.010 (10) 50.3 (4) 0.997 (7)
ENDF/B-VII.O 65.3(7) 1.009 (10) 49.9 (3) 0.987 (5)
ENDF/B-VIII.O 65.3(7) 1.009 (10) 49.9 (3) 0.987 (5)
Training material 48
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S|

NEUTRON EMISSION BY SPENT NUCLEAR FUEL

n

Relative sf rate, SS,/ S

n

04}

Relative (o,n) rate, Su /S

02}

0.0

244Cm : NEUTRON EMISSION

e Production

n+ 2380 30y B 23onp 4 e 4 3,

23

Z3Np — 23Pu+e” + v,

n + 233pu Msopy
n + 280pu(Bb1341py

n + 241PuBazpy

n+282pd%83py B 28am e 45,

n+ %43Am (ﬂ}ﬁgéAm Bestemee + 9,

1 10 100

SFC Training materials

n

Neutron emission rate, S_/ (s* cm™)

PWR UO, pellet (5 g)
B5U/U=4.8%
burnup =45 GWd/t

10"
1 10 100

Cooling time, t / year

1000

= Main contribution from 244Cm(sf)

Training material

Sequence of
- (n,y) reactions (6)
- P-decays (4)

Tp
(ny)
I s
Hiam 32Am PAm. £49Am
i B ]
2Py 9Py S0Py HHIPY PPy Py
S
BINp-#ENp-F P Np-HNp
Te !

(L)
235()p 236 BT 23844 239

eu

49

2em $¥Cm 24 Cm $4%Cm $%Cm

Training material
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SFC Training materials

244Cm : UNCERTAINTY OF INVENTORY DUE TO NUCLEAR DATA

e Production
n+2330 Bsu 8 23N e 47,

23Np — 23Pu+e” + v,

n + 233pu ta0py
n + 249pPu(0341py

n+ 241pu(0yMazpy

n+ 22pd"3pu B 263am 4 e 4+ 5,

n+ 283Am0siam B 288cm 4 0 4 5,

o

2“C! m uncertainty(%)

Contributors of

Training material

Contribution (n,y) reactions

== **Pu(ny)
== PAm(n,y)
= *"Puin,y)
mm *°Pu(ny)
mm **Cminy)

10GWdAU ~ 30GWdAU  50GWd/U
Depletion

Burnup Relative uncertainty

10 GWd/t 12.1%

30 GWD/t 11.1%

50 GWd/t 10.0%

]
Tiejun Zu et al., Annals of Nuclear Energy 94 (2016) 399 e U
L

51

244Cm : UNCERTAINTY OF INVENTORY DUE TO NUCLEAR DATA

* Production
n+ 2380 W39y B 2sonp 1o 4 5,
Z3INp —> BiPu+e” + v,
n + 233pu Msopy
n + 280pu(Bb1341py

n + 241PuBazpy

n+282pd%83py B 28am e 45,

n+ %43Am (ﬂ}ﬁg‘éAm Bestemee + 9,

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Training material

25

[—— ENDF/B-VIILO 242py(n,y)

(= ENDF/B-VIL.1)

—— JENDL-4.0
20 |- [—— TENDL-2019
|
v |‘I

10 u
5k
0 L L L L L
001 01 1 10 100 1000 10000

Incident neutron energy / eV

r

ekl
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o

244Cm : DIFFERENCES IN INVENTORY DUE TO NUCLEAR DATA

e Production

14
n 3 . — JENDL-4.0
n+ 2330 Wgu B 2gNp v e 4,
Z3Np — 23Pu+e” + v, 2 12
(n1 :
2
n + 239pu 1%"49py 5
£ 10
ks
1=
©
n + 249pu(0y341py =
z o8
1]
n + 281pu(y1azpy
0.6 L L
- 001 01 1 10 100 1000 10000
242p (NWhazp B 243 -
n + “gzPu='“g;Pu 5 “gcAm+e” + v, Energy/ eV
n+ 263Am (ﬂﬁ’jg‘éAm Bestemee + 9, eu

Training material

S|

244Cm : UNCERTAINTY OF INVENTORY DUE TO FUEL HISTORY

Sequence of

53

« Production N = aBUP SN SBU - (n,y) reactions (6)
b=6 for BU <20 GWd/tU N - YBU - Prdecays (4)
5
) Te
E i) 22¢m_$9Cm4%Cm $4Cm 3%Cm
£ I = 1
[ Hiam 3Am 3AM. 24Am
< N o=t
[}
e TPy Py 0P HHIPU PP
o
o
£ 10°F PWR UO, pellet (5 g) NG N NN
O 25Y/U=4.8% . ts
3 107 e -
10'7 1 1 1 1 1 1
0 10 20 30 40 50 60 A—

Burn up / (GWd/t)

eu.

Training material
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o

SFC Training materials

NUCLIDE INVENTORY: DESIGN AND OPERATIONAL HISTORY

244Cm : N = aBUP
b ~ 4 for BU = 45 GWd/t

3N 8BU
N~ 7 BU

4k ® X=I|E PWR UO, pellet (5 g) -
235 =
[ = x=BU U/U=4.8%
burnup =45 GWd/t
3k
—~ 2 [ =
5 - :
&
~ 1k [ ] [ ] -
~
z | ] ] n n
Z 9 |
& - - ' L) H . [] L
[ ]
a1k
[ =
2k n
1 1 1 1 1 1 1 1 1 1 1 1 1
eosr 13AC5 137CS ”BNd usSm 235U sz zagpu ZAUPU MPU E 242Cm ZMCm

= |

Training material

SUMMARY AND CONCLUSIONS

0.5 % uncertainty on BU
= 2 % uncertianty on 244Cm inventory

» The main observables of interest for a safe handling, transport, intermediate storage and final disposal were
identified and discussed

A characterisation of SNF for these observables requires the inventory of some key nuclides with different

characteristics

* The inventory of the key nuclides can only be obtained by theoretical calculations using burnup code which
rely on a combination of neutron transport and nuclide depletion and creation calculations

¢ The quality of the theoretical calculations strongly depends on the quality of the nuclear data and design
and irradiation history of the SNF

¢ Some key nuclear data (including their uncertainties) such as cumulative fission yields and neutron induced
capture cross sections need to be improved to allow an accurate estimation of the main observables of
interest including reliable confidence limits

Training material
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o

Spent nuclear fuel observables and key nuclides

BIBLIOGRAPHY AND REFERENCES

Broadhead et al., “Investigation of nuclide importance to functional requirements related to transport and long-term storage of LWR spent fuel”, Report
ORNL/TM-12742 (1995)

Gauld et al., “Nuclide importance to criticality safety, decay heating and source terms related to transport and interim storage of high-burnup LWR fuel”,
Report NUREG/CR-6700, ORNL/TM-2000/284 (2001)

Zerovnik et al. “Observables of interest for the characterisation of Spent Nuclear Fuel”, EUR 29301 EN (2018) , JRC112361
Schillebeeckx et al., “Characterisation of spent nuclear fuel by theoretical calculations and non-destructive analysis”, see JRC114178 (2019)

Burnup codes

Stankovskiy and Van den Eynde, “Advanced method for calculations of core burn-up, activation of structural materials and spallation products
accumulation in accelerator driven system”, Science and Technology of Nuclear Installations 2012 (2012) 545103

Alvarez-Velarde, “Validation of the burn-up code EVOLCODE 2.0 with PWR experimental data and with a Sensitivity/Uncertainty analysis”, Annals of
Nuclear Energy 73 (2014) 175

Leppénen et al., "The Serpent Monte Carlo code: status, development and applications in 2013”, Annals of Nuclear Energy 82 (2015) 142

Kashima et al., ”Validation of burnup calculation code SWAT4 by evaluation of isotopic composition data of mixed oxide fuel irradiated in pressurized
water reactor”, Energy Procedia 71 (2015) 159

Rearden and Jessee, “SCALE Code System”, ORNL/TM-2005/39 Version 6.2, April 2016

Gauld et al., “Isotopic depletion and decay methods and analysis capabilities in SCALE”, Nuclear Technology 174 (2017) 169

Ebiwonjumi et al., ”Verification and validation of radiation source term capabilities in STREAM”, Annals of Nulcear Energy 124 (2019) 80

r A

euradq,

Training material 57

S|

Bateman equation

BIBLIOGRAPHY AND REFERENCES

Jerzy Cetnar, “General solution of Bateman equations for nuclear transmutation”, Annals of Nuclear Energy 33 (2006) 640

Maren Vranckx, “Implementation, validation and comparison of different algorithms to solve the Bateman equations for very large systems”, Thesis Msc,
Univ. Gent, June 2016

Isotalo and Aarnio, “Comparison of depletion algorithms for large systems of nuclides”, Annals of Nuclear Energy 38 (2011) 261
Maria Pusa, “Numerical methods for nuclear fuel depletion calculations”, PhD Thesis, Aalto University, May 2013
Calvin and Hart, “Architecture for the performance of nuclear fuel depletion calculations”, INL/MIS-19-56187, November 2019

Nuclear data

Nuclear data libraries at JANIS NEA, https://www.oecd-nea.org/icms/pl 39910/janis
Decay data, http://www.nucleide.org/DDEP.htm
Nichols et al., “Handbook of nuclear data for safeguards: database extensions, august 2008”, INDC-2453, INDC(NDS) — 0534

euradq,

Training material 58
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2.3 Neutron resonance experiments; P. Schillebeeckx, JRC Geel;
Summer school on neutron detectors and related applications,
Riva del Garda; 30/06 - 04/07/2022

r i
U - 3 -
European Joint Programme

on Radioactive Waste Management
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Neutron Resonance

P. Schillebee
European Com

Joint Research Centrd

Summer School on Neutron

Joint Research Centre

Headquarters in Brussels
and research facilities located
in 5 Member States:

* Belgium (Geel)

e Germany (Karlsruhe)

* Italy (Ispra)

e The Netherlands (Petten)

* Spain (Seville)

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 132
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Nuclear facilities at JRC - Geel

GELINA
neutron time-of-flight facility for high-resolution
neutron measurements

MONNET

tandem accelerator based fast neutron source

Operated by JRC.G.2 Unit (SN3S)
“Standards for

TARGET

nuclear target preparation laboratories

¢ Nuclear data

RADMET ) )
laboratories for standardisation of radionuclide * Radionuclide measurements
activity

* Nuclear safeguards metrology
HADES
low-level gamma-spectrometry laboratory

METRO

nuclear reference material and measurement facility

Nuclear data

GELINA (this presentation)
neutron time-of-flight facility for high-resolution
neutron measurements

MONNET (S. Oberstedt)

tandem accelerator based fast neutron source

TARGET

nuclear target preparation laboratories

Fission pracess Neutron induced interaction cross sections

O = O ¥ Gy, + O

Cross-section / barn

10°

10° 107
Neutron Energy / eV

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Contents

¢ Neutron induced interactions: basic principles
* Neutron resonance spectroscopy

— Neutron Time-Of-Flight measurements

— Transmission measurements

— Reaction cross section measurements
¢ Applications

— Neutron Resonance Analysis (NRA)

— Characterisation of Spent Nuclear Fuel (SNF)

Nuclear data

* Nuclear data for energy technology
— Safety of current systems
— Back-end: Spent Nuclear Fuel (Burn Up Credit, Decay heat, ...)
— Development of innovative systems (e.g. MYRRHA)

e Nuclear physics

* Nuclear medicine: diagnostics and therapy
e Nucleosynthesis and nuclear astrophysics
e Detector development

e Materials research (NAA, PGAA, Neutron Resonance Analysis, ...)

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 134
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Nuclear data: response functions of neutron detectors
For EJ301(NE213), EJ315 type and stilbene well established Diamond detector

Pillon et al., NIMA 640 (2011) 185
— H(n,n)H, D(n,n)D based

CVD diamond (Chemical Vapour Deposition)
— Fast neutron detector
— 12C(n,p)*?B, 12C(n,d)*'B, *2C(n,a)°Be, *2C(n,n'3a)

¢ Elpasolite crystals
— Dual mode (neutron + y-ray detection)
— CLYC (Cs,LiYClg), CLLBC (Cs,LiLaBr,Cl,) with 5Li or 7Li

— Thermal: 6Li(n, a)t
Fast : 35Cl(n,p) and 3>Cl(n,a.)
Also needed for sodium cooled reactor concepts

g
i
5
5

= simulation of response function requires accurate cross section data
(see A. Ferrari)

5678 91011121314 15 6
Deposited Energy (VeV)

Nuclear data: MYRRHA

“Multi-purpose hYbrid Research Reactor for High-tech Applications”

Nuclide Quantity/reaction  Energy region
*0 a(n,n) continuum (fast)
o(n,n) resonance and continuum
*Fe o(n,n’) continuum
o(n,y) resonance and continuum
208pp, o(n,n) resonance and continuum
a(n,n’) resonance and continuum
2095 o(n,n’) resonance and continuum
a(n,y) resonance and continuum
v resonance and continuum
25y a(n,f) resonance and continuum
a(ny) resonance and continuum
o(n,n) continuum
28y o(n,n’) resonance and continuum
o(ny) resonance and continuum
28y o(nf) resonance and continuum
v continuum
239 X continuum
Pu X
a(n,f) continuum
o(n,y) resonance and continuum
TR continuum
#py  g(nf) resonance and continuum
22py  g(nf) continuum
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Nuclear data: back-end of the fuel cycle

e Criticality safety for Spent Nuclear Fuel (SNF)
— Original procedures : conservative based on fresh fuel ( < 4%)

— Fuel cycle extension : increase of initial enrichment (IE) and burnup (BU)

= Burn Up Credit (BUC) approach:
“Account for reactivity loss due to (n,y) reactions in actinides and fission products

”

* Nuclear data are required to optimise
transport, handling, intermediate storage and final disposal of SNF

Neutron transport calculations

Majority of the applications require neutron transport
calculations

*
— determininistic (Boltzman) .‘"’%\
..

— stochasitc (Monte Carlo), Neutron +  AX
e.g. FLUKA, MCNP, SERPENT ®— .

relying on neutron interaction cross sections

= Quality of the output depends on the quality *m,,:
of the nuclear data .
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elastic scattering

(n,n)

radiative capture
(ny)

fission
(nfH

inelastic scattering
(n,ny)

other reactions
(n,p), (n,d), (n,a)
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Cross section: definition

* Cross section is a quantity that is used to calculate the
probability that a neutron interaction occurs:

10* o — symbol t o

107 — dimension : area, unitbarn,1b=1028m?
o
E 10° e Reaction rate per target nucleus for a specific interaction (n,r) :
=
= .
N 10° Eia rr = 6, 0¢

1020.2 BT T r. : reaction rate per nucleus (s1)

Neutron Energy / eV ¢ : neutron fluence rate (stem?)
G, : cross section for (n,r) reaction (cm2)

Cross section: definition

Reaction: X+a—>Y+b
+ @ — @

X(a,b)Y
d?6(E,,Ep, Q)
. . . ; E.)= — AT HE, dQ
Cross section o(E,) : energy dependent cross section o(E,) I I dE, 4O b
E, kinetic energy of incident particle a
« Differential cross section (product particle) do(E,,Ep) do(E,, Q)
_— ) dEy de2
E, : kinetic energy of product particle b
Q : emission (solid) angle of product particle b
d?G(E,,Ep, Q)

¢ Double differential cross section (product particle)
dE, dQ

E,and Q
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Neutron interaction cross sections: e.g. 238U
EG‘m O

10°
L ® ® elastic scattering
(n.n)
% radiative capture
ey
Neutron +  AX )
— & O
(] (n.f)
inelastic scattering
@\4,‘43 (nny)
® other reactions
(n.p). (n.d), (n.a)

Cross-section / barn

10'2 -_-Zuul iaaal (-) aaal a2l é il iaaal A aaal s 33l é LAl
10 10 10 10 10
Neutron energy / eV

Neutron interaction cross sections: e.g. 238U

E Gtot = Gn,n + — Gtol
104 3 an

[ ® elastic scattering
s | £
o o

radiative capture
g 102 [ Neutron +  AX % )
= R e
@ : j
% [ ® inelastic scattering
(n,ny)

g ®...
S
G 10°F othrrescions

. ® o oo

-2 i
lo MEPET| BPEEET BT BT T AT BT BT T BT T BT
-2 (0] 2 4 6
10 10 10 10 10
Neutron energy / eV
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Neutron interaction cross sections: e.g. 238U
qutzgn,n+6n.«/+ _Gtot
10° —a,

Neutron +  AX

&

Cross-section / barn

10> 10
Neutron energy / eV

Neutron interaction cross sections: e.g. 238U

ot~ n ot

10 2 T

L O =G‘n+6n,y+6n,f+ G

Neutron +  AX

&

Cross-section / barn

10?  10° 1* 10 10°
Neutron energy / eV
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) elastic scattering
(n.n)

radiative capture
)

(] (nf

inelastic scattering
(n,n'y)

(n.p). (n.d), (n,)

@ ® other reactions

) elastic scattering
(n,n)
radiative capture
()

(] (n.f)

inelastic scattering
(n,ny)

other reactions
& (n.p), (n.d), (n,a)
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Resonance structures: compound nucleus

.
A
E =S, +———E

"Aa+1 "

E *
Ot = Gon + er + Ot + G,

=
QU
el

c
5 2
o] S
= 2
§ 107 5
i3]
o)
@
A S
o] o(n,y)
5 10° g "
10? :
10—2 102 104 106 0 e Ground state
Neutron energy / eV
Resonance structures: Compound nucleus
8000 5
R G, The resonant structure can be approximated
by a Lorentzian shape:
c
a
2 4000 1
o with | Ot (B, —ER)? +(T/2)?
=N .
0 } I' total width (FWHM)
133 134 135 Ez resonance energy
Neutron Energy / eV
Heisenberg uncertainty principle
AE At > h rt> h
t> E T2 >
Page 140

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3

SFC Training materials

Neutron interactions cross sections

15

c
2
=
g st
S
D

0

88 E 9 92 94

10° -

Resonance Region Continuum
€ >€ >

=
c
2
S
Q
@
¢}

10?

102 10 10 100 1o

Neutron energy / eV

D : level distance (distance between resonances)
I : resonance width

Increasing E,, /
= Level density increases D'\

= Resonance width increases : T /

® Resonance region :D>T

® Continuum region: D<I"

Neutron interaction cross sections

10°f H ¢ Cross sections are different for each nuclide
]
100 r ul il il il il ul il il u .
10 U e Cross sections are strongly energy dependent

— Low energy region: 1/v dependence

— Resonance structures

* Level density increases with increasing A

o
5 — Except for nuclei with a magic neutron or proton number
g e Upper energy of resonance region decreases with
B T increasing A
100 o
o s v — Except for nuclei with a magic neutron or proton number
10“ ul il il uul il ul il il L
10° | !'I!h v
10° —~
X il il ool vl o e S o
10° 10> 10 10° 100 100 100 10° 100 10°
Neutron energy / eV
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Neutron interaction cross sections below 20 MeV

10° |

H * Theoretical cross sections required for nuclear

o energy applications

100 il ul il il ul il
10° |

— Ensures full consistency, e.g. Otot = Z oj

]
— Consistency between energy regions

— Inter- and extrapolation in regions where no data are
available

— Doppler broadening

¢ Cross sections for neutron induced interactions

Total cross section/ b

100 il ul il il ul il
10°

0 N
10 ul al ul " ul

10°

10°

10° ul al ul l ol ul

“'AF
. cannot be predicted by theory based on first
principles
*y

¢ Cross sections in evaluated data libraries are

e W parameterized by nuclear reaction models

10° 10 10 10° 10 10° 10°
Neutron energy / eV

10 100 10°

Frohner, JEFF Report 18

Neutron interaction cross sections below 20 MeV

2384

Parameterised by nuclear reaction models

Resonance Region

<C°”ti””“m;l Different energy regions : different theories

N

Cross-section / barn
=
Q,

* Resonance region

—  R-matrix formalism
e Continuum

— Hauser-Feshbach

o — Statistical level theories

Optical model

Pre-equilibrium thoeries

102 10° 107

1
10°  10° = Model parameters determined by an
Neutron energy / eV

adjustment to experimental data

Fréhner, JEFF Report 18
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Resonance region: R — matrix formalism

2384n
6

10 : O = O * 5, + 5 R-matrix
- 10'f Lane and Thomas, Rev. Mod. Phys. 30 (1958) 257
8 10%
5 10° Model parameters derived from experimental data
§ 10 Rand (Eg, )5, [, [, I )
A
8 10" Eq resonance energy

10° | N RV Ay partial widths

10° ) ) ) ) r total width

0 20 40 60 8 100 (C=T,+T,+T%..)
Neutron energy / eV R scattering radius

Partial widths (T, L, I'; ...) reflect the probability that a specific reaction occurs

Frohner, JEFF Report 18

Single Level Breit Wigner (SLBW) approximation

E.T.. T T R g : statistical factor g = 1+a
(Ep, 'y T, , I R) 201+ 2D 8000
k,: neutron wave number o
Y
* (nv) c r
@ ]
€)mg T, < 4000f "'
c =g ~
T (B —Er P+ (/2 o
r
=o,=0whenl’ =0
= No resonance capture without resonance elastic scattering! 0 TR
I",, reflects the probability to form the compound nucleus 133 134 135

Neutron Energy / eV

Note: resonance energy related to incident neutron energy

Frohner, JEFF Report 18
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Single Level Breit Wigner (SLBW) approximation

(ERI Fn/ FY 7 J“, R) ’

- Lr, B A
L] n , E = ——
( Y) Gy( n) g k% (En k )2 +(F/2)2 . 5

am
a
A

ki3 L, 4n  TI,(E,—ERR

e (n,n E )= 4ngR? S
) o) e e e -t P e A
o——r "]

134
Neutron Energy / eV

o+
o, CRECEL

T I,r 4n  I,(E,—ERR
e (ntot) owlEn)=8 . +g n=n
(nt0t) oot e e P27 i 6 - (27

5
4ngR? 2 0
T
b§

E,

0| |
133 13 35
Neutron Energy / eV

Note: resonance energy related to incident neutron energy

Frohner, JEFF Report 18

Neutron interaction cross sections in resonance region

10* TFern 10° TAun
£ 10° £ 10°
a a
= c
el 0 2 L
*8' 10 g 10
0 o)
0 0
7 8L A1
© 107 © 10
O 10 O
107" 107 -2 0 1A%
10 10° 100 10 10° 10 10 10° 10
Neutron Energy / eV Neutron Energy / eV
* No capture without scattering
* Relative contribution of 5, and o, to 6,,; may be different
Frohner, JEFF Report 18
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1/v behaviour of reaction cross section, e.g. (n,y)

e @

Neutron width I, depends on ¢ and E, GY(EH)_gk_z (E, —Eg )2 +(I/2)2
due to centrifugal-barrier penetrability —ntn R
10° -
e s—wave (£ =0) W ? ;iozvmv
3 I, = 10meV E
_r0 [En K _2T_P
Ih(En) =Th 1oV nT g % 10° E
el
1/v dependence in thermal region = ] E
=
% 10°F
3 3
10° :

10° 10° 10" 10° 10
Neutron Energy / eV

1/v behaviour of (n,n) in extreme low energy region

. 238)(n,n)
10 — 1
1= oK olv,T)==[|v=V|o(|v=V])P(V)dV
3 T= 300K v
10°F
o(lv-V]|)=kand v <<V
E
c
8 10f—0o jL‘\K = o,T)~~ [kVPV)dV
-~ F v
c 3 1
© E — K
10—1 :_ = G(V,T):;
r
B Cross sections in data bases such as JANIS are mostly
10° 10* 10° 10° 10* 10° 10' 10 poppler broadened
Neutron energy / eV
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Neutron interaction cross sections in resonance region

o LT g 4n I, (E, —Er)R
k2 (B, —Er P +([/2)% | kn (E,—Eg)* +(I/2)

c7tot(En): f 47th2

Interference term: /=0

e Filtered neutron beams, e.g.
- Fe+Al: 24 keV
- Si+Ti :144 keV

G,/ barn

¢ Shielding and collimation of fast neutrons
- several materials required

10’3- el PP |

107 10° 10* 10°
Neutron Energy / eV

Neutron facilities: GELINA and MONNET
GELINA MONNET

/

Cross section / barn

Neutron energy / eV

White neutron source .
Mono-energetic neutrons

+
Time-of-flight (TOF) (cp,n) reactions
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MONNET

. . MONNET
Quasi mono-energetic neutrons produced

By charged particle induced reactions

’Li(p,n)’Be E,:0-5.3 MeV
T(p,n)3He E, 0-6.2MeV
D(d,n)3He E,:1.8-10.1 MeV
T(d,n)*He E,:12.1-24.1 MeV
n
d e.g. T(d,n)*He
o

Mono-energetic neutrons
(cp,n) reactions

E.g. response functions for a EJ309 scintillator

WO

[ |
sy o (pog o)

e ——)

e g ——| A

157 7295 —g
spmpotop ey —— 1

sy o buron—|

e

Light output functions for protons are strongly non-linear and different for each system

Require experimental verification

Tomanin et al., NIMA 756 (2014) 45
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GELINA: TOF — facility

e Pulsed white neutron source
(10 meV < E, < 20 MeV)

e Neutron energy : time — of — flight (TOF)

e Multi-user facility: 10 flight paths (10 m — 400 m)

* Measurement stations with special equipment:
— Total cross section measurements

— Reaction (partial) cross section measurements

GELINA: linear accelerator

Compression Magnet
Accelerator Sections l

|

Normal operating parameters

Average Current : 50 pA Frequency 1400 Hz
Average Electron Energy : 100 MeV Pulse Width :2ns
Mean Power : 5.0 kw Neutron Flux :1x1081/s
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GELINA: compression magnet

140 MeV
100 A

80 MeV

ins

Bp:B; E=pc; q=e
q
-~ o=1FE
P B qc
AE = 60 MeV
- B=2rAE _
qc2 At At =10 ns

= compressed pulse width ~ 1 ns

GELINA: neutron production

NEUTRON
FLIGHT PATHS

NEUTRON ELECTRON
TARGET BEAMLINE EXIT

EURAD (Deliverable 8.3)- Title: SFC Training materials
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* e accelerated to E = 140 MeV

e-,max

® Bremsstrahlung in U-target
(rotating & cooled with liquid Hg)

* (y,n), (v,f)inU-target

GELINA  30m 800 Hz

10°

Fast
= MCNP
Exp.
F"VJ
“.‘E 104_
S
& )
£
S 10}
k) .
10°

10> 10° 100 10 10°
Neutron energy / eV
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GELINA: neutron production
® e accelerated to E = 140 MeV

NEUTRON e-,max
FLIGHT PATHS
L]

° (Y:n), (Y,f)inU-target

Bremsstrahlung in U-target
(rotating & cooled with liquid Hg)

NEUTRON * Low energy neutrons by moderation
MODERATOR . .
(water moderator in Be-canning)
BEAMLINE EXIT 10 o TY—
= MCNP o MCNI
R X Exp.
F“(/) o,
kS 10°F
2
[m)
<
K=} L
g w0
S L
102 \-2 * p 0 * p * p * p \6
10 10 100 100 10

Neutron energy / eV

GELINA: fast and moderated neutron beam

SHIELDING for SHIELDING for
MODERATED SPECTRUM FAST SPECTRUM
\ /

7
s

\
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GELINA: neutron fluence moderated beam

10° - F,.Xé’,‘i{i”’“““‘ e Energy distribution ("white neutron spectrum")
“’g (at12m) .
° k Maxwellian + 1/E
>
& r
: 107
g 10% * [sotropic emission
k)
= 3 1

102 i ot ot + et et o s (p(L) & ﬁ

10° 10" 100 100 10°

Energy / eV

Time-of-flight measurement

Neutron producing Detector
target | L
pulsed
e - beam v
T, T
t= (Ts_ TO)
L
V=— = E:mcz(y—l) zlmv2
t 2
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Time-of-flight measurement

Target- moderator

Detector
assembly | L

Sample

Time-of-flight measurement

Target- moderator

Detector
assembly | L

Sample

E kinetic energy before scattering
E’ kinetic energy after H(n,n)H scattering
Emax=E
) E
<E' >==
2
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Time-of-flight measurement

Target- moderator

Detector
assembly | L

I Sample

Time-of-flight measurement

Target- moderator

Detector
assembly | L

I Sample
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Time-of-flight measurement

Target- moderator Detector
assembly | L

V 1
Sample
tm= (Ts_ TO) Ts
t# t,
t
VTL
Time-of-flight measurement
Target- moderator Detector
assembly | L 1
|
1
|
V 4
Sample
tm= (Ts_ TO) Ts
t=t —(t+t,) ty
ot
VTL
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Response of time-of-flight spectrometer
F (
_t , 1, : - !
V=1 :E:m(y—l);zmv 1
Av At AL2 E= 1 Av Av I
STt = E=y+ =27 v
Av 1
— = —/V2At? + AL?
\% L T0 TS
* AL:~1mm, independent of v (or E) t, = (T,—T,)
* At:
t=t,—(t+1ty)
— Start pulse (GELINA: ATy~ 2 ns) AT, ¢
— Time jitter detector & electronics AT, v= L
—=> Mostly lumped into one component
Gaussian distribution (depending on start pulse structure)
Independent of E (neutron energy or velocity)
Response of time-of-flight spectrometer
f (
t . 1, : - !
V—L :E:m(y—l)zzmv 1
Av At AL2 E= 1 Av Av I
YT tTE = E=y+ D=2 v

Av 1
— = —/V2AtZ + AL?
v L Ty T,

* AL:~1mm, independent of v (or E) t, = (T,—T,)
e At:
— Start pulse (GELINA: AT, ~ 2 ns) AT, = tmt_ (t+ 1)
— Time jitter detector & electronics AT, V= E
I — Neutron transport in target - moderator At, I
— Neutron transport in detector Aty
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Probability distribution of t, for GELINA

R(t,E) : TOF-response function

Probability that a neutron escaping from the
moderator with an energy E spends a time t, in
the target moderator assembly

= strongly depends on neutron energy

Probability distribution of t, for GELINA

dLg

R(ty E) = R(Ly, B) [

Transformation of variables :
L=vt
- L;: equivalent distance

_ Vv:neutron velocity when leaving the
moderator

- t,:time difference between neutron creation
and moment it leaves the moderator
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Probability desinsity

0
10 — 001- 002 eV
— 1 - 2 ev
5 — 1 2 keVv
L x10 —— 100 - 125 keV
10 )
-1 )
107k 0
-2
10°F
-3
10 b aabduul PRI VAR RETTTT MR RTIT 1
-3 -2 -1 0 1 2
10° 10° 100 100 100 10
Time, t / us
1- 5eV
100 - 500eV
1000 - 2000 eV
6000 - 8000 eV
10000 - 20000 eV

60000 - 80000 eV

—1-5ev

Distance / cm

GELINA : FWHM ~ 2 cm

15 20 25
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P(t,, E) : photonuclear GELINA

E, = 35 keV
2.0 -
GELINA : 40m E=3kev
1.6
o 12f
&
0.8}
0.4}
00— 258 259
L/t)/(m
Resolution AL (FWHM) (LIt 7 (mihs)
GELINA o 2cm Resolution AL (FWHM)
GELINA :2cm
P(t, E) : photonuclear GELINA
_—Moderator 20 E“ =35 keV
| GELNA  : 40m E,=3kev
1.6
o 12f
~ Neutron Source \‘:'id
X
0.8}
0.4}
00— 258 259
AL (FWHM) = 2 cm (L/t) ! (mips)
= about half of the moderator thickness Resolution AL (FWHM)
GELINA 1 2cm
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P(t,, E) : photonuclear GELINA and ORELA

E, = 35 keV
2.0 =
GELINA  : 40m E=3kev
16 ORELA : 40m
o 12f
4
0.8}
0.4+
00— 258 2.59
(L/t) ] (mis)
Resolution ;AL (FWHM)
GELINA :2cm
ORELA © 2cm

Neutron production at spallation sources, e.g. n_TOF, ISIS

Dimensions : 80 x 80 x 60 cm?
Pure Lead 14t
H,0 moderator :5cm
Al-window :1.6 mm
Al-container 11401
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Neutron production at spallation sources, e.g. n_TOF, ISIS

Dimensions 180 x 80 x 60 cm?
Pure Lead 14t

H,0 moderator :5cm

Al-window :1.6 mm
Al-container 11401

2.0

1.6f

R(t.E)

0.8

0.4}

0.0

SFC Training materials

1.2}

—— GELINA 40m E,=35keV

—— ORNL  40m

= nTOF 180m

257 258 2.59
(L7t)/ (m/ps)
Resolution : AL

GELINA :2cm
ORELA :2cm
nTOF : 10cm

Neutron production at spallation sources, e.g. n_TOF, ISIS, J-PARC

1.2
—— GELINA 23m E =35keV
—— SIS 23m
1.0} — JPARC 23m
0.8}
o
E’ 0.6}
0.4}
0.2}
0'9.54 2.56 2.58 2.60
L/t)/ (m/ps)
Resolution : AL
ISIS (INES) : 5cm
J-PARC (MLF/ANNRI) : 12 cm

Strongly depend on target/moderator
configuration (coupled/decoupled)

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

2.0

1.6}

R(,E)

0.8

0.4}

0.0

1.2¢

—— GELINA 40m E,=35keV

—— ORNL  40m

= nTOF 180m

257 258 2.59
(LIt )/ (Miys)
Resolution AL

GELINA :2cm
ORELA :2cm
nTOF : 10cm
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GELINA - Experimental set-ups

Cross section measurements

¢ Transmission measurement

EURAD (Deliverable 8.3)- Title: SFC Training materials

Dissemination level: Public
Date of issue of this report: 17/05/2024

SFC Training materials

¢ Transmission
— 10m,30m, 50 m

* Capture
— 10 m, 30m, 60 m

e Elastic, in-elastic scattering
— 30m

* In-elastic scattering (n,n"y)
— 30m, 100 m

L4 FiSSiOn, (n;p)r (nla)l
— 10m

* Reaction cross section measurement
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Transmission measurement

Transmission: fraction of the beam traversing a sample without any interaction

Parallel neutron beam, perpendicular to a slab of material : Lambert-Beer law

Transmission
Lambert-Beer law

od) _ _
T ="~ — g nOCtot o(x)
9o~ °

G, total cross section

n :areal number density
total number of atoms per unit area

Transmission measurement

Neutron detector

Vs
- - -

¢ 7 ‘ Evacuated tube

To [t = (o) o

$
S
AN
(/]

N

S
N

Counts / (1/ns)

L : distance between target and detector
t_ : observed time-of-flight

m

10° 10° 10
Time-of-flight / ns
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Transmission measurement

—
* im
Sample Neutron detector
Y
-p
¢ 7 Y Evacuated tube
&
5
Y AT e
o
S g
g 2
N 3 10%
c
8
L : distance between target and detector 10tk
m . observed time-of-flight
10?

10° 10° 10’
Time-of-flight / ns

Transmission measurement

10°
101 % -

10°

10" \ Lor 241Am T e
10? -
10° 10° 10’ ; TR

Counts / (1/ns)

Time-of-flight / ns C .
mn

Texp B COllt

10°

Transmission

10*

10 0.0

Counts / (1/ns)

1000 2000 3000 4000 5000
10" Time-of-flight / ps

10?
10° 10° 10
Time-of-flight / ns
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Transmission measurement

Transmission

Cin

Cout

—N Otot

oce

Texp =

¢ Incoming neutron fluence rate cancels

¢ Detection efficiency cancels

= Absolute measurement

= Direct relation between T, and G,

Transmission: principle

out

(1) All detected neutrons passed through the sample
Cin (2) Neutrons scattered in the target do not reach detector

(3) Sample perpendicular to parallel neutron beam
= Good transmission geometry (collimation)
(4) Homogeneous target (no spatial distribution of n)

EURAD (Deliverable 8.3)- Title: SFC Training materials
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GELINA — Transmission at 10 m, 25 m and 50 m

Neutron detectors

Low energy : °Li(n,t)a
Li-glass (enriched in ®Li) scintillator

High energy : H(n,n)H
Plastic or NE213 type scintillator

Neutron detector: TOF-response, equivalent distance

10k E=10eV 10l E,=100 eV
NEOI2 Liglsssci P E .
- 0.8 0.8}
10" 10"
o 0.6} w0 L o 0.6f 07 L <.
D:0,4. ) I R R D:0_4. I R I S I
0.0 05 10 15 20 25 0.0 05 10 15 20 25
L ——MCNP L ——MCNP
02 - - -~ Analytical 0.2 - - - Analytical
(REFIT) (REFIT)
0.0 : 0.0 . 1
00 05 10 15 20 25 00 05 10 15 20 25
Equivalent distance, L,/ cm Equivalent distance, L,/ cm
Detector thickness 6.35 mm!
Sensitive to y-rays
Page 164
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Transmission: resonance parameters for 24Am + n

cin B Bin uTexp

N <0.25%

Texp =
P Cout = Bout Texp

= absolute measurement

= no calibration measurement required

Transmission

0.2

0.0

w00 o

588 Tono

@ @00 0@ 00

TIBRDOUES B DL,

1000 2000 3000 4000 5000
Time-of-flight / us

Transmission: resonance parameters for 24Am + n

cin B Bin uTexp

Texp = N < 0.25%

Cout - Bout Texp

= absolute measurement

= no calibration measurement required

Ty (tm) = fR(tm, E)e™ Giot (En) dE,

R(ty, E) : response of TOF-spectrometer + detector
Gtot : Doppler broadened total cross section

n : areal number density
total number of atoms per unit area

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
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Transmission

22 (RP) = (Toxy = Tyt)" Vi (Texp — Tnt)

1.0

0.6
0.4
0.2

0.0

0.8f

1000 2000 3000 4000 5000
Time-of-flight / us
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SFC Training materials

Transmission: resonance parameters for 24!Am + n

.. —B. u
N—in — Bin T < 0.25%
Cout - Bout Texp

Texp =

= absolute measurement

= no calibration measurement required
Energy /ev  J/h g gl,/ meV FY/ meV
0.306 3 7/12 0.0373 (2) 41.6 (4)
0.574 2 5/12  0.0629 (4) 42.1(6)
1.271 3 7/12  0.2176 (23) 41.7 (8)

Transmission

Y2 (RP) = (Texp = Tir)' Vi (Texp = Tiv)

1.0
0.8
0.6

04

0.2

00060 2000 3000 2000 5000

Time-of-flight / us

Improve nuclear data for 2°6Pb, 2%8Pb and 29°Bi (MYRRHA)

e Transmission measurements at 50 m

ZOQBi

_ 206,208,natp b

¢ Capture measurements at 60 m

_ 209Bi

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Reaction cross section measurement

Reaction yield: fraction of the beam creating a (n,r) reaction in the sample

Parallel neutron beam, perpendicular to a slab of material : Lambert-Beer law

Reaction yield
Or

Yo=(1 —e™ Gtot)
Gtot

Y.~no, for no.<<1

1 — e Ottt =1 - (1-n0yt) = NGt

Reaction cross section measurement

Reaction yield: fraction of the beam creating a (n,r) reaction in the sample

Experimental response :

Cr=¢&Yr ¢
- C. experimental response
- ¢ neutron fluence rate [0)
- Y, reaction yield
- ¢ overall detection efficiency

(including solid angle)

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Cross section measurements

Transmission

T = e 1 Ctot

e Absolute measurement

+direct relation: T < o,
good geometry
homogeneous sample

SFC Training materials

¢ No additional measurements

Cross section measurements

Reaction
c
Y, ~ (1 — e 1 Otor) L
Gtot
C
Yexp =—
&r @

e Detection efficiency

¢ Fluence rate: additional measurement

+ complex relation : Y, < o,
Yr= f (Grl Gtot & Gn)

only fornc,,,<<1:Y,=no,

Transmission

T = e 1 Ctot

Axton, Nucl. Sci. Techn. 5 (1984) 609

Dilg et al., Z. Phys. 264 (1973) 427

Transmission most accurate cross section measurement

10B(n,at) from transmission: o(ny,, o) = 3838 (6) b

197Au(n,y) from transmission: o(ny,, y) = 98.7 (1) b

Reaction

Or

Y, ~ (1 — e ™" Otor)
Gtot

Yexp = .
p

er @
e Detection efficiency

¢ Fluence rate: additional measurement

+ complex relation : Y, < o,
Yr= f (Grl Gtot & Gn)

only for ng,, <<1:Y, =n o,

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Neutron fluence measurements

+HY Neutron: electrical neutral
e No direct ionisation or excitation

e Transfer reaction is required to transform
} I neutron energy into charged particle energy

Anode \
N

Kathode

= Transfer reaction required with

well-known cross section

L

n+ gHe—>p+ iH

Neutron fluence measurements: standard reactions

Neutron transfer reactions with an
accurate cross section:

* Neutron standard and reference reactions with
recommended cross sections

* https://www-nds.iaea.org/standards
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Neutron fluence measurements: standard reactions

—— °He(n,p)t
— “Li(n o
—— B(n,0)'Li

Reaction 2200 m/s Energy region 4
 Eow  Ewen 107
H(n,n) 1keV - 20 MeV F
3He(n,p) X 253 meV - 50 keV - 103
SLi(n,t) X 253meV - 1 MeV g 3
108(n,at) X 25.3meV - 1 MeV E 10°
108(n, 01y) X 25.3meV - 1 MeV S F
"2tC(n,n) 253meV -  1.8MeV § 10"
¥7Au(n,y) X 0.2MeV - 2.8MeV Q
5U(n,f) X 0.15MeV - 200 MeV (1GeV) S  10°E
Z8y(n,f) 2MeV - 200MeV (1GeV) :
28U(n,y) 150eV - 2.2MeV 10* I
2%py(n,f) 253meV - 300 MeV
209Bj(n,f) 34MeV - 1GeV
"atph(n,f) 34 MeV - 1GeV
Standard
Reference

10? 10" 10° 10" 107 10° 10* 10° 10°

Neutron energy / eV

Neutron fluence measurements: standard reactions

H(n,n)H

natc(n’n)natc

5Li(n,a)t

280(n,f)

Reaction 2200 m/s Energy region
 Eow  Ewe 10°
H(n,n) 1keV - 20 MeV
3He(n,p) X 25.3meV - 50 keV % 10tL
5Li(n,t) X 25.3meV - 1 MeV S
18(n, ) X 253 meV - 1 MeV =
98(n,ary) X 253meV - 1 MeV % 10°F
natC(n,n) 253 meV - 1.8 MeV §
97Au(n,y) X 02MeV -  2.8MeV g L
25U(n,f) X 0.15MeV - 200 MeV (1GeV) 5 10 3
28Y(n,f) 2MeV - 200MeV (1GeV) [
284(n,y) 150eV - 2.2MeV 102
29py(n,f) 253meV - 300 MeV 107
2098i(n, f) 34 MeV - 1GeV
"atph(n,f) 34 MeV - 1 GeV
Standard
Reference

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

10° 100 10° 10° 10

Neutron energy / eV

Page 170



EURAD Deliverable 8.3 SFC Training materials

Neutron fluence measurements: standard reactions

Reaction 2200m/s  Energyregion

Eiow Ergn 10°
H(n,n) 1keV -  20MeV E
*He(n,p) X 253meV - 50keV 10'E 3:}.‘
Li(n,t) X 253meV - 1MeV - TN
0 o [
108(n, ) X 253meV - 1MeV 8 10°k W
Ke) __..-l
1°B(n,0uy) X 253 meV - 1 MeV E\ b p
"C(n,n) 253meV - 1.8MeV % 10 . = ::,.»*
97Au(n,y) X 02MeV -  2.8MeV Eo- z‘;l;(n,f) - /
235(n,f) X 0.15MeV - 200 MeV (1GeV) 10%L - mB:fqnf;) : ; /
380(n,f) 2MeV - 200MeV (1GeV) F TP : ¥
23(ny) 150eV - 2.2 MeV ) I TR I A
10 4 3 2 1 0 1 3
29uy(n,f) 253meV - 300 MeV 10* 10° 10% 10" 10° 10' 10° 10
2098;(n, f) 34 MeV - 1Gev Neutron energy / MeV
"atpp(n,f) 34 MeV - 1GeV
Standard
Reference
Neutron fluence measurements
Parallel plate ionisation chamber loaded with 235U g ~ 1
_ 100000 .
standard reaction: 23°U(n,f) I
10
80000 Fission fragments
2 s
% 60000 = 0 200 400 600 800 1000
o
®]
40000 |,
T 20000
$S: SINGLE-SIDED -
DS: DOUBLE-SIDED
0
0 500 1000
Pulse height

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Neutron fluence measurements

Frisch-gridded ionisation chamber loaded with 235U

300 —
standard reaction: 235U(n,f) un.f)
g 20 & #
5
3
100 +
0
0
Pulse Height
Reaction cross section measurements
Cr=¢0Y, \
-y reaction yield
- Neutron fluence rate Y. _fe o
¢ . - r,exp — E% 0}
- € Detection efficiency
- C response

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Reaction cross section measurements

€ ¢,

* Absolute measurements v B
rexp — € C(P 0}

— all parameters (¢, 8¢) have to be determined

* Relative measurements based on normalisation factor N: Cr
Yrexp = N— Y(p

— accounts for energy independent parameters (¢, €,) Co

— determined at energy where Y, is accurately defined

Capture cross section measurements

Efficiency to detect capture event ¢_independent of gamma-ray cascade

* Gamma-ray spectroscopy
good resolution for E, esg. Ge-detectors

 Total absorption detectors
4n & &,~100%  e.g.BaF,

e Total energy detection principle

TIVTTTTTITTTTV77077

g, xcE &g <<1 e.g. CDgscintillators ney

A
= &= kz Ey,i = k(Sn + Enl-l-—A
i

Schillebeeckx et al., Nuclear Data Sheets 113 (2012) 3054
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GELINA —(n,y) at 12.5 m and 60 m

e Total energy detection principle

- C¢Dg liquid scintillators
(Boron free quartz window!)
- 125°

- Pulse Height Weighting Technique
c, =ICC(Ed)WF(Ed)dEd

S'YOCE‘/ = 8COCSn+Enj

¢ Fluence rate measurements (IC)
- IOB(I’],O(,) C —B
_ 235 Y, =N-¥ Wy
U(n,f e N Y
o 0
Borella et al., NIMA 577 (2007) 626
24IAm + nin RRR
o Experiment
0.8}
&

- 06} 9%
E F g § g No reference cross section

04+ 3 % ¢ required

L %

c
'% Energy /eV J/h g gl /meV l"y/meV
% 0.306 3 7/12 0.0373(2) 41.6 (4)
= [ 0.574 2 5/12 0.0629 (4) 42.1(6)

02r o Bgeriment ¥ 1271 3 7/12 02176 (23) 41.7 (8)

r ) , IREFIT ({es. par.)l ,
0.0 0.5 1.0 15
Neutron energy / eV
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241Am + n in RRR

| o Experiment
08k REFIT (normalization)
° .
,;1__9 N = 1.00 (2) No reference cross section
required
5
7 Energy /eV J/h g g[/meV l"y/meV
% 0306 3 7/12 0.0373(2) 41.6 (4)
= I 0574 2 5/12 0.0629 (4) 42.1 (6)
02 o Experiment ¥ 1271 3 7/12 0.2176 (23) 417 (8)
r , REFIT ([es. par.) ,
0.0 0.5 1.0 15
Neutron energy / eV
241Am + n in RRR
o Experiment 100 F
osl —— REFIT (normalization) F —— Yexp
o 06f A —— Y, (+ bound state)
g 04t o
3
oz % 10"
10 ~ C
8 o8l o
8 ¥ =
£ 06 LUl [
E 04 - 5
0.2 o Bperiment ¢ o 10 E
REFIT (;es. par.) >—_ F
o Olileuironene];;)y/ev " — G(nth’y) =749 (35) b
This work =749 (35)b 10°5 — — .
JEFF-3.3 =752.7b 10 10 10 10
Neutron energy / eV
JENDL-4.0 =684.2b
ENDF/B-VIII.O = 684.2 b
Lampoudis et et al., Eur. Phys. J. Plus 128 (2013) 86
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221Am + n in RRR
o(ny,,y) =749 (35) b

10°
F —— Yexp
[ —— Y, (+ bound state)
o !
3 10'15'
S
L !
T 10°}
z |
10° e P T
10° 10 10° 10°

Neutron energy / eV

Lampoudis et et al., Eur. Phys. J. Plus 128 (2013) 86

221Am + n in RRR
o(ny,,y) =749 (35) b

0
107
F —— Yexp
- — Y,, (+ bound state)
§> — Y, (&>0)
-1
o 10°F
~ L
o [
=] L
N I
o -2
< 107k
Z', i Capture at 0.025 eV
- 30% from observed resonances
-3 " s sl " a2 sl "
10 -2 -1 0 1
10 10 10 10

Neutron energy / eV

Lampoudis et et al., Eur. Phys. J. Plus 128 (2013) 86
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GELINA: resonance parameters for 107.10Ag + n (BUC)

Collaboration CEA (FR)
* Experiments at GELINA

— Transmission (T) measurements at 10 m

— Capture (C) measurements at 12.5m

* Metallic discs of "tAg

Thickness

— 0.06 mm T,C
- 0.126 mm T,C
— 0.25 mm T,C
- 05 mm T,C

Salamon et et al., Nucl. Instr. Meth. B446 (2019) 19

GELINA: resonance parameters for 107.19°Ag + n (BUC)

0.25 mm

= Improved RP file for 107109Ag + n

Salamon et et al., Nucl. Instr. Meth. B446 (2019) 19
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GELINA — ELISA (Elastic and inelastic scattering array)

e.g. "*'Fe(n,n)

’ ’ i
Pirovano et al. PhyS. Rev. C 99 (2019) 024601

Collaboration PTB (GE)

* Neutron and y-ray detection by
- 16 EJ301 (NE213 equivalent)
- 16 EJ315 (CDg based)

* (n/y) pulse shape discrimination

e Fluence rate measurements (IC) : 23°U(n,f)

More info:
Georgios Gkatis (PhD)
Andreea Oprea

GELINA — GAINS (Gamma Array for Inelastic Neutron Scattering)

e.g. 1%0(n,n’y) and 28Si(n,n’y)

(n,n"y): y-ray production cross sections at L = 100 m
Boromiza et al. Phys. Rev. C 101 (2020) 024604

Collaboration IFIN-HH (RO)

* v-ray detection by
- 12 HPGe detectors at 110°, 125° and 150 °
- Digital acquisition system

e Fluence rate measurements (IC) : 23°U(n,f)

More info:
Andreea Oprea
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GELINA - Fission studies

Position sensitive electrode
(n,f) cross sections and

FF properties and prompt fission neutrons and y-rays

e Fission fragments by Twin Frisch-Gridded IC
— Fragment energy
— Fragment masses - 2E-technique
— Fission axis orientation

e Prompt fission neutrons
— 12 x Scintillators (NE213 equivalent)
— Energy : time-of-flight

* Prompt fission y-rays

— LaBr, CeBr scintillators

Nuclear data libraries for nuclear applications

NEA/OECD High Priority Request List
IAEA Coordinated Research Projects

l

New needs
& Feedback

-

EXFOR library of experimental data - CENDL, ENDF/B, JEFF, JENDL, ROSFOND

and NDS/IAEA (standards)
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Nuclear data services: Nuclear Energy Agency (NEA/OECD)

JANIS

High Priority Request List

https://www.oecd-nea.org

Neutron Resonance Analysis (NRCA & NRTA)

10° H
100 il ul il ul il il ul il

10° “Li
100 il ul il ul il il

10° “B

Total cross section/ b

10° . i ul ul ool il il

10°

10° il n ul al

10° l ul ul al ul l ul

A, N

10° 10 100 10° 100 100 10° 10°
Neutron energy / eV

10°

10°

* Resonances appear at energies that are specific for each nuclide

e Position and amplitude of resonances can be used as fingerprints to

— identify and quantify nuclides
— elemental & isotopic composition

¢ Neutron Resonance Capture and Transmission Analysis
(NRCA & NRTA)

— Non-Destructive Analysis (NDA)
— no sample preparation required
— sensitive to almost all nuclides (except light)

— requirements: TOF-measurements at a white neutron source
(e.g. GELINA, LANSCE, J-PARC, ISIS)

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Cross section measurements

Total cross section Capture cross section
Otot

Well-characterised (reference) samples
n: total number of atoms per unit area is well-known

J

accurate cross-sections can be determined

Schillebeeckx et al., Nuclear Data Sheets 113 (2012) 3054

Neutron resonance analysis (NRTA and NRCA)

NRTA NRCA
T=e (P Y, ~(1- e @0 )t

Stot

Well-known cross sections

areal density can be determined

Schillebeeckx et al., Report EUR 26848-EN (2014)
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Neutron Resonance Analysis

NRTA
Cin
Texp = C

Twi(t) = [R(t, ) T(E) dE

Resonance Shape Analysis: REFIT

1 (@)= (exp =Tt Vi (Ter Tt

T(E) — e@gtot (E)

NRTA and NRCA

—~ ——NRCA  “Cu
%) L
<
3 4t
..\(L) i 65,
5 2+ gy
O | 109 Ag121 117Sn 75AS 18,
8 I Sh i ' SnL—
L mewwwm
c
9 3
0
9
£ 05F
g
= ——NRTA
0.0 b——suiin
1 10 100

1000

Neutron energy / eV

Transmission

n : areal density

total number of nuclei per unit area

1000 2000 3000 4000 5000
Time-of-flight / us

Transmission: areal density Cu: 0.55 (2) g/cm?

Element Isotope E/eV wt%
Cu 8Cu 579.0 77.76 (11)
85Cu 230.0
Sn 129 94.8 20.85 (10)
1165 111.2
11790 38.8
1185 45.7
19g5n 222.6
1209 427.5
12450 62.0
Fe *Fe 11474 077 (1)
As 75As 47.0 034 (1)
sb 115 62 020 (2)
1235 214
Ag Ypg 163 0.09 (1)
1097g 5.2
In usipy 146  0.0061 (3)

Uncertainties: only counting statistics

H. Postma and P. Schillebeeckx, in Neutron Methods for Archaeology and Cultural Heritage (Springer)
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N RTA a nd N RCA Transmission: areal density Cu: 0.55 (2) g/cm?
Element Isotope E;/eV wt%
6 Cu ey 579.0 77.76 (11)
@ et 230.0
[
a 4 Sn H2gn 94.8  20.85 (10)
- 1165 111.2
g 5 gy 38.8
3 1185, 45.7
&) 1195, 2226
8 1205 427.5
1 1245y 62.0
s Fe SoFe 1147.4  0.77 (1)
a As 75As 470 034 (1)
£ 05F sb 1ish 62 020 (2)
123gp 21.4
&
P
= - Ag 07pg 16.3  0.09 (1)
——NRTA 1095g 52
o1yl o1yl AR
0-01 10 100 1000 In 1151 1.46  0.0061 (3)

Uncertainties: only counting statistics

Neutron energy / eV

H. Postma and P. Schillebeeckx, in Neutron Methods for Archaeology and Cultural Heritage (Springer)

NRA < NAA & PGAA

>

& NRCA & NRTA

5 —

= €<---> E,

2 e

Cross section E, PGAA
S, |
,,,,,
e ‘i E, NAA

n + AX A+1X" A+1X+y
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NRA < NAA & PGAA

¢ NRCA & NRTA
— Pulsed white neutron beam

— Gamma/Neutron detector: good time resolution = scintillators

* NAA
— Intense neutron beam (irradiation in core)
— Gamma detector: y - ray energy resolution = Ge-detectors

¢ PGNAA
— Intense neutron beam (mostly cold: Budapest, NIST, FRM-II)
— Gamma detector: y - ray energy resolution = Ge-detectors

NRCA < PGAA at continuous incident beam

6
63Cu |0 61 (3) ppm
4k
4@ 700 750 800 850
% | Time - Of -Flight / s B
)
65Cu
= detection of In is not hindered by
strong resonances of other elements
(e.g. Cu)
100 1000
Time - Of -Flight / us
Postma et al., Czech. J. Phys. 53 (2003) A233
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NRA: which elements can be detected?

" A <woev B\ 1000-10000ev He Energy region detection limit
k 10-100 eV B 10000 - 100000 eV 1eV< Eu< 10 eV ~ 10—6(ppm)
L | Be
B 100 t000ev Pl [C K[ ™] |wev<E,<1000ev ~10°-10°
lkeV<E, >102 (%)

(Po) | (At)

noble gasses

Lanthanides
(Rare Earth elements)

H. Postma and P. Schillebeeckx, in Neutron Methods for Archaeology and Cultural Heritage (Springer)

NRCA: Authenticity of Etruscan artefacts

6 10 - r r ;

o 4

8 |

o <4

3 ]

5 10° | 1 ]

© H > ]
© . o 1
8 : g ]
s 410° |k , 8 o
- 3oz ]
3 ¥ 8. 3 3 A 1
“awtl 7 A g 8 1 1
£ 2 N 212 ]
3 l l ]
o l 1

Pt Statuettes from a collection assembled in the
] 18t century by count Corazzi of Cortona (It).
| ] Now at the National Museum of Antiquities in
200 250 300 35 Leiden (NL).
neutron energy (in ev)
Postma et al., Archaeometry, 46 (2004) 635
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NRCA: Authenticity of artefacts

.

O NRCA measurements at a 12.5 m station of
GELINA of a figurine that is supposed to
present the Greek god Pan.
Zn/Cu ratio: replica

Roman water taps: NRCA combined with Neutron Diffraction (ND)

NRCA : material composition
ND :fabrication process

NRCA: 4.8 (5) g/cm? Cu

Cueaie) | Element NRCA Neutron diffraction
Cu{3s08) Cu(3sa4) 4 . .
weight ratio (GELINA) (1SIS)
P1 P2 P3
600 - — Pb/Cu 0.335 (34) 0.415 0.337 0.402
p [ Sn/Cu 0.0868 (25) 0.094 0.098 0.094
-4
B 00 ooen cuaan P— ] Zn/Cu 0.0036 (3)
] Sb/Cu 0.00167 (3)
200 Fe/Cu 0.0012 (3)
As/Cu 0.00098 (3)
:?000 3100 3200 3300 3400 3500 3600 3700 Ag/cu 000096 (3)

Neutron energy, eV

Schut et al., J. Radioanal. Nucl. Chem. 278 (2008) 151
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NRA for cultural heritage and archaeology

Started in 2000 by a collaboration between Univ. Delft and JRC Geel initiated by Prof. H. Postma

Journal papers T April 2021
Postma et al., J. Radioanal. Nucl. Chem. 248 (2001) 115

Postma et al., Czech. J. Phys. 53 (2003) A233 — A240

Postma et al., Archaeometry, 46 (2004) 635

Postma and Schillebeeckx, J. Radioanal. Nucl. Chem. 265 (2005) 297
Postma et al., Il Nuovo Cimento, 30C (2007) 105

Perego et al., J. Radioanal. Nucl. Chem. 271 (2007) 89

Postma et al., J. Radioanal. Nucl. Chem. 271 (2007) 95

Schut et al., J. Radioanal. Nucl. Chem. 278 (2008) 151

Postma et al., J. Radioanal. Nucl. Chem. 283 (2010) 641

Perelli et al., Nucl. Instr. Meth. Phys. Res. A 623 (2010) 693

Perelli et al;, J. Anal. At. Spectrom. 26 (2011) 992

Postma et al., J. Archaeol. Sci. 38 (2011) 1810

Schillebeeckx et al., J. Instrumentation, 7 (2012) C03009

Postma et al., Analecta Praehistorica Leidensia, 47 (2017) 37

NRA for cultural heritage and archaeology

Started in 2000 by a collaboration between Univ. Delft and JRC Geel initiated by Prof. H. Postma

Chapters in books T April 2021
H. Postma and P. Schillebeeckx, “Neutron resonance capture and transmission analysis”
In: Encyclopedia of analytical chemistry (chapter a9070) ,
R.A. Meyers (Ed.), John Wiley & Sons Ltd. (2009)
H. Postma and P. Schillebeeckx, “Neutron Resonance Analysis”
In: Neutron Methods for Archaeology and Cultural Heritage (chapter 12),
N. Kardjilovand G. Festa (Eds.), Springer International Publishing Switzerland (2017)
P. Schillebeeckx and H. Postma, “Neutron resonance analysis (NRA)”
In: The SAS Encyclopedia of Archaeological Sciences,
S.L. Lopez Varela (Ed.), Wiley —Blackwell (2018)
P. Schillebeeckx and H. Postma, “Neutron Resonance Analysis methods for archaeological and cultural heritage applications”
In: Handbook of Cultural Heritage Analysis (pp. 145 — 187)
S. D’Amico and V. Venuti (Eds.), Springer International Publishing Switzerland (2022)
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Characterisation of Pbl, by NRTA at GELINA

— (1.3 g/l lodine and 40 MBg/I)

e JRC Geel target preparation group extracted:

* Sample characterisation: by mass spectrometry, NAA and NRTA

— 150 g lodine (powder) from 210 liter from reprocessed waste (Le Hague)

Electron
beam

Water E |
moderators
and

Uranium
target

Concrete
wall

Sample
changer

Sample & Dummy
23.78m

49.34m

Li-glass
detector

o[

Noguere et al., Nucl. Instr. Meth. Phys. Res. A 575 (2007) 476

Characterisation of Pbl, by NRTA at GELINA

P M
—23Na:f

TM(tm ,n ) = _[R(tm , E) efn(’tot(E)dE

Xz( @ ) = (Texp - TM (tm ’n))T V‘Ij:;p (TEXP

- TM (tm 1 n))

050 1150 1250
Energy (ke¥)

22 24 26 28 30 32 34
Energy fkeV)

950

=0 58 380 390 400 410 420 430 440 450

Energy (eV)

—7‘«"“:\\ f/
\
4
\
|
|
|
\

cwmten
“ !)
f
|
I
208pp

5
w0 5 T 75 720 728
Energy (keV)

A

Transmission

f
160 J

040
200 W00 AN0 5000 W00 7000
Energy (keV)

LEY
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NRTA compared with NAA and ICP-MS

Element NRTA NAA Mass NRTA <> NAA, ICPMS :
spectrometry * more elements analysed
el * isotopi iti
- pic composition of Pb
lodine total 20.24 (41) 19.75 (61) 19.86 (41)
127) 3.44 (5) 3.35 (10) 3.36 (8)
129 16.80 (40) 16.40 (60) 16.50 (40)
Lead Total 52.3 (17) 51.1 (1.8)
205ph 12.8 (5)
207ph 11.5 (1)
208pfy 27.1 (17)
Sulfur 5.44 (3)
Sodium 0.72 (2) 1.0 (2)
Oxygen 13.92 (5) 14.5 (15)
Hydrogen <0.13 0.020 (2)
Nitrogen 1.2 (4)

NRTA of W sample: validation of resonance parameters

o
ke
8
=
[%)]
8
|_
o T,, (GELINA, 25m)
A I—TM (REFI'IF&.]EFF—&Z)
g 4
w0
&
'4 1 1 1
45 50 55
Neutron energy / eV

e Sample: metallic disc of "W (1 mm thick)
- homogeneous sample
- areal density n : from weight and area
= u,/n<0.2%

¢ Transmission : absolute measurement
- absolute measurement

- methodology well understood (background, dead time correction,...)

Schillebeeckx et al., Nuclear Data Sheets 113 (2012) 3054 — 3100
0
= uTexp/TeXp <03%

= NRTA: derive nygq, from the transmission data and compare with ngg,

= one of the most accurate benchmark experiments to validate resonance parameters
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NRTA of W sample: validation of resonance parameters

183W

10 Reference __ _E=4626ev_ E-=47.80eV_ _ _ nwma/Neer
.g 0.8 In/mev T,/meV Tw/mev T,/meV
g 0.6 Lynn et al. 2002 162 (1) 72 126 (2) 72 0.983 (10)
0.4
§ 02 Mughabghab 1984 140 (4) 77 (8) 108 (10)  78(10) 1.198 (34)
- . T, (GELINA 25m) Mughabghab 2006 162 (2) 77 (8) 122 (2) 78 (10) 0.992 (14)
0.0 W ¥ —71, (REFIT&QIEFF32)
= 4 L L JEFF-3.2 163.4 75.3 120.8 61.5 1.002 (5)
3 0 JENDL-3.3 154.0 46.0 119.0 81.0 1.113 (5)
§ ENDF/B-VII.1 154.0(8)  46.0(21) 119.0(12) 81.0(51) 1.113 (11)
'4 1 1 1
45 50 55 60 T
2 — -1
Neutron energy / eV x“(Dngra) = (Texp - TM) Veexp (Texp — Tm)
= Parameters in ENDF/B-VII.1 (JENDL-3.3) strongly biased and covariance data not reliable
Becker et al., Nuclear Data Sheets 123 (2015) 171
NRTA of PuO, sample: validation of resonance parameters
CBNM - 271
T,
0.6 -
_ L
i)
i A
IS 4!
%] o8 %
8 .
= s ¢
if : § @40 mm
0 5 10 15 20 =
Neutron energy / eV wewins <t
Pubz PELLET
WINDOW TRANSPORT
PROTECTION (PVC)
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NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

06+ —'m

Transmission

02+

o004

1 ()= (T = Tl ) Vi, (Top = Tt 1)

T,(t,,n)= jR(tm LE) e "= EdE

0 5 10 15
Neutron energy / eV

20

REFIT

NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

— PPy

py
#opy
241Pu
#2py
241 Am

234U

exp
0.6 _TM
5 ¥ 1
B 04l | gt s pR
£ AWM Y
< li
e ,
o i |
= o2 [I1 |
0.0 i l 'l l
0 5 10 15 20

Neutron energy / eV
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NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

Bpy
_2py
#opy
241Pu
#2py
241 Am
234U

06F —Tu

Transmission

"o 5 10 15 20
Neutron energy / eV

NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

. py
239,
—T Pu
06 - M 200,
i 241Pu
c 242Pu
9 241Am
a2 04 22
2 | U
7))
C r ¢ i
© i i
0.2
0.0 L I R 1 0§, # ‘ 1
0 5 10 15 20
Neutron energy / eV
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NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

T Bpy
239,

06 —T, Pu

#opy

241Pu

#2py

241Am

04 o

Transmission

02k (i

0.0 LWL : i
0 5 10 15 20
Neutron energy / eV

NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

- Bpy
239,
— P
0.6 - T 24°|:>E
241Pu
8 B v __2py
— 241
2 04l o) |
% |
c - !
© A
=
0.2 - ]
a1 | |
0.0 LiL l 4 iR ] l
0 5 10 15 20

Neutron energy / eV
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NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

Bpy
239,

06 —T Pu

#opy

241Pu

#2py

241Am

0.4 o

Transmission

0.0 LA ‘ i
0 5 10 15 20
Neutron energy / eV

NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

. py
239,
—T Pu
06 - M 200,
i 241Pu
c 242Pu
9 241Am
a2 04 22
E= I — U
7))
C r ¢ i
© i i
0.2
0.0 L I R 1 0§, # ‘ 1
0 5 10 15 20
Neutron energy / eV
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NRTA of PuO, sample: validation of resonance parameters

SFC Training materials

Nuclide NRer R ] nnera/ MRee
ENDF/B-VIIL.O JEFF-3.2 ENDF/B-VIIL.O JEFF-3.2
28y 0.009514 (20)  0.00783 (70) 0.00898 (70) 0.823  (74) 0944  (74)
2%y 0.62603 (28)  0.62154 (90) 0.61530 (95) 0.9928 (14) 0.9829 (15)
20py 025273 (24)  0.25699 (36) 0.26240 (32) 1.0169 (14) 1.0383 (13)
21py 0015697 (20)  0.01574 (10) 0.01577 (10) 1.0028 (64) 1.0045 (65)
22py 0041489 (60)  0.04334 (10) 0.04300 (10) 1.0447 (25) 1.0365 (24)
21Am  0.06290 (63)  0.07236 (21) 0.06059 (20) 11503 (33) 0.9633 (32) |
24 0.002918 (10)  0.00289 (10) 0.00287 (10) 0.989  (34) 0982  (35)

RP in ENDF/B-VIII.O for 2*1Am are strongly biased:
a(n,y) underestimated

NRTA: MINERVE samples

Collaboration with CEA Cadarche

n: atomic abundance relative to total Pu
NRTA uncertainties only due to counting statistics

e MAESTRO project: determine data for FP important for BUC applications

- Production of pellet samples
mixture: depleted uranium + material enriched in specific FP

— Pile oscillator measurements at MINERVE

Validate absorption cross sections of FP and determine correction factors

e NRTA of irradiated MINERVE pellet samples at GELINA

(part of MAESRTRO)

- ldentification and quantification of impurities

- Validation of resonance parameters of FP

EURAD (Deliverable 8.3)- Title: SFC Training materials
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143,145 Nd
147,149,1525m’
151,153y

161, 162,163,164Dy

168,170F

103Rh

133Cs

180Hf
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NRTA model for pellet samples

_
_
—’O
_
_
_

1
T®) =+ (A=)
0

X

V1 —x?2

e P Got(E) x dx

Transmission

REFIT

x :track length (divided by 2R)

f,, - holes fraction
p : volume number density

R : radius

Transmission through a pure Ag pellet sample
1.0

08
06
04 T
0
—T
02

Only f, adjusted: f, =0.45

ooL—m v v
0 5 10 15 20 25 30 3

Neutron energy / eV

Model developed, implemented and validated at JRC Geel (S. Kopecky)

Fei Ma et al., J. Anal. At. Spectrom. 35 (2020) 478

NRTA: MINERVE samples

e NRTA of irradiated MINERVE pellet samples at GELINA

- ldentification and quantification of impurities

Transmission
o O O
N o o

o
N

Residuals

REFIT

109Ag

Note:

experiments at GELINA

RP used result from a new evaluation for
107109Ag based on capture and transmission

Salamon et al., Nucl. Instr. Meth. B 446 (2019) 19

Incident neutron energy / eV
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NRTA: MINERVE samples

* NRTA of irradiated MINERVE pellet samples at GELINA

- ldentification and quantification of impurities

Transmission

Residuals

0 20 40 60 80 100
Incident neutron energy / eV

NRTA: MINERVE samples

e NRTA of irradiated MINERVE pellet samples at GELINA

- ldentification and quantification of impurities

Transmission
o O O
N o o

o
N

Residuals

Incident neutron energy / eV
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NRTA: MINERVE samples

* NRTA of irradiated MINERVE pellet samples at GELINA

- ldentification and quantification of impurities

o

109Ag

Presence of strong neutron absorber W:
Not declared by supplier

g °
7
€ 0.
5
S 04
0.2
[%2]
©
>
5
7]
D
14

60 80 100

20 40
Incident neutron energy / eV

NRTA: MINERVE samples

e NRTA of irradiated MINERVE pellet samples at GELINA

- ldentification and quantification of impurities

* Presence of strong neutron absorbing elements such as W

important for the interpretation pile oscillator measurements

109Ag

This work

This work

109Ag
235U

238U

182W
183W
186W

6.30 (8) x 10*
8.31 (10) x 10°
1.119 (14) x 102

6.03 (2)x 10
8.35 (20) x 10
1.126 (5)x 10?
1.30 (4)x10°
6.6 (2)x10°
1.36 (1)x10°

6.82 (8)x10°
8.39 (10)x 10°
1.129 (14) x 102

6.54 (2)x10°
8.45 (20)x 10
1.136 (5)x 107
6.1  (3)x10°
3.1 (2)x10°
6.11 (3)x10°
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3D imaging (transmission)

e GELINA: high resolution, relatively low intensity

* Imaging at spallation sources: ISIS, JPARC, LANSCE, ...

E.g. Losko and Vogel, Scientific Report 12 (2022) 6648
- LANSCE

- Microchannel plate neutron imaging detector (°B)

Tremsin et al., NIMA 539 (2005) 278

Nuclear fuel cycle

Nuclear fuel cycle
(open or closed)

produces waste
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Open fuel cycle: final disposal of Spent Nuclear Fuel (SNF)

Open fuel cycle
Sweden : Forsmark
Finland : Onkalo

Three barriers (SKB):
* canister
e buffer (bentonite clay)

e rock

Open fuel cycle: final disposal of SNF assemblies

Open fuel cycle
Sweden : Forsmark

Estimate of thermal power has a substantial impact on:
- the number of canisters (Cu mining)

- ecological and financial footprint

6000 canisters

SKB : Swedish nuclear fuel and waste management company 12000 t £ t fuel
on of spent Tuel
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Thermal power produced by SNF

e la<t<10a
— 144Ce / 144Pr
- 106Ru / 106Rh
— 134(:5
— QOSr / 90Y
— 137(:5/ 137mBa
e 10a<t<100a
— 905y /90y
— 137Cg / 137mBg
_ 238pu
_ 241Am
- Z44Cm

e 100a<t
_ 2Ipm

_ 238py
_ 239241py,

Power, P/ mW

PWR UO, pellet (5 g)
25Y/U=4.8%
burnup = 45 MWd/kg

10°g
: —Total
C “ce + Py
NG ®Ru+'*Rh
100~ N~ Cs

T

| 1g 4 gy
"""" Eu

0
10 E JE— 28p,
b 29p,
[ N 20py
-1 \ ALAm
107 E Voo ) 20,
E VoA “ — tm
I \ ETETT \ \ 240m
"3 A | ":
10 MR VETIT | b PRST ST

A=Y

10 100 1000
Cooling time, t/ year

Zerovnik et al., JRC Technical Reports, EUR 29301 EN (2018)

Thermal power produced by SNF

e 1la<t<10a
_ 144Ce / 144Pr
- 106Ru / IOSRh
— 134cg
— QOSr / 90Y
— 137CS/ 137mBa
e 10a<t<100a
— 90y /0y
— 137Cg / 137mBg
— 238pu
_ 241Am
- Z44Cm

e 100a<t
_ 21pm

_ 238py
_ 239241py

Power fraction, Pk/ P
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PWR UO, pellet (5 g)
25Y/U=4.8%
burnup = 45 MWd/kg

Cooling time, t / year

Page 201



EURAD Deliverable 8.3 SFC Training materials

Thermal power produced by SNF

PWR UO, pellet (5 g)
35Y/U=4.8%
burnup = 45 MWd/kg

e la<t<10a
_ 144Ce / 144py

— 106Ry / 106Rh 1.0
— 13Cs *Ce +Pr
— 190Gy /90y a ok | %Ru + ®Rh
— 137Cg / 137mBg - Hcs
90,

+ 10a<t<100a - Y e
— BOSr / 90Y 9 154Eu
— 137Cg [ 137mBy g Y
_ a23py “E ijPu
B 241Am g ............ 2412;1
- e 2 o2/ /N | %0m

« 100a<t *cm
_ 241Am o
- B8Py 1 10 100 1000
— 239,241 . .

Pu Cooling time, t / year
Thermal power produced by SNF
PWR UO, pellet (5 g)

. 1a<t<10a B5U/U=4.8%
—7144Ee / 144py burnup = 45 MWd/kg
— 106Ry / 106Rh 1.0
— 134cg 1MCe+144Pr
— 90gy /%0y a ok | %Ru + ®Rh
_ 137Cs /137mBg ~ Bcs

90,

« 10a<t<100a Dé ,,,,,,,,,,,, 13%’;9?1%&

— BOSr / 90Y 9 154Eu
=

— 137Cg / 137mBg 8 —__#8p,
_ 238py '-'E jszu
_ 241pm g 24]}:;'1
- e 2 ogof e e | %0m

« 100a<t *cm
— 241Am ) - i
— PPy 1 10 100 1000
— 239,241 . .

Pu Cooling time, t / year
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Back-end of the fuel cycle: spent fuel characterisation (SFC)

A safe, secure, ecological and economic handling, interim storage and final disposal
requires that Spent Nuclear Fuel (SNF) is characterised for the main observables of interest:

Source: Vattenfall.com

¢ Decay heat
* Neutron emission
* y-ray emission

e Reactivity (BurnUp Credit)
(i.e. Fission Product (FP), actinides )

¢ Fissile material (Nuclear Safeguards, i.e. 225U, 22Pu)

¢ Specific nuclides (Long term safety)
i.e. 14c, 36c|l 795el 94Nb’ 99TC’ 129', ZZGRa, 237Np

Spent fuel characterisation (SFC): nuclide inventory

Nuclide Observable Nuclide Observable

20sr H,S, 235y RS,
106R H 238 RS,
134Cs H 238py H, Sy
137Cs H,S, 23%py R, Sy

14Ce H, 240py RS,
148N d Burn-up 241py H,S,
1495 m Power 281Am H,S,
154Ey H,S, 242Cm H, S,
244Cm H, S,

Criticality safety (BUC):
SSMOI 99-|—c, 101Ru, 1°3Rh, 1°9Ag, 133CS, 143Nd, 147,149,150,151,1525m, 155Gd
Long term safety:

MC, 36C|, 7956, 94Nb, BQTC, 129'; ZZGRa, 237Np
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: thermal power or decay heat
: neutron emission

:y-ray emission

: reactivity (criticality safety)

:m T

o »

Requires complex nuclide inventory
which can only be obtained by
theoretical calculations
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Burnup calculations

Coupled neutron transport — nuclide depletion/production

ALEPH2  (SCK CEN)
EVOLCODE (CIEMAT)

SCALE (ORNL)
—
1 VESTA (IRSN)
T = YNf of P + Z )"iNi + Z G]'Nj ¢ — (7\,]( + Gk,aq))Nk
i—k j—k
Update nuclide vector
Burnup calculations need to be validated
Nuclear data SNF input data
* Cross sections: (n,y), (n,f), ... e Fuel properties
* Fission Yields - design
e Decay data q h - material data (IE)
- Half-lives BurnUp COde e Operational history
- Emission probabilities - burn-up (BU)
- Recoverable energy - cooling time (CT)

Relative yield /%

Nuclide inventory

Observables

e thermal power

* neutron emission
* y-ray emission

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Burnup calculations need to be validated

Nuclear data
¢ Cross sections: (n,y), (n,f), ...
* Fission Yields
¢ Decay data
- Half-lives
- Emission probabilities
- Recoverable energy

Burnup code

h

SNF input data
e Fuel properties
- design
- material data (IE)
e Operational history
- burn-up (BU)
- cooling time (CT)

Validate by NDA experiment
* Neutron emission

e NRTA: nuclide inventory
e Calorimeter at CLAB

Nuclide inventory

Observables
e thermal power
* neutron emission
* y-ray emission

Neutron emission by SNF

sz u\‘)
w‘m
1)
[
B
2
8
Q
14
U)C ....... Zpy

“py

~. 08t

San o .
o) ——2cm
® 06 —*cm
g
o 04+ ST
= ’ “
kS| /-/ N
& o2t

0.0 - L
1 10 100 1000
Cooling time / a
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PWR UO, pellet (5 g)
235U/U=4.8%
burnup =45 GWd/t

= Main contribution from 244Cm(sf)

10°}

10°F

Neutron emission rate, S, / (s* cm’®)

10"
1

10 100
Cooling time, t/ year

1000
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Neutron emission by SNF: spontaneous fission

e.g. 2*%Pu(sf), 244Cm(sf), 2°2Cf(sf)

Fission: nucleus splits up into fission products (FP),
which are strongly :

— Prompt fission y-rays

— Prompt fission neutrons

Prompt neutron emission due to spontaneous fission

| Energy spectrum |

0.4
03

3

=

2 02

i)

P

o
=

O L L
0001 001 01
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1
Neutron energy / MeV

10

| Multiplicity

mpu(sf)
—u—24Cm(sf)
- 252Cf(5f)

P(v)

"0 2 4 6 8 10
Neutron multiplicity, v
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Detection of prompt fission neutrons: correlation counting

Frequengy analyser

Il <« Electronics

He detectors

e

Cd

Well-known for nuclear safeguards applications

See S. Pozzi on Monday

Event time
2

Moderation process

Detection time

2
11— —_—
2 —_—
3 —_—
4 —
5 —_—

Signal trigger
R+A A

Delayed trigger

Experimental observables:
Total count rate: T
Reals count rate: R = (R+A) - A

Neutron correlation counting: Hage’s point model

T= SSfSSfM[1+ OL]

P Vnf(2) (1
1-p Vnra)

v
R= &% f Sy M? [—5“2’ +

Vsf(1)

— Neutron emission rata due to (sf) :F,
— Relative (ot,n) contribution o3
— Detection efficiency 1€
— Leakage multiplication M
— Probability for a (n,f) reaction ip

+ (x)]

— Factorial moments multiplicity distribution

© )
Vst() = Z (]) Pse(v) VoG =
V=i

EURAD (Deliverable 8.3)- Title: SFC Training materials
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<
ar

s

(e

W. Hage and D.M. Cifarelli, Nucl. Sci; Eng. 89 (1985) 159
W. Hage and D.M. Cifarelli, Nucl. Instr. Meth. A236 (1985) 165

Event time
2

Moderation process

Detection time

2
11— C—
2 —_—
3 [ —
4 —_—
5 —_—

Signal trigger
R+A

Delayed trigger
A

Experimental observables:
(V)

Total count rate: T
Reals count rate: R = (R+A) - A
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Validation of depletion codes: neutron emission rate of SNF

Collaboration SCK CEN

standard controlled area conditions

NDA method to determine the neutron output of a SNF sample under

Hot cell facility at SCK CEN

Standard
controlled area

* Irradiation history of the SNF

EURAD: Validation of depletion codes

— Segment (~ 50 mm) from rod DO5 of FT1X57 (PWR)

— PWR Assembly (15 x 15):

188 UO, rod (4.5 wt% 23°U/U) and 16 (U,Gd)0O, rods

— Irradiated at Tihange 1

— Rod used for other international project

Counts

(First-Nuclides, REGAL, WETFUEL & AGAF, SF-ALE)

SNF segment sample by NDA

Part of a set of 4 samples (REGAL project)

— Radiochemical analysis (BU)

— Microstructural analysis
— Leach tests (low O,)
— Leach tests (high O,)

Counts

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

3000
2000

]

1000

(a) —— Result of y-ray measurements

sampling zone

1 1
0 1000 2000

1
3000 4000

Position / mm

3000

2000 [ —— Neutron measurements

—— Microstructural Analysis
Leach tests (low O,)
—— Leach tests (high O,)

15

2500 |
i :

~—— Radiochemical analysis (BU analysis)

Grid affected zone

00 1 1
1700 1800 1900

1 1
2000 2100

Position / mm
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Results of radiochemical analysis

BU indicator ~ Date of analysis  Nuclide inventory Cumulative fission yield Burnup
ma/g (x 100) GWd/t
B7Cs 10/21/2013 1.288 (28) 6.334 526 (11)
45Nd + 44Nd 02/05/2014 3.029 (32) 10.158 53.95 (56)
145Nd + M6Nd 02/05/2014 1962 (21) 6.479 53.05 (56)
48Nd 02/05/2014 0.534(12) 1724 533 (12)
N | 02/05/2014  0257(11) 0836 522 (23)

‘Average: 5278 (37)

3000

(b) Grid affected zone

2500 |
iy

2000 | —— Neutron measurements
——— Radiochemical analysis (BU analysis)
—— Microstructural Analysis
Leach tests (low O,)
—— Leach tests (high O)
L L L L

Counts

15

00
1700 1800 1900 2000 2100
Position / mm

Schillebeeckx et al., JRC Technical Reports, EUR 30379 EN (2020)

Absolute neutron output of SNF segment sample: results

* SNF segment sample: characteristics

Parameter Value
Length 52.01 (4) mm
Segment weight 42,616 (1) g
Cladding weight 6.71(4) g
Net fuel weight 35.91(4)g

* Neutron emission rate (exp) cr1sa

S, = 682 (10) g s
S,/ Sy = 0.036 (15)

p(Sy, ) =-0.972

» Detector calibrated with certified 252Cf(sf) sources (Mn bath)

Hage’s point model

Note: neutron emission rate reflects 244Cm inventory
radiochemical analysis uncertainty > 3%

Schillebeeckx et al., JRC Technical Reports, EUR 30379 EN (2020)

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Absolute neutron output of SNF segment sample: code validation

SFC Training materials

Code Library (a,n) St/ (g%sh)  So/(gls?) Calculation/Experiment
“Method  Library Se San

SCALE ENDF/B-VII.1 Y(a,n) 653 11.0 0.96 0.45
SERPENT(1) ENDF/B-VII.1 Y(a,n) 689 14.3 1.01 0.58
SERPENT(2) ENDF/B-VII.1 Y(a,n) 694 14.2 1.02 0.58
ENDF/B-VIII.O Y(a,n) 691 14.1 1.01 0.57

JEFF-3.1.2 Y(o,n) 629 13.2 0.92 0.54

JEFF-3.3 Y(a,n) 654 13.7 0.96 0.56

JEFF-4T0 Y(a,n) 695 13.7 1.02 0.56

JENDL-4.0 719 14.5 1.05 0.59

ALEPH28 ENDF/B-VIIL.O Y(a,n) 662 13.1 0.97 0.53
olo,n)  TENDL201S 126 051

o(a,n) JENDL_AN/500 10.6 0.43

JEFF-3.3 Y(o,n 641 129 0.94 0.53

olan)  TENDL2015 127 052

olo,n)  JENDL_AN/500 105 0.43

All data normalised to #8Nd inventory

Production of 2*4Cm

(ny
n+ 238U - %SQU»

B 239

3Np+e™ +V,

239Np > Z33Pu + e~ + 7,

(ny
n+ 233Pu—

(nyy
n + 28Pu — E‘;},Pu

£ggPu

241 (n,y)242
n + “g;Pu— “giPu

Y)
242 243 243 -15
n + “gzPu— “giPu— “9sAm+e” + Vv,

b+ 23AmS 28Am
95 95

E) ZHCm+e” +7,

EURAD (Deliverable 8.3)- Title: SFC Training materials
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S, =682 (10) gl st
Syn/ Syt = 0.036 (15)

= influence

nuclear data
burnup code

Main production root of 2#4Cm is a sequence of
- (n,y) reactions (6)

- P decays

(4)
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Production of 244Cm

(n,y)

n
n+ 2380 5 29

39 B -5
52U— “53Np+e™ + Vv,
239 B 239 -15
53Np = “g4Pu+e” + v,
(nyy
n+ 23Pu— £ggPu

(ny
n+ 24%Pu — Liﬁ},Pu

241 (n,y)“z
n + “g;Pu— “giPu

242 (n,y)243 P 243 -15
n + “g4Pu— “97Pu|— “GsAm +e” + Vv,

(ny) -
n+ 233Am — 242Am E) ZHCm+e” + 7,

Calculation of 2**Cm inventory:

25
[—— ENDF/B-VII.O 242py(n,y)
L (=ENDF/B-VIL1)
—— JENDL-4.0
20 | |— TENDL-2019
=3
= =
= @

v 15fF T

= | z

= -

S 10t 1
<
=
(=]

51 ®
l PRTTTT BEEERETTT BT | " /|

O PEEETTTTT N EEPETRTTTT BT
001 01 1 10 100 1000 10000
Incident neutron energy / eV

impact 242Pu(n,y)

SFC Training materials

Contribution (n,y) reactions

Burnup Relative uncertainty
10 GWd/t 12.1%
30 GWD/t 11.1%
50 GWd/t 10.0%

Tiejun Zu et al., Annals of Nuclear Energy 94 (2016) 399

1.4

JENDL-4.0
| [—— TENDL-2019

12

1.0

0.8

0.6 1 1 1 1
001 01 1 10 100

Incident neutron energy / eV

10000

= New experimental data required

= Improved evaluation for the 242Pu(n,y) cross section required

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Production of 244Cm

Main production root of 2#4Cm is a sequence of
- (n,y) reactions (6)

(n,y -
o+ 2380 ko0 2np e v, | paecare @)

iy !
Np D> FPu e + v, £
(M’g g o ——N=aBW b=60
) 1 ——N= P b=4,
n+232Pu—> ggpu ? ,1r N=aBU’ b=4.0
= 10° ¢
o
(nyy g 107k
n + 28%Pu — Liﬁ},Pu % 10°F
Q
(ny) gwr
n + 241py s 242py, £ 10°F
94 94 O
(0] § 1w0°f
n,y B- 7 1 1 1 1 1 1
n+ ZéﬁPu - zgzpu — zggAm +e” +V, 10 0 10 20 30 40 50 60
Burn up / (GWd/t)
243 (n'Y)244 B 244 -1 . ang
n+ “g5Am — “gsAm = “gCm + e” + Ve = Total neutron emission extremely sensitive to BU
Burnup calculations need to be validated
Nuclear data SNF input data
* Cross sections: (n,y), (n,f), ... e Fuel properties
¢ Fission Yields - design

¢ Decay data q Burnup code h - material data (IE)

- Half-lives e Operational history

- Emission probabilities - burn-up (BU)

- Recoverable energy - cooling time (CT)
Nuclide inventory Validate by NDA experiment
Observables * neutron measurements

* y-ray measurements

e thermal power
(PhD V. Solans)

* neutron emission
® y-ray emission
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Differential Die-away Self-Interrogation (DDSI)

Passive NDA: detection of neutrons emitted by SNF assembly
Developed at LANL for nuclear safeguards applications

e Neutron production

- Primary neutrons: mainly prompt fission neutrons from 244Cm(sf)

- Prompt fission neutrons from neutron induced fission in fuel mainly after
neutron moderation in the water of the pool

* Detection principle
3 . Kaplan et al., NIMA 764 (2014) 347
- 3He in moderator

- Detection of correlated neutrons: construct Ross-alpha distribution

DDSI: Rossi-alpha distribution

1) Total counts : burn-up

2) Rossi-alpha distribution : neutron multiplication (fissile material)

Kaplan et al., NIMA 764 (2014) 347

= Poster V. Solans “Rossi-Alpha distribution analysis of DDSI data for spent nuclear fuel characterization”
main objective: improve analysis procedures for DDSI
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Summary and conclusions

* GELINA: TOF-facility for cross section measurements in the resonance region

e Importance of transmission measurements for an accurate determination of cross section
data

* NRA: powerful tool for characterisation of objects and materials

¢ Improved neutron interaction cross section data are still needed for various energy and non-
energy applications

¢ Importance of nuclear data and neutron detection for SNF characterisation

Mobility projects and access to nuclear infrastructures

e EUFRAT (open access to JRC Geel nuclear infrastructure)
https://joint-research-centre.ec.europa.eu/knowledge-research/open-access-jrc-research-infrastructures_en

e ARIEL (Accelerator and research reactor infrastructures for education and learning)
https://www.ariel-h2020.eu/index.php/en/call-for-proposals

e EURAD (European joint programme on radioactive waste management)
https://euradschool.eu/application-guidelines/

e ENEN2plus
First call mobility grants expected fall 2022
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Keep in touch

EU Science Hub: ec.europa.eul/jrc
a @EU_ScienceHub
ﬂ EU Science Hub — Joint Research Centre
EU Science, Research and Innovation
u EU Science Hub

EU science

Thank you

© European Union 2022

Unless otherwise noted the reuse of this presentation is authorised under the CC BY 4.0 license. For any use or reproduction of elements that are not owned by the
EU, permission may need to be sought directly from the respective right holders.
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2.4 Spent Nuclear Fuel Characterisation, P. Schillebeeckx, JRC
Geel, Training for DG-ENER EURATOM; 28/06/2023

5

eu.

European Joint Programme
on Radioactive Waste Management

Al
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CONTENTS
* Introduction  Theoretical estimation of observables
¢ Radioactive decay = Principle
- B~ decay - Example: ¥7Cs
- o decay . e Code validation
- spontaneous fission (sf) .
- Calorimetry
* SNF characteristics - Neutron measurements
- Neutron emission
- y-ray emission ¢ Verification of SNF history
- Decay heat rate (decay power) - Neutron measurements
- y-ray measurements
e Bibliography
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BACK-END OF THE FUEL CYCLE: SPENT FUEL CHARACTERISATION (SFC)

A safe, secure, ecological and economic handling, interim storage and final disposal
requires that Spent Nuclear Fuel (SNF) is characterised for the main observables of interest:
* Decay heat rate (power)
* Neutron emission
* y-ray emission

e Reactivity (BurnUp Credit)
(i.e. Fission Product (FP), actinides )

e Fissile material (Nuclear Safeguards, i.e. 35U, 23°Pu)

e Specific nuclides (Long term safety)
ie. IAC, 36c|’ 795&, 94Nb, 99TC, 129|, ZZGRa, 237Np

OPEN FUEL CYCLE: DISPOSAL OF SPENT NUCLEAR FUEL (SNF)

Open fuel cycle
Sweden : Forsmark
Finland : Onkalo

Three barriers (SKB):
* canister
e Dbuffer (bentonite clay)

* rock

axns

SKB : Swedish nuclear fuel and waste management company

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 218
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SPENT NUCLEAR FUEL (SNF) DISPOSAL EXAMPLE: SWEDISH CONCEPT

CLAB CLINK SIGRID FORSMARK bedrock
Central Interim Storage Facility SNF encapsulation plant  SNF carrier SNF disposal
for Spent Nuclear Fuel (SNF)

www.skb.com

OPEN FUEL CYCLE: DISPOSAL OF SNF ASSEMBLIES

Open fuel cycle
Sweden : Forsmark

Estimate of decay heat rate (power) has a substantial impact on:
- the number of canisters (Cu mining)

- ecological and financial footprint

6000 canisters
12000 ton of spent fuel

www.skb.com
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OPTIMISING CANISTER LOADING

Reduction of canisters and required disposal volume by

e Improved loading schemes algorithms
e.g. Solans et al., Nucl. Eng. Des. 370 (220) 110897, reduction of 2% in number of canisters

* Improved decay power estimation

Reduction of uncertainty of decay power estimation
Seidl et al., Frontiers in Energy research 11 (2023) 1143312

One of the main objectives of EURAD WP8 Task 2

“Spent nuclear fuel characterisation and related uncertainty analysis”

www.skb.com

SNF MANAGEMENT : STORAGE, TRANSPORT, REPROCESSING AND DISPOSAL

5 aclinde-only (set1) - acliniderfisslon product (se12) _ —-a--full(set3) Nuclear Criticality Safety (reactivity)
1.00 Sy f Decrsssslnmacllm:;ner“‘Am&“’Fu NEA: Woking Party (WPNCS)
decay completes and 2%Pu decay dominates
098 —= .
= B Lo, ] * Must be guaranteed based on reliable

096 Decreass in reactivity due to decay _l/,F: g ”\ meth OdS
098 || P ettt om0 A |
] ind 55Gd (from "SEu, typ=4.7y) .
§ 092 = vd( s \& . e Burn-Up Credit (NEA: Expert group EGBUC)
3 0go oo a-ademna ) [ norease in aaciiviy due to dacay of o
8" R [ 4Am tz=t3) and 2P tua=6560y) — Reactivity decreases as fuel BU proceeds:
£ oan % - =i ‘ ey reduction of fissile material and increase of
= - i e . N

N I e neutron absorbing fission products (FP)

084 |—Ax = e “

T o slpgut * K . -
os2 —I’ ncraase ey e e | — Account for this reactivity decrease for
080 I criticality safety assessments
1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Cooling Time (y)

= Requires inventory of key nuclides and
e e ot o4 Dot T el chemet th st 40 GYYATITT accurate neutron absorption cross sections
burnup, and include an axial burnup distribution as described in Section 2.1.

Wagner and Parks, NUREG/CR-6781 (January 2003)
“Recommendations on the credit for cooling time in PWR burnup credit analysis”
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SNF CHARACTERISATION FOR THE BACK-END OF THE FUEL CYCLE

Main observables of interest:

difficult to be measured directly, in particular during industrial operation

= requires knowledge of a complex nuclide inventory with strongly varying characteristics

Decay heat rate (power) : H

Neutron emission S,

y-ray emission 'S,

Reactivity : 2354, 239py, Fission Products (BUC)

Fissile material : 235, 239py

Long-term safety s e.g. 1C, 36Cl, 7°Se, %*Nb, *°Tc, 2°, 22°Ra, 2>’Np

Decay heat by calorimetry at CLAB: accurate but long measurement times

Criticality safety analysis: calculations required to account for burn-up credit (MA, FP)

Prediction at long cooling times only possible by theoretical calculations

SPENT NUCLEAR FUEL: NUCLIDE INVENTORY

 Fission products (FP): neutron induced fission (n,f)

e.g. %0Sr, 134137Cg 154y, ...

¢ Actinides: major and minor actinides

e. g. 235U, 238U, 239py, 241Am, 244Cm, ...

(ny) i3 p
n + 238U 52350 — 239Np »237Pu
23.5 min 236d

EURAD (Deliverable 8.3)- Title: SFC Training materials
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B - DECAY BY NEUTRON RICH NUCLIDES

Isobaric transition in which a neutron
is transformed into a proton

and an electron + anti-neutrino are emitted

Z+1

Z-1

N-1 N N+1

B” - DECAY BY NEUTRON RICH NUCLIDES: e.g. 37Cs

 T,,=30.05(8)a
* Qg =1175.73 (17) keV

127cs

T,,=30.05(8)a

0.9436

661.7 keV, 2.552 m

E,=661.659 keV

283.5 keV

0.0564
E,=283.5 keV

AX >, AY* +e” + v,

|

A
z+1Y +E,

137 137
55Cs > 756

|

137

Ba* +e” + v,

seBa +E,

Gamma-ray emission probability: P,

EY
661.7 keV
283.5 keV

PY
0.8499 (20)
5.8 (8) x 10

http://www.Inhb.fr/donnees-nucleaires/donnees-nucleaires-tableau/
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o - DECAY

Radioactive decay in which a nucleus _
_ W AX 5574  +a
emits an a-particle (*He nucleus) and

transforms into a nucleus with 4 less l
nucleons (2n, 2p) A—4
Z—ZY + EY
Z+1
YA
Z-1
L . .
22| a in heavy nuclei

N-2 N-1 N N+1

o - DECAY BY ACTINIDES: e.g. 2**Am

e T..,=432.6(6)a
12 = 4326 (6] 241Am 523 INp* + o
Q, = 5637.82 (12) keV

|

5/2°

T \ga2ee 237
95Am o 93Np+ E’Y
0.0166< 9/2,158.50
o -particle emission probability:
0.1323< 7/2°,102.96 pEa P?Ea) ¥
0.8445 I 5388.3 keV 0.0166 (3)
5442.9 keV 0.1323(10)
038 E,=59.5 keV 5485.6 keV 0.8445 (10)
. o2
o 237
Np

93
http://www.Inhb.fr/donnees-nucleaires/donnees-nucleaires-tableau/
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o DECAY: 241 AM
Emission of decay y-rays

T,,=432.6(6)a

http://www.radiochemistry.org/periodictable/gamma_spectra/

SPONTANEOUS FISSION

Fission: nucleus splits up into fission products (FP)

e.g. 238'240'242PU(Sf), 242'244’246Cm(5f), ZSZCf(Sf)

* FP:acceleration due to Coulomb repulsion

e FP :strongly excited, emission of
— Prompt fission neutrons
—  Prompt fission y-rays

¢ Prompt fission neutrons important for Non-Destructive Analysis (NDA)
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PROMPT FISSION NEUTRONS: MULTIPLICITY

SFC Training materials

Emission of prompt fission neutrons:

- statistical process

- onaverage <v>=v(, >1 04} iy
.". - - *?Pu(sf)
- - Cf(sf)
- - o\ »
Nuclide vy Vi(2) Vy(3) 03 y "\ N
238 ) g \
Pu 2.210 1.978 0.933 T F n \
02F & /NN
%y 2154 1.895 0.868 A A
22 i 3 3 %
Pu 2.145 1.882 0.867 3 > \ K
01f h
®2cf 3756 | 5978 5.287 [ oo
0.0 -"’.> 1 L 1 “.""\.L e .
» 0 2 4 6 8 10
v
Vs(j):z(.]Psv T
Vo Neutron multiplicity, v
Normalised factorial moments
PROMPT FISSION NEUTRONS: DATA
Nuclide T2 (sf) branching <v> S/ (stg?)
238py 8.774 (3) x10*a 1.85 (5)x 107 1.980 (30) 2.59 (11)x 103
240py 6.561 (7) x10%a 5.70 (20) x 108 2.154 (5) 1.031(36)x10°
242py 3.73 (3) x10°a  5.49 (9)x10°® 2,149 (8) 1.728(32)x 10°
242Cm 162.86 (8) d 6.36 (14) x 108 2.540 (20) 1.980 (46) x 107
244Cm 1.811 (3) x10%a 1.36 (1)x10° 2.710 (10) 1.107 (10) x 107
246Cm 4.72 (3) x10a 2.61 (4)x10° 2.930 (30) 8.70 (13)x10°
Decay data from Nichols et al., INDC-2453, , INDC(NDS) — 0534, August 2008
<v> from Santi and Miller, NucL; Sci. Eng. 160 (2017) 190
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PROMPT FISSION NEUTRONS: ENERGY DISTRIBUTION

05 0.5
| ——2Puy(sf) | —*Pu(sf)
041 04r
B ~ 03
> 0.3 HJ:
=4 F =
< 0.2 0.2
01} 0.1
0.0 rarr TR T EENEERTIT BRI B R Th 0.0 L L L L L ! L
10 10° 102 100 10° 10" 0 2 4 6 8 10
Neutron energy, E, / MeV Neutron energy, E / MeV

<E,>"~2 MeV

N(E,) can be parameterised by:
- a Maxwellian distribution in the CM system
- a Watt spectrum in the lab system

NEUTRON PRODUCTION BY (a,n) REACTIONS

e (a,n) reaction with light nuclides

e Neutron energy (emission)
- O(o,n) : <E,>~2 MeV
- Floyn): <E,>~1MeV

e P(v)=1

used to separate prompt fission neutrons from
(a,n) neutrons in neutron correlation counting (NDA)

g
— 180(q,n)%Ne _(_%.
- 170(a,n)°Ne g
— F(a,n)*’Na bt
2
k=l
2
=

Neutron energy / MeV

= in SNF: a - decay of actinides followed by (o, n) reaction in light elements
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NEUTRON PRODUCTION BY SNF

* Prompt spontaneous fission neutrons 4 Cm(sh)
s (a,n) reaction with light nuclides 0.6 " 2: e _2“ z:lr;?:;c
----- Sy : Maxwellian ’
a 04 - :,' i
< o2} ) i
0001 001 0.1 1 10
Neutron energy / MeV
NEUTRON EMISSION BY SNF
PWR UO, pellet (5 g)
Z50/U=4.8%
Sa(® = Z Snk(® burnup = 44 MWd/kg
K

¢ S,k(t) : contribution of radionuclide k

° Sn,k(t) = (sz,k + Som,k) Nk(t)

— Ny(t) : number of nuclei of nuclide k
attime t

S¢x - specific neutron emission rate of
nuclide k due to (sf)

Sex : specific neutron emission rate of
nuclide k due to (a,n) reactions

Neutron emission rate, S, / (s*cm?)

101 L el MR | L
1 10 100 1000

Cooling time, t/ year
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NEUTRON EMISSION BY SNF

Sp(D) = Z (sz,k + Sun,k) Nk (t)

k

n

Relative sf rate, S,/ S

Cooling time / a

GAMMA-RAY EMISSION BY SNF

Sy(t) = z Syx(Ey,t)
k

SNb 35.0d

957 64.0d U
144Cg [144py 284.9d e
106Ry/106Rh 1.02a 2
134Cg 2.06a E;
154Eu 8.8a e
137Cg /137mBg 30.0a

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

1011

1 010

10°

n

Relative (o,n) rate, S,/ S

SFC Training materials

PWR UO, pellet (5 g)

B5Y/U=48%

burnup =44 MWd/kg
1.0 238,
iy
i —— 239F)u 4
08} i
e
I 220y
061 —Cm
04+ —
. A Y
| /'I N1
0.2} J \
z
OO = =‘L PRRTTLLLL et
1 10 100 1000
Cooling time / a
PWR UO, pellet (5 g)
B5U/U=48%
burnup = 44 MWd/kg
—CT= 1la
b
Nz o Hcs /
i ? ¥Cs Ef l T
| 1 | t
1. .‘h. h Ll
10 15 20 25

Gamma-ray

energy, Ey/ MeV
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GAMMA-RAY EMISSION BY SNF
PWR UO, pellet (5 g)

B5Y/U=48%

Sy(t) = z Sy,k(Eyv t) burnup = 44 MWd/kg
K
1011
- CT= la
—CT=10a
Nb 35.0d o
957r 64.0d % s
144Ce/14pPr  284.9d %
106Ru/1%Rh 1.02a 3
134Cs 2.06a =
154Eu 8.8a o
137Cg [137mBg 30.0a 10°
107 UL b
0.5 10 15 2.0 25
Gamma-ray energy, Ey/ MeV
GAMMA-RAY EMISSION BY SNF
PWR UO, pellet (5 g)
85U/U=4.8%
Sy(t) = Z Sy,k(Ey’ t) burnup = 44 MWd/kg
K
1011
- CT= 1la
9Nb 35.0d - —Crea
957r 64.0d %
144Ce/144Pr 2849 %
106Ry/1%6Rh 1.02a 3
134Cs 2.06a >
154Eu 8.8a s
137Cg /137TmBg 30.0a 10°
107 it o o ‘ MR T
1.0 15 2.0 25
Gamma-ray energy, Ey/ MeV
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GAMMA-RAY EMISSION BY SNF
PWR UO, pellet (5 g)

B5Y/U=48%

Sy(t) = Z Sy,k(Eyv t) burnup = 44 MWd/kg
k
1011
- CT= 1a
——CT=30a
9SNb 35.0d "
957 64.0d - 10
144Ce /144py 284.9d e
106Ru/1%Rh 1.02a T
134Cs 2.06a =
154Eu 8.8a o
137Cg [137mBg 30.0a 10°
107 i S B
0.5 1.0 15 2.0 25

Gamma-ray energy, E, / MeV

GAMMA-RAY EMISSION BY SNF: DECAY POWER
PWR UO, pellet (5 g)

25Y/U=4.8%
burnup = 44 MWd/kg

P/(D) = Zkak(t) f Eysy(Ey, t)dEy
k

10°¢ _
: uo, | T £ k00 key
%Nb 35.0d > 10" : —
95 c E —%zr
Zr 64.0d E .
144Ce/144py 284.9d e 10 — R
106Ru/16Rh 1.02a “ T
134¢s 2.06a g 10} —
154Eu 8.8a e i
1375 /137mBg 30.0a 107
281Am 432.6a b
10-3 A\ N o1 P PR VY P W
1 10 100 1000

Cooling time, t / year
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SFC Training materials

GAMMA-RAY EMISSION BY SNF: DECAY POWER

ACEDWRNG
k

SN

957r
144Ce/144pr
106Ru/106Rh
134CS

154Eu
137CS/137mBa
241Am

DECAY POWER PRODUCED BY SNF (RECOVERABLE)

PO = ) Pe(®)
k

Recoverable energy

35.0d
64.0d
284.9d
1.02a
2.06a
8.8a
30.0a
432.6a

e P,(t) : contribution of radionuclide k

° Pk(t) = Py Nk(t)

— N(t) : number of nuclei

of nuclide k at time t

— p, : specific decay heat rate

of nuclide k

Power, P/ mW

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Power, P (t) / mwW

PWR UO, pellet (5 g)
25U/U=4.8%

burnup = 44 MWd/kg

uo,

o + Mpr
—"“Ru+'"Rh
— 134(:5
——¥cs + ¥"Ba
— By
—_am

1000

Cooling time, t / year

PWR UO, pellet (5 g)
235U/U=4.8%

burnup = 44 MWd/kg

10° b

Cooling time, t / year

b1l PR
1 10 100 1000
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DECAY POWER PRODUCED BY SNF

e 1a<t<10a

144Ce / 144pp
106RYy / 106RK
134Cg

990Gy / 90y
137Cg / 137mB4

e 10a<t<100a

QOSr / 90Y
137Cs / 137mBa
238Pu

241Am

244Cm

e 100a<t

241Am
238pyy

— 239,241Pu

DECAY POWER PRODUCED BY SNF

e 1a<t<10a

144ca / 144pp
106RYy / 106RKH
134Cg

990Gy / 90y
137Cg / 137mBg

e 10a<t<100a

900Gy / 0y
137Cg / 137mBg
238pyy

241Am

244Cm

e 100ac<t

241Am
238pyy

— 239,241Pu

SFC Training materials

Power, P/ mW

Power fraction, P, /P

10!

10?

1.0
0.8

0.6

EURAD (Deliverable 8.3)- Title: SFC Training materials
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PWR UO, pell

et(5g)

25Y/U=4.8%
burnup = 44 MWd/kg

T TR

E [ -,
N .\.....1“- i ..':...Xk .1‘». ..&'s....
1 10 100 1000
Cooling time, t / year

PWR UO, pellet (5 g)
235U/U=4.8%
burnup = 44 MWd/kg

L Wog 4 Wpp

1 — %Ry + RN

."'z. — g
3 / —— 050y
| _137CS + 137mBa

Cooling time, t / year
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DECAY POWER PRODUCED BY SNF
PWR UO, pellet (5 g)

25Y/U=4.8%
burnup = 44 MWd/kg

e la<t<10a
— 144Ce / 144Pr
— 106Ry / 106RK

_ 134cg
— 90gp /90y 1.0
— 137¢g /137mBg L Wiog 4 Wipy
e 10a<t<100a a o8+ | %Ru + ®Rh
<t< =2 i
— 90gy / 90y o~ o0y 0y
— 137Cg [ 137mBg = — g + MRy
_ 238py 2 ey
8 — Py
_ 21Am = 29y
— 24Cm % ............. 20py
241Arn
« 100a<t T o20™./ /N |- 200
— 241Am %cm
_ 238py S i
_ 239,241pyy ' 1000
Cooling time, t / year
DECAY POWER PRODUCED BY SNF
PWR UO, pellet (5 g)
B5U/U=48%
.+ 1a<t<10a /
_ 1440 / 144py burnup = 44 MWd/kg
— 106Ry / 106Rh
_ 134cg
— 90gp /90y 1.0
— 137¢g /137mBg L Wiog 4 Wipp
e 10a<t<100 a o8+ = | %Ru + ®Rh
ast< a o i
— 90gp /90y o~ o0y 0y
— 137Cg / 137mB4y < o6k A ] e Bcs + B¥'MBg
_ 238py 2 ey
8 —*py
_ 2841pm = py
— 2%Cm g — 2y
241
o Am
. 100a<t c o2f ™t S | 2
— 281pm %cm
_ 238py = e — N
_ 239,201p, 1 10 100 1000
Cooling time, t / year
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DECAY POWER PRODUCED BY SNF

PWR UO, pellet (5 g)
25U/U=4.8%
P(t) = z PNk (t) burnup = 44 MWd/kg
k

P(t, > t,) cannot be extrapolated from P(t,)

— Total

Ce + Py
——————— Ru +“Rh
,,,,,,, Bicg

N, (t) : number of nuclei at time t
10'F

% rrrrrrr “Sr+%y
* Ni(to) : number of nuclei attimet, @
with t > t, g
o
e Nuclide vector at t > t 10"
dNg 2 R
T z AiNi = A Nie 10 10 100 1000
i

Cooling time, t / year

SNF SOURCE TERMS: NUCLIDE INVENTORY

Nuclide Source term cT Nuclide Source term cT H :decay heat rate (power)
S, :neutron emission
*osr H, S, 10a<t<100a U RS, 10°a<t Sy :y-rayemission
106g,, H la<t<10a 238 RS, 10%a<t R :reactivity (criticality safety)
s H la<t<10a #pu H,'S, 10a<t
es H,S, 10a<t<100a #pu R, S 100a<t<10'a
1a4ce H la<t<10a *py RS, 100a<t<10%a
MENG Burn-up stable *ipy H,S, 10a<t<100a
95m Power stable *Am H 10a<t
ey H,S, 1a<t<10a *em H, S, la<t<10a
2Cm H,S, 10a<t<100a

Nuclear safeguards

2354, Pu-isotopes
Criticality safety (Burn Up Credit, BUC):

95Mo, 9Tc, 191Ru, 193Rh, 109Ag, 133Cg, 143N, 147,149,150151,152gm 155Gd
Long term safety:

14(:’ 36C|, 7956, 94Nb, 99TC, 129|’ ZZSRa, 237Np

which can only be obtained by
theoretical calculations

EURAD (Deliverable 8.3)- Title: SFC Training materials
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THEORETICAL CALCULATIONS OF NUCLIDE INVENTORY

Depletion code: coupled neutron transport — nuclide depletion/creation calculations

Neutron transport

Bateman equation |

dNy
T =Y Nforo + E AN + E oiNj o — (kk + Gk_a(p)Nk
i j

Update nuclide vector

EXAMPLE: PRODUCTION OF 137Cs

n+ 230 50Zr + 'Te + v,

137 137 -1 =
sole— “g3l+e” + v,

1 > ¥Xe+e” +V,

137 137 - by
s4Xe = ‘55Cs+e” + Vg

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
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137Cs production: only by (n,f) followed by - -decay
(decay of short lived precursors)
- Relatively long lived
- Small capture cross section

<« (n,f)
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PRODUCTION OF 137Cs
dNy
T = YNf Or P + Z kiNi + Z Gij ¢ — (Xk + Gk,a(P)Nk
=k j—k
Y, : cumulative fission yield
N¢ : number of fissioning nuclei B
N, : number of nuclide i <)
C; : fission cross section
Ok : transmutation cross section (nuclide j to nuclide k)
Oy : absorption cross section of nuclide k
[0} : neutron fluence rate
PRODUCTION OF *3¥7Cs
ANy 137Cs production: only by (n,f) followed by - -decay
e Y Neoro + Z MiNj + Z iNj @ — (A + o )Nk (decay of short lived precursors)
= j—k

Nk (t) = —YC ot N ¢ [ — e_(xk+ck'7q))t’]

kk +Gk,’Y ()
Y, : cumulative fission yield
N¢ : number of fissioning nuclei B
N, : number of nuclide i <)
O¢ : fission cross section
Ok : transmutation cross section (nuclide j to nuclide k)
Oy : absorption cross section of nuclide k
[0} : neutron fluence rate
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PRODUCTION OF 37Cs

dNy

de i—>k j—k
Y. o¢ N - ’

Ni(t) = ﬁif(p[l e (hroiye)']

k TOky P

N (t) ~Y. o¢ Neop t (kk +0ky (p) t'<<1

—_—_ = YNf Oof ¢ + Z )\,iNi + z G]N] ¢ — (7\,]{ + Gk,a(P)Nk

SFC Training materials

137Cs production: only by (n,f) followed by - -decay
(decay of short lived precursors)
- Relatively long lived
- Small capture cross section

Y, : cumulative fission yield

(o : fission cross section it

N; : number of fissioning nuclei, i.e. 235U “nf
ot . total (time integrated) neutron fluence

o N @ t’ : total number of fissions

PRODUCTION OF 137Cs
dNy
T =Y Nf ofr @ + Z ?»iNi + z Gij ¢ — (Xk + Gk,a(p)Nk
i—k =k
Nk (t) = M[ - e_(xk+ck'yq))t’]
}Vk +Gk,y (0]
N (t) ~Y. o¢ Neop t (e +0ky P)t'<<1
(of Npo t') : total number of fissions
E; : energy released per fission

(of Nf @ t') x E; : time integrated reactor power = burnup (BU)

137Cs production: only by (n,f) followed by - -decay
(decay of short lived precursors)
- Relatively long lived
- Small capture cross section

<« (n,f)

(mostly expressed per mass of initial fuel, in MWd/kg)

= N,(ty) ¢ Y. BU (t,=end of irradiation)

EURAD (Deliverable 8.3)- Title: SFC Training materials
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137Cs: CONTRIBUTION TO DECAY HEAT RATE

x10°

N
w

——N=aBU

N
o
T

» Production at end of irradiation : cumulative fission yields + burnup

=
o
T

[ g
o
T

Ny (tp) < Y, BU

*Cs concentration / (g/cm’)
o
(52
:

 Decay power after cooling time t by 137Cs

L L L L L L
10 20 30 40 50 60
Burn up / (GWd/tU)

o
o

S}

Pi(t) = pic Nic(to) e (t-to)

772"
pk = Edk }\‘k moma
= Nuclear data ssCs P
. . . " 94.36 11/2';661.659
- Y. : cumulative fission yields N P
- XA : decay constant
0.00061 .
- Eg : recoverable energy N y2'i26ss
. . 5.64 s
= Operational history : BU N > stable
a

56

137Cs : CONTRIBUTION TO THERMAL POWER (UNCERTAINTY EVALUATION)

Py (t) = pic N (to) e—?»k (t—to) N (tp) < Y. BU Pk = Eqk Ak
2 2
U _ _ [(usu)?  (uxe UEqi
= Py (BU) +<Yc) +(Edk)
Note:

* Nuclear data
- Y. : cumulative fission yields Production of e.g **Cs more complex oc BUP with b~ 2

E, : recoverable ener
dk &Y — Nk _ 5UBU
- M : decay constant Nk BU

(small uncertainty)

e Operational history : BU
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137Cs: CONTRIBUTION OF 235U, 239pu AND 24'Pu

1.0

0.8

0.6

(n,f) fraction

04

02

PWR UO,

0.0 % L

IE 5.0 wt%
235y

PWR UO,

238U

239Pu
241Pu

BU / (MWd/kg)

IE 2.5 Wt% 10
235U
238U 0s |
239Pu
241Pu g
L 3 06
<
£ 04}
- 0.2
! 0.0
35 40 20

244Cm PRODUCTION: COMPLEX PROCESS

(ny)

n+ 2380 > 33U BiNp + e + 7,

(ny)

n + 237Pu — 2&%Pu

(n,7)

n + 249Pu — 2¢1Pu

(n,y)

n + 241Pu — 242Py

(ny)
24

B 239

Z3Np 5 23Pu +e” + v,

B 243

n+ 282pu— 283Pu > 2BAm+e” + v,

244

ny) p
n+ 283Am — 24Am - 2EiCm +e” + Y,

Training material
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10 15 20 25 30 35 40
BU / (MWd/kg)

Sequence of
- (n,y) reactions (6)
- P-decays (4)

6

Page 239



EURAD Deliverable 8.3

SFC Training materials

244Cm PRODUCTION: COMPLEX PROCESS

244Cm : N =aBUP

x10°

6BU
b

10t -
F —N=aBl> b=60
10° F——N=aBUW b=40

10" r
102
10° r
104 |
105
10° r
107 L

244Cm concentration / (g/cm®)

20 30 40
Burn up / (GWd/t)

Training material

50

Sequence of
- (n,y) reactions (6)
- P-decays (4)

TASK 2: PRODUCE VALIDATED DEPLETION CALCULATIONS WITH REALISTIC UNCERTAINTIES

Nuclear Data (ND)

e Fission Yields

e Decay data
- half-life
- emission probabilities
- recoverable energy

e Cross sections: (n,y), (n,f), ...

Relative yield /%

a7

SNF input data

¢ Fuel properties
- design

Depletion code

- material data (IE)

h

* Operational history
- burn-up (BU)
- cooling time (CT)

Nuclide inventory

Observables
¢ decay heat
* neutron emission
* y-ray emission

EURAD (Deliverable 8.3)- Title: SFC Training materials
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DEPLETION CODES

SCALE System (ORNL)
— Neutron transport : KENO (MC) and NEWT, POLARIS (deterministic)
— Depletion/creation module : ORIGEN

ALEPH?2 (SCK CEN)
— Neutron transport by MCNP

SERPENT (VTT)
DARWIN (CEA)
EVOLCODE (CIEMAT)

DEPLETION CODES

* Nuclide vector N(t,) at time t, (end of irradiation) by depletion calculations

— Nuclear Data (ND) — Fuel History (FH)
» Cross sections e Fuel fabrication data (design, composition)
« Fission yields e.g. Initial enrichment (IE)

< Reactor operation and irradiation conditions

» Neutron emission probabilities
e.g. Burnup (BU)

» Decay data
e Cooling time (CT)

* Nuclide vector at t > t,

dNy
T = le ;\'iNi - 7\,]( Nk
' Depends on well-known decay data

* Observablesat t > t,

e& PO =) piNi(®
k

EURAD (Deliverable 8.3)- Title: SFC Training materials
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BURNUP CODES: NUCLEAR DATA

Neutron induced interaction cross sections Fission process

elastic scattering : (n,n)
capture: (n,y)

fission : (n,f)

inelastic scattering : (n,n"y)

others: e.g. (n,p), (n,a), ...

Decay data

= PUnf)
< 8 = ZPun)]
5 .
o Gy =0, %0+ —0, 3 6 Do
c 1 =G S ™
3 2 4l "
= 3
= °
§ 10° & ol .
k= nr . - [X
3 i R kY
@ 3 ol i o
g 10° 80 100 120 140 160
5 Fission fragment mass /u
107

n 1,
10° 10 10° 10

Neutron Energy / eV

10°

NUCLIDE INVENTORY: DESIGN AND OPERATIONAL HISTORY

4F = x=IE PWR UO, pellet (5 g) -
| = x=BU 25U/U=4.8%
sl BU  =45MWd/kg
[ n
x 2F
| ] | ]
2
~ 1k [] []
z | - =
z ol— —a — —
~ n n -
[ []
1k
[ ]
2k n
1 1 1 1 1 1

1 1 1 1 1 1 1
BOSr 134Cs 137CS 148Nd 1498m Zﬁu 235U 239Pu ZAOPU 241Pu 241Am ZAZCm ZMCm

EURAD (Deliverable 8.3)- Title: SFC Training materials
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244Cm : N = aBUP

3N 8BU
N~ BU

b ~ 4 for BU = 45 MWd/kg

0.5 % uncertainty on BU

= 2 % uncertianty on 2*4Cm inventory
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TASK 2: PRODUCE VALIDATED DEPLETION CALCULATIONS WITH REALISTIC UNCERTAINTIES

Nuclear Data (ND)

¢ Cross sections: (n,y), (n,f), ...
* Fission Yields

¢ Decay data
- half-life
— emission pr
- recoverable

SNF input data
* Fuel properties
- design
- material data (IE)
nal history
(BU)
g time (CT)

Validation (codes + ND)

¢ Radiochemical data (PIE)

e Decay power (calorimeter)

¢ Neutron emission (REGAL sample)

Nuclide inventory

Observables
¢ decay heat
* neutron emission
® y-ray emission

Verify SNF input data
¢ Neutron measurements
e y-ray measurements

CLAB CALORIMETER

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024
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CLAB CALORIMETER: PRINIPLE

SFC Training materials

0.8}

0.4}

0.0

AT/°C

-0.8

2000 3000

4000 5000

Time, t/s

6000

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Measurement principle

Cool down the water in calorimeter

Stop cooling (continue circulation)

Measurement principle

Cool down the water in calorimeter

Stop cooling (continue circulation)

Measure T_and T,
— T.:temperature in calorimeter
— T, :temperature in pool

Determine AT =T —T,vs time
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CLAB CALORIMETER: PRINCIPLE

08
0.4
e
= 00
5
-04
-0.8

CLAB CALORIMETER: PRINCIPLE

1000

Power / W

500

T

1 I 1 I 1

EURAD (Deliverable 8.3)- Title: SFC Training materials

0
0.0000 0.0002 0.0004 0.0006

(dAT/dt) / (°CIs)

Dissemination level: Public
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this report: 17/05/2024

SFC Training materials

Measurement principle
e Cool down the water in calorimeter

e Stop cooling (continue circulation)
* Measure T and T,

¢ Determine AT =T _—T,vs time

e Determine dAT/dt for AT=0

Pool
s

kD pUBERI )
e

Calibration with an electrical heater

¢ Determine AT =T —T,vs time

¢ Determine dAT/dt for AT = 0 for different P

Test Chamber
T

£

B

B0, U RISIO]
P e
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CLAB CALORIMETER: PRINCIPLE

P=a,+a, dAT/dt
1000
z
% 500
O 1 1 1 1 1 1
0.0000 0.0002 0.0004 0.0006
(dAT/dt) / (°Cls)

ELECTRICAL HEATER: CALIBRATION FUNCTION

Small differences partly due to differences
in heat delivered by circulation pump

180 T T T T T T T T
I o 2006 ° 20147
1.6x107° + 2007 v 2017H
F A 2008 » 2018|
1 axa0® o 2009 | e 2019[]
I x 2011 | o 2020|]
Lonio = 2012 Fit

1.0x107®

[(dAT/dt) / P]/ [(°Cls)/W]

8.0x1077

6.0x1077

40x107 b Lo 111 11

Gexp / Gm

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Power, P /W

1.010

1.005

1.000

0.995

0.990

SFC Training materials

Calibration with an electrical heater

* Determine AT =T —T vs time
¢ Determine dAT/dt for AT=0
e Fitto data: P = a, +a, dAT/dt

Test Chamber

o
2 g
E 3
2 H
-; =
= =
g H

Calibration for blind test and SKB-50 data

LN L
G = dAT/dt
[ st.dev=10.2%
| all data within 0.5%

i

v
>
¢ 2019
.

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Power, P /W

Perfect linear behaviour in whole range: from 0 W to 1800 W
Measurement without heater (heat delivered by circulation pump): fully consistent

EURAD (Deliverable 8.3)- Title: SFC Training materials
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CLAB CALORIMETER: PRINCIPLE

Spent nuclear fuel assembly Calibration with an electrical heater
¢ Determine AT =T —T vs time ¢ Determine AT =T T vs time

¢ Determine dAT/dt when AT =0 ¢ Determine dAT/dt for AT=0

e Q=a,+a, KdAT/dt e Fitto data: P = ay+a; dAT/dt

e P=Q+P,

— K : correction factor due to thermal capacity
difference between electrical heater and
fuel assembly

— P,: heatloss due to y-rays escaping from
the calorimeter

CLAB CALORIMETER: PRINCIPLE

Spent nuclear fuel assembly

e BWR:P=140W
~ P,= 33 W (2.4%)

¢ Determine AT =T T vs time

e Determine dAT/dt when AT=0 — K =0.964

* Q=a,+a; KdAT/dt « PWR:P=450W

e P=Q+P, - P,=11.8W (2.6%)
— K : correction factor due to thermal capacity - K =0.915

difference between electrical heater and
fuel assembly

— P,: heatloss due to y-rays escaping from
the calorimeter

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 247
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DATA FROM CLAB CALORIMETER: SOME RESULTS

Ref. Year Code Library PWR BWR
<C/E> St.dev  <C/E> St.dev
Ilas and Gauld 2008 SCALES5.1  ENDF/B-V 1011 0012 1003 0.025 Not blind!
llas et al. 2014 SCALE6.1.2 ENDF/B-VILO ~ 1.002 0.012  0.997 0.024 - .
aseta / Normalisation not specified
Ilas and Burns 2021 SCALE6.2.4 ENDF/B-VILO ~ 1.013 0.013  1.002 0.012
2021 SCALE6.2.4 ENDF/B-VIL1 ~ 1.008 0012  1.009 0.024 Adjustments not excluded
Ilas and Burns 2022 SCALE6.3  ENDF/B-VILO  1.006 0.014  1.007 0.024
Shama et al. 2022 SCALE6.2.3 ENDF/B-VIL1 ~ 1.019 0012  1.003 0.025
SCALE 6.2.3 ENDF/B-VIL1 ~ 1.015 0.012  1.010 0.026
(POLARIS)
Shama et al. 2022 CASMOS5 1.009 0013  1.008 0.025
Yamamoto 2016 CASMO5  JENDL-4.0 1.016 0.013  1.001 0.024
Haeck et al. 2022 VESTA2.1  JEFF-3.1 0.978 0.012
VESTA2.1  ENDF/B-VILO  0.996 0.012
San-Feliceetal. 2012 DARWIN  JEFF-3.1.1 0.978 0.011
BLIND TEST CLAB CALORIMETER
¢ PWR assemblies
e Decay heat rate determined at CLAB
Assembly ID BU IE Decay heat rate  Gamma-escape
BTO1 53 MWd/kg 45a 3.95 wt% 1662 W 58 W
BT02 55 MWd/kg 86a 3.95 wt% 1068 W 30W
BTO3 50 MWd/kg 9.8a 3.95 wt% 895 W 21W
BTO4 51 MWd/kg 13.5a 3.70 wt% 768 W 15 W
BTO5 50 MWd/kg 21.4a 3.60 wt% 663 W 12w
EURAD (Deliverable 8.3)- Title: SFC Training materials Page 248
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SFC Training materials

BLIND TEST CLAB CALORIMETER: CODES + LIBRARIES

BLIND TEST CLAB CALORIMETER: RESULTS

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

Assembly ID P CT <C/E> St. dev
BTO1 1662 W 45a 0.975 0.019
BTO2 1068 W 8.6a 0.977 0.018
BTO3 (+ Gd) 895 W 9.8a 0.967 0.019
BTO4 768 W 13.5a 0.994 0.023
BTO5 663 W 21.4a 0.979 0.021
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DATA FROM CLAB CALORIMETER (R-05-62)

SFC Training materials

ALEPH_JEFF-3.3

EURAD Task 2: systematic study of published calorimeter data 110} . . BwRa0e
: a o PWR 2021
Compare different codes/libraries ‘
- Total number of fissions g
- Inventory of key nuclides i@ 105 :A;'{.”
- Calculate decay power using recommended decay data &l: By
Paper in preparation
Romojaro et al., SCK CEN, CEA, GRS, IRSN, JSI, JRC, NAGRA, PSI
Code Library PWR BWR 095 L . .
<C/E> St.dev  <C/E> St.dev 0 500 1000 1500 2000
SCALE  (R-05-62) 1.011 0.012  1.003 0.025 Power / P
ALEPH2 JEFF-3.1.2 1.001 0.020 1.013 0.031 EURAD Task 2:
ALEPH2 JEFF-3.3  1.004 0.018  1.018 0.029 . ] ) )
ALEPH2  JEFE-ATO 1.006 0018  1.020  0.030 additional blind test exercise using SKB-50 data

137Cs : CONTRIBUTION TO THERMAL POWER (UNCERTAINTY EVALUATION)

P () = pic Nic(ty) e Eto) N (ty) < Y. BU

2 2
Uy _ _ (uBu)z ve)” | (R
= P |\BU + Ye + Eqk

e Nuclear data Note:

- Y. : cumulative fission yields
Ey : recoverable energy
- M : decay constant

(small uncertainty)

e Operational history : BU

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

un uBy
—k_o-BU
Nk

BU

Pk = Eqk Ak

Production of e.g 134Cs more complex o BUP with b ~ 2
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137Cs: y-RAY EMISSION AND DECAY HEAT RATE (POWER)

* Production : cumulative fission yields + burnup

Ni(ty) ~ Y. BU

e Gamma-ray emission : (decay data)

- Ty :30.05 (8) a
~ P(E,=661.66keV) :0.8499 (20)

* Specific decay heat rate, p, = E A, (decay data)

- Ty :30.18 (15) a
- Q- :1175.63 (17) keV

— Recoverable energy

¢ Average electron + recoil energy : 247.9 (12) keV
: 565.4 (13) keV

<Ey>

7/2"
137 6
555

94.36 \

30.05a

0.00061 \

11/27;661.659
2.552

1/2; 2835

5.64
N\

32"

0

stable
137

sBa

Decay data from DDEP (Decay Data Evaluation Project)
http://www.nucleide.org/DDEP.htm

137Cs : NUCLEAR DATA (Y,,E,) FOR 235U(n,f) AT THERMAL ENERGY

137Cs

Library Eq/ keV Ratio 100 x Y Ratio (Y x Eq) / keV Ratio
DDEP/IAEA 811.8(18) 1 6.221(69) 1 505(6) 1

JEF-2.2 812.0(69) 1.000(8)  6.244(54) 1.004 (9) 50.7(6)  1.004 (12)
JEFF-3.1.1 810.1(23) 0.998(3) 6.221(69) 1.000 (11) 50.4(6)  0.998 (11)
JEFF-3.3 801.8 (23) 0.988 (3) 6.090 (63) 0.979 (10) 48.8 (5) 0.967 (10)
ENDF/B-VI.8 813.4(41) 1.002(5) 6.188 (31) 0.995 (5) 50.3 (4) 0.997 (7)
ENDF/B-VIL.O 805.7(16) 0.992(2) 6.188(31)  0.995 (5) 49.9(3)  0.987(5)
ENDF/B-VIII.O 805.8 (18) 0.993 (2) 6.188 (31) 0.995 (5) 49.9 (3) 0.987 (5)
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%0Sr and 137Cs: NUCLEAR DATA (Y,,E,) FOR 235U(n,f) AT THERMAL ENERGY

Library 20Sr

(E4x Yc) / keV  Ratio

(Yc x Eq) / keV

Ratio

DDEP/IAEA 64.7(15) 1
JEF-2.2 66.0(21)  1.021(33)
JEFF-3.1.1 63.5(15)  0.981(23)
JEFF-3.3 64.0(15)  0.989 (23)
ENDF/B-VI.8 65.3 (7) 1.010 (10)
ENDF/B-VIL.O 65.3 (7) 1.009 (10)
ENDF/B-VIIL.O 65.3 (7) 1.009 (10)

50.5 (6)

50.7 (7)
50.4 (6)
48.8 (5)

50.3 (4)
49.9 (3)
49.9 (3)

1

1.004 (12)
0.998 (11)
0.967 (10)

0.997 (7)
0.987 (5)
0.987 (5)

90Sr and 137Cs: NUCLEAR DATA (Y,,E,) FOR 235U(n,f) AT THERMAL ENERGY

EPRI, PIRT, July 2020

Library 20Sr

(E4x Yc) / keV  Ratio

(Yc x Eq) / keV

Ratio

DDEP/IAEA 64.7(15) 1

JEF-2.2 66.0(21)  1.021(33)
JEFF-3.1.1 63.5(15)  0.981(23)
JEFF-3.3 64.0(15)  0.989 (23)
ENDF/B-VI.8 65.3 (7) 1.010 (10)
ENDF/B-VIL.O 65.3 (7) 1.009 (10)
ENDF/B-VIIL.O 65.3(7) 1.009 (10)

50.5 (6)

50.7 (7)
50.4 (6)
48.8 (5)

50.3 (4)
49.9 (3)
49.9 (3)

1

1.004 (12)
0.998 (11)
0.967 (10)
up/P = 1.3%, is this realistic? NO
0.997 (7)
0.987 (5)
0.987 (5)

EURAD (Deliverable 8.3)- Title: SFC Training materials
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%0Sr and 137Cs: NUCLEAR DATA (Y,,E,) FOR 235U(n,f) AT THERMAL ENERGY

Uncertainty only due to nuclear data > 2% EPRI, PIRT, July 2020
ENRESA-1: BWR
BM1  :MOX
GU1 :PWR
GU3 :PWR

up/P = 1.3%, is this realistic? NO

EURAD WP8 Task 2
Rochman et al., Annals of Nuclear Energy 160 (2021) 108539
Rochman et al., EPJ Nuclear Sci. Technolog. 7 (2021) 18
Rochman et al., EPJ Nuclear Sci. Technolog. 8 (2022) 9

UNCERTAINTY OF CALORIMETRY DATA

¢ Blind test paper ansson et al., Nucl. Sci. Eng. 196 (2022) 1125)

5% overall uncertainty

¢ SKB Document R-05-62 (also used in EPRI, PRIT report)

—PWR
250 W 1.8%
900 W 1.0% = Performance assessment and uncertainty evaluation
_BWR of CLAB calorimeter is required
50 W 4.2% = One of the main EURAD objectives of WP8 Task 2
350 W 1.0%

Only total (combined uncertainties) are given

No separation between

- Systematic and random effects

- Correlated and uncorrelated uncertainty components

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024
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NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

Non Destructive Assay method to determine the neutron output of a SNF
sample under standard controlled area conditions
Collaboration SCK CEN

Standard

Hot cell (LHMA) facility at SCK CEN controlled area

NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

Standard

Hot cell (LHMA) facility at SCK CEN controlled area
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EURAD: VALIDATION OF DEPLETION CODES USING THE REGAL SAMPLE

° |rradiati0n hiStOry of the SNF [E)] —— Result of y-ray measurements
3000
— Segment (~ 50 mm) from rod DO5 of FT1X57 (PWR)
— PWR Assembly (15 x 15): £ 2000 -
188 UO, rod (4.5 wt% %3°U/U) and 16 (U,Gd)O, rods 3 soming
8 amping zone
— lIrradiated at Tihange 1 1000
— Rod used for other international project
(First-Nuclides, REGAL, WETFUEL & AGAF, SF-ALE) 0 L L L
0 1000 2000 3000 4000
* SNF segment sample by NDA oo Position /mm
Part of a set of 4 samples (REGAL project) ® Grid affected zone
— Radiochemical analysis (BU) 200
— Microstructural analysis »2
— Leach tests (low O,) §
) 2000 |- — Neution meastrements
— Leach tests (high 0,) —— Radiochemical analysis (BU analysis)
—— Microstructural Analysis
Leach tests (low O,)
—— Leach tests (high O,)
1500

. . . .
1700 1800 1900 2000 2100
Position / mm

NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

e Irradiation history burnup (REGAL project)

BU Analysis date Nuclide Inventory BU
indicator Nx/Nuy Mwd/kg
137¢s 21/10/2013  2.539 (55) x 103 52.6 (11)

143414Nd - 05/02/2014  5.701 (60) x 103 53.95 (56)
145+1%Nd  05/02/2014 3.643 (38) x 10° 53.05 (56)
148N d 05/02/2014 0.974 (21) x 102 53.3 (12) 3000

(b) Grid affected zone
15N 05/02/2014  0.463 (21)x10% 522 (23)
Average: 52.78 (37) L 2ot H
* SNF segment sample: characteristics 3 wJW* J
2000 [~ —— Neutron measurements
Parameter Value T Mromta e )
Segment length 52.01 (4) mm e v
Segment weight 42616 (1) g 1500 L L L L
. . 1700 1800 1900 2000 2100
Clad;ilnlg welghht 6.71 (A:) )g Position / mm
Net fuel weight 35.91(4)g . . . . .
= Accurate information about design and operational history
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NEUTRON EMISSION MEASUREMENT: CONVENTIONAL WELL COUNTER (AWCC)

* Neutron detection
— Modified AWCC (only internal cavity) @
— 3He detectors in polyethylene
— Detection efficiency for 252Cf(sf): ¢ = 0.28

Standard
controlled area

 Signal processing: shift register
— Totals, reals and accidentals

e Data analysis: Hage’s point model (JRC Ispra)

W. Hage and D.M. Cifarelli, NSE 89 (1985) 159 — 176
W. Hage and D.M. Cifarelli, NIMA 236 (1985) 165 — 177
D.M. Cifarelli and W. Hage, NIMA 251 (1986) 550 — 563

SHIFT — REGISTER: PRINCIPLE

Event time
Q

Moderation process
Detection time

Q

Every detected neutron will trigger the opening of two gates
- Gate close to the signal (signal trigger)
- Delayed gate

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 256
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SHIFT — REGISTER: PRINCIPLE

Event time
< ¢ Q
Moderation process @
Detection time
; Q
1y —_—
Signal trigger Delayed trigger
R+A A
SHIFT — REGISTER: PRINCIPLE
Event time
< ¢ Q
Moderation process @

Detection time

Q

2 —
Signal trigger Delayed trigger
R+A A
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SHIFT — REGISTER: PRINCIPLE

Event time
< L& . Q

Moderation process @
Detection time
Q

3t | |
Signal trigger Delayed trigger
R+A A

SHIFT — REGISTER: PRINCIPLE

Event time
< & Q

Moderation process @
Detection time

Q

4 —_
Signal trigger Delayed trigger
R+A A
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SHIFT — REGISTER: PRINCIPLE

SFC Training materials

Event time
Q

Moderation process

Detection time
Q

5

Signal trigger
R+A

SHIFT — REGISTER: PRINCIPLE

i

Delayed trigger
A

Event time
Q

Moderation process

Detection time

5

Signal trigger
R+A

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Q

Delayed trigger
A
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SHIFT — REGISTER: PRINCIPLE

Event time
e e 2

Moderation process
Detection time

Q
1t i | e |
2 i i
3 | |
4 1 | |
5 i i
Signal trigger Delayed trigger
R+A A

DATA ANALYSIS: HAGE’S POINT MODEL
T= gsSssM[1+ o]

V. A%
R= &% f Sy M? |2 +(7211 M-1DA+a)
Vst(1) V()

* Experiment Sample properties

— T:total count rate corrected for dead time and background — S, : production rate for prompt fission neutrons by (sf)
— R reals count rate corrected for dead time and background — o :ratio between neutron production rate by (o,n) and Sy
e — M neutron leakage multiplication
* Detector characteristics (derived by MC simulations, M ~ 1.006 )

— &g : detection efficiency

— f :gate fraction

* Nuclear data
— Vsf1) and vgg(z) 1 1t and 2" order factorial moments of P(v) distribution for (sf)
— Vsf(1) and vgf(p) : 1t and 2" order factorial moments of P(v) distribution for (n,f)

W. Hage and D.M. Cifarelli, NSE 89 (1985) 159 — 176
W. Hage and D.M. Cifarelli, NIMA 236 (1985) 165 — 177
D.M. Cifarelli and W. Hage, NIMA 251 (1986) 550 — 563
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NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

Sy =678(12)s'g?
o =0.039(18)

Standard
controlled area

NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

S; =678(12)sg?
o =0.039(18)

Standard
controlled area

Uncertainty evaluation and sensitivity analysis

Uncertainty component, x; Uyj Usgrj Ugj
X Us,, Uy

Totals rate, T 0.0008 <0.01 0.05

Reals rate, R 0.0027 0.15 0.17

Detection efficiency, & 0.0055 0.60 0.35

Gate fraction, f 0.0071 0.40 0.45

= |mprove First order factorial moment, vgf (1) 0.0037 0.20 0.25
e detector characteristics Second order factorial moment, Vi (1) 0.0120 | 0.67 I | 0.80 |

* nuclear data Multiplication, M 0.0020  0.01 <0.01

Schillebeeckx et al., Frontiers in Energy Research 11 (2023) 1162367
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NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

=678 (12)s'g?
Standard Ssf 678 (12) s g
controlled area Sun/ S¢ = 0.039 (18)

Good agreement with:

Calculated from radiochemical analysis :
S¢=699 (28)stg?

Note: uncertainty radiochemical analysis > 4%
(> factor 2)

NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

Sy =678(12)s'g?

Code Library Scale/ Sexp

ALEPH2  JEFF-3.3 0.94

SCALE ENDF/B-VII.O 0.96

Serpent2 ENDF/B-VII.O 1.01

(2.1.29)  ENDF/B-VII.1 1.02
ENDF/B-VIII.O 1.02
JEFF-3.1.2 0.93
JEFF-3.3 0.97
JEFF-3.3 (1) 1.09 (1) o(n;y)=0for */Nd
JEFF-3.3 (2) 1.01 (2) o(n,y) for 1*’Nd from JENDL-4.0u
JEFF-3.3 3) 1.01 (3) o(n,y) for 1*’Nd from JEFF-4T1
JEFF-4T1 0.98
JENDL-5.0 1.09
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NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

Code Library Scaic/Sexp
ALEPH2  JEFF-3.3 0.94
SCALE ENDF/B-VII.O 0.96
Serpent2 ENDF/B-VII.0 1.01
(2.1.29)  ENDF/B-VII.1 1.02
ENDF/B-VIII.O 1.02
JEFF-3.1.2 0.93
JEFF-3.3 0.97
JEFF-33 (1) 1.09
JEFF-33  (2) 1.01
JEFF-33  (3) 1.01
JEFF-4T1 0.98
JENDL-5.0 1.09

sz

=678 (12)stg?

Uncertainty theoretical estimation

Burnup
10 MWd/kg
30 MWD/kg
50 MWd/kg

Relative uncertainty
12.1%
111 %
10.0 %

Contribution mainly from : 242Pu(n,y) & *3Am(n,y)

10 MWd/kg 30 MWd/kg 50 MWd/kg

Tiejun Zu et al., Annals of Nuclear Energy 94 (2016) 399

TASK 2: PRODUCE VALIDATED DEPLETION CALCULATIONS WITH REALISTIC UNCERTAINTIES

Nuclear Data (ND)
* Cross sections: (n,y), (n,f), ...
* Fission Yields
e Decay data q
- half-life
- emission probabilities
- recoverable energy

Depletion code

h

SNF input data
¢ Fuel properties
- design
- material data (IE)
* Operational history
- burn-up (BU)
- cooling time (CT)

Validation (codes + ND)

e Radiochemical data (PIE)

e Decay power (calorimeter)

e Neutron emission (REGAL sample)

Nuclide inventory

Observables
e decay heat
* neutron emission
* y-ray emission

Verify SNF input data
Neutron measurements

y-ray measurements
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NEUTRON EMISSION RATE

10°
o 10t 5
N = aBUP g 10 ——N=aBU’ b=60
- b -
b=4 for BU>20 MWd/kg D 10— N=asy b=ao
= 0'F
6_N -b 3BU '% 102
N BU S 10°F
Q
5 10* F
o
= Total neutron emission extremely sensitive to BU § 10°F
o § 10°F
= Good BU indicator 107 R
0 10 20 30 40 50 60
Burn up / (GWd/t)
137Cg
25 x10*
o‘g ——N=aBU
Q -
« Production : cumulative fission yields + burnup s
& 15+
IS
Nk(to) o« Y. BU % 10
§ 05
 Decay power after cooling time t by 137Cs 58
ookl
0 10 20 30 40 50 60
— (t=tg) Bum up / (GWdAU)
Pi(8) = pi Ni(to) ekt
7/2
Pk = Eqk Mk T e
= Nuclear data 50
- Y. : cumulative fission yields TN e
- XA : decay constant
0.00061 .
Ey : recoverable energy ua'sas
. . 5.64 2
=> Operational history : BU e stable
a

56
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137Cs USED AS BURN-UP INDICATOR

N (D) ~ Y. BU

e NocBU
(long half-life, small c,)

* Not very sensitive to IE

e Cumulative fission yields (x 100)

235((n,f) 239py(n,f)
06Ry  0.41(1) 4.19(9)
BIcs  6.22(7) 6.59 (8)

PRODUCTION OF 134Cs

(n,f)
n+ 235U 1997r + 133Te +3n

135Te 51314 em + v,

12.4 min

1331 Bierem + v,

20.8h

133%e B133Cs + e + v,

5.24d

(n,y)
n+ 133Ccs—>13Cs
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Relative yield / %

SFC Training materials

- 235U(n,f)
81 = *Pu(n/f)
61 LA L,
4L .
2+ "
oA L p
0 _n‘:‘f L I, W S R ) 1 .L_

80 100 120 140 160
Fission fragment mass / u

134Cs production:
(n,f) followed by 3~ and (n,y)

(ny)

Pl

f)
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PRODUCTION OF 134Cs

N = aBUP
b =2 for BU <30 GWd/tU

3
40220

35 ——N=aBU’ b=20

3.0
25
2.0
15
1.0
0.5
0.0

3Cs concentration / (g/cm?)

0 10 20 30 40 50 60
Burn up / (GWd/tU)

PRODUCTION OF 5%Eu

N = aBUP

b =2 for BU <35 GWd/tU
07 x10°
06 | —N=aBU’ b=20

Eu concentration / (g/cm?)

10 20 30 40 50 60
Burn up / (GWd/tU)
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(ny)

- (n,

154Eu production: complex
(n,f), B~and (n,y) from 5 mass chains

?4!:35“%9 N I (I o (N T '\E‘-dmv
9 -

st |f2a st Ngee |50

] —

‘g 1 gl (n; phreaction
stable Jet. st \[st. [B8aN\[st \]ueh\Jst Fission yiglds

u [7 00T for 220

S (“op 027 for Z2hu

& |s5a_|26a\[td_[53n\|27a _[zan

Q 0463
z le,|st. [#1d \[st. 450 \st.

336 300 228 469 400 OGS 02 02N%
308 254 207 469 42 Co% OTI9 0597%
NUMBER OF NEUTRONS ~——m

R. Berndt, Kernenergie 31 (1988) 59

f)

Page 266



EURAD Deliverable 8.3 SFC Training materials

EXPERIMENTS AT CLAB

* FORK detector
- Total neutron emission
- Total y-ray emission
* y-ray spectroscopy
- HPGe detector
- Axial scanning

» DDSI (Differential Die-away Self Interrogation)
- MC-simulation

- One experimental campaign (problems with device)

NEUTRON AND y-RAY MEASUREMENTS: FORK DETECTOR

Passive NDA: detection of neutrons and y-rays emitted by SNF assembly
¢ Neutron production

- Primary neutrons: mainly prompt fission neutrons from 244Cm(sf)

- Neutron multiplication: neutron induced fission after neutron moderation in
the pool

¢ Neutron detection
- 235U fission chambers (FC)
- Fission chamber with and without Cd
- Total neutron count rate
 y-ray detection
- lonisation chamber (IC)

- Total y-ray dose rate measurement

Vaccaro et al., NIMA 888 (2018) 202-217
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FORK DETECTORS: THEORETICAL CALCULATIONS

* Neutron and y-ray emission spectra by ORIGEN
- ENDF/B-VII.1
- ORIGEN-ARP (covers a wide range of fuel types and irradiation conditions)
— Neutron emission spectra: SOURCES 4C

* Neutron detection response

- Energy dependent response functions by MCNP
- Neutron multiplication, M

-k, using macroscopic cross sections from ORIGEN M 1

- (1-L) by MCNP for each assembly lattice design 1-ko(l-1)
e y-ray detection response

- Energy-dependent response function by MCNP

- Correction for nonlinear behaviour of IC as a function of incident dose rate
determined by comparison with calculated response

Vaccaro et al., NIMA 888 (2018) 202-217

FORK DETECTORS: RESPONSE FUNCTIONS

Vaccaro et al., NIMA 888 (2018) 202-217
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FORK MEASUREMENTS AT CLAB

Vaccaro et al., NIMA 888 (2018) 202-217

FORK MEASUREMENTS: COMPARISON WITH CALCULATIONS

25000

300 . . . . 25000 — —
o FC(noCd)| Facility 1 ERTS Facility 1
L Fit o Fit
20000 -
— -
3 200 | -
= . - 5 15000 - i
»—i @ I—P‘
ot 10000 4
100 | -
sa}
5000 | -
0 1 1 0 1 1
0 100 200 300 0 50| 10000 15000 20000
Toew ! (11S) Ty exp

Total neutron count rate
Thexp : €Xperimental

Thca :cCalculated

Total y-ray response
T. : experimental

v,.exp
T, : calculated

y,cal

Mosconi, private communication
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FORK MEASUREMENTS

Facility 1 Facility 2 Facility 3

FC (no Cd) 9.0% 12.0% 2.2%
FC (Cd) 9.0% 14.0% 22%
IC 42% 11.0% 1.8%

Mosconi, private communication

TASK SHEET: IMPROVE THE VERIFICATION OF SPENT FUEL WITH FORK DETECTORS

e Determine detection efficiency
- Design and construct a reference calibration set-up
- Perform calibration measurements with radionuclide sources, i.e. 244Cm
- Perform measurements to validate MC-calculations

e MC simulations of detector response
- MC simulations for the reference calibration set-up
- Verify impact of 1°B concentration in the pool
- Define correction factors based on Cd/no-Cd ratio

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 270
Dissemination level: Public

Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3

SFC Training materials

y-RAY SPECTROSCOPIC MEASUREMENTS

e HP Ge detector

e Axial scanning

1E+05 1 g
1.E+04 1 . " .
W_J_ Sl g - s S 3
SIE Ssg | ¢ 5
£ 1E+03 1 50 z
H --LJ‘_E_[ e
o
1.E+02 1 wu‘q "
£
2
1.E4+00 T T T
400 600 800 1000 1200 1400 1600 1800 2000 2200
Deposited energy / keV
137Cs: 662 keV
134Cs: 605, 796, 1365 keV
154Eu: 996, 1004, 1274, 1596 keV
137Cs ACTIVITY
Aol Aep> =1.39
St. dev A Ay = 3:3%
x 10%°
25T T T T T T T T
L 137Cs activity ° |
- Fit: Ay = 1.39 A, o
20 | p
o i ° 1
] (sl
~ 15 a .
2 4
g8 10} p
05 |- i
ookl v v v X 10%
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ACtiVity ey, / Ba
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Solans et al., ANE 192 (2023) 109941
Bengtsson et al., Nucl. Techn. 208 (2022) 295
Vaccaro et al., NIMA A833 (2016) 208

Vo et al., NIMA 830 (2016) 325

Favalli et al., NIMA 820 (2016) 102

plates

Bengtsson et al., Nucl. Techn. 208 (2022) 295
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AXIAL PROFILE *37CS ACTIVITY (BURNUP PROFILE)

Count rate (661 keV, 137Cs) / (1/s)

Fuel length /cm
Count rate / (1/s)

Measurement time /s Measurement time /s

111

DIFFERENTIAL DIE-AWAY SELF-INTERROGATION (DDSI)

Passive NDA: detection of neutrons emitted by SNF assembly
Developed at LANL for nuclear safeguards applications

e Neutron production
- Primary neutrons: mainly prompt fission neutrons from 244Cm(sf)

- Prompt fission neutrons from neutron induced fission in fuel mainly after
neutron moderation in the water of the pool

e Detection principle
- 3He in moderator

- Detection of correlated neutrons: construct Rossi-alpha distribution
Trahan et al., NIMA 955 (2020) 163329
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DDSI: ROSSI-ALPHA DISTRIBUTION

Moderation process
Detection time

1 e |
2 —_—
3 —_—
4 —_—
5 1 e |
Trigger at time, t, Delayed trigger
R+A A

DDSI: ROSSI-ALPHA DISTRIBUTION
t

R=Rge Te
=
Q
=
~
()
o
c
=
s
=}
o
(&)
tg/ps
T,/ us
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Trahan et al., NIMA 955 (2020) 163329
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DDSI: ROSSI-ALPHA DISTRIBUTION
t

R =Rgpe Te
— Q
< )
= <
~ ]
£ g
e =
e 5
3 g
© 2
2
ty/ ps 1,/ us
EXperimentS at CLAB Trahan et al., NIMA 955 (2020) 163329
T,/ ps
DDSI: MC SIMULATIONS ot ot
_t R=Ry;e +Rype T
R=Rge T 01 02 $
g
<
[
e
€
3
o
(&)
t
ty/ us e/ Hs
o
3
i =
S S - . .
S < = Additional information
)
o
Solans et al., IAEA Symposium, November 2022
|IAEA-CN-303-137
T/ ps
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DDSI: EXPERIMENTS AT CLAB

t t
t t— —_
R=Rpe T R=Rp e Y+Rpe T
=
=
~
i
e
€
=}
o
&)
t
ty/ ns e/ Hs
E E
S~ ~
g S
< © = Not confirmed by experiment
Solans et al., IAEA Symposium, November 2022
IAEA-CN-303-137
‘Cf,exp/ ].,LS Ts,exp / HS
FINLAND: ONKALO Marita Mosconi
e Passive Neutron Albedo Reactivity (PNAR)
LANL development, Tobin et al., NIMA 897 (2018) 32 - 37
e Passive Gamma Ray Emission Tomography (PGET)
IAEA development, Honkamaa et al., Symp. Int. Safeguards, IAEA Vienna 2014
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PNAR CONCEPT: RESULTS FROM MC SIMULATIONS

Tobin et al., NIMA 897 (2018) 32 - 37

PNAR + PGET AT ONKALO
PNAR
PGET
Tupasela et al., NIMA 986 (2021) 164707
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BIBLIOGRAPHY

Spent nuclear fuel observables and key nuclides

¢ Gauld et al., “Nuclide importance to criticality safety, decay heating and source terms related to transport and interim storage of high-burnup LWR fuel”,
Report NUREG/CR-6700, ORNL/TM-2000/284 (2001)

« Zerovnik et al. ,“Observables of interest for the characterisation of Spent Nuclear Fuel”, EUR 29301 EN (2018) , JRC112361
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Depletion codes
¢ Rearden and Jessee, “SCALE Code System”, ORNL/TM-2005/39 Version 6.2, April 2016
¢ Gauld et al., “Isotopic depletion and decay methods and analysis capabilities in SCALE”, Nuclear Technology 174 (2017) 169

Nuclear data
¢ Nuclear data libraries at JANIS NEA, https://www.oecd-nea.org/jcms/pl 39910/janis

¢ Decay data, http://www.nucleide.org/DDEP.htm
¢ Nichols et al., “Handbook of nuclear data for safeguards: database extensions, august 2008”, INDC-2453, INDC(NDS) — 0534

BIBLIOGRAPHY

Non-destructive assay

Calorimeter

¢ SKB, “Measurements of Decay Heat in Spent Nuclear Fuel at the Swedish Interim Storage Facility”, Clab, SKB Report R-05-62, December 2006

¢ B.D. Murphy and I.C. Gauld, “Spent Fuel Decay Heat Measurements Performed at the Swedish Central Interim Storage Facility”, Report ORNL/TM-
2008/016, Oak Ridge National Laboratory, Feburary 2010

Neutron

¢ Schillebeeckx et al., “An absolute measurements of the neutron production rate of a spent nuclear fuel sample used for depletion code validation”,
Frontiers in Energy Research 11 (2023) 1162367

¢ Schillebeeckx et al., “A non-destructive method to determine the neutron production rate of a sample of spent nuclear fuel under standard controlled
area conditions”, JRC Technical Report EUR 30379 EN, 2020

¢ Tupasela et al., “Passive neutron albedo reactivity measurements of spent fuel nuclear fuel”, Nucl. Instr. Meth. A986 (2020) 164707

¢ Trahan et al., “Results of the Swedish spent fuel measurements field trials with the DDSI”, Nucl. Instr. Meth. A955 (2020) 163329

¢ Tobin et al., “Measuring spent fuel assembly multiplication in borated water with a PNAR instrument”, Nucl. Instr. Meth. A897 (2018) 32

¢ Vaccaro et al., “Advancing the FORK detector for quantitative spent nuclear fuel verification”, Nucl. Instr. Meth. A888 (2018) 202

v-ray

* Solans et al., “Spent nuclear fuel passive gamma analysis and reproducibility application to SKB-50 assemblies”, Ann. Nucl. Energy 192 (2023) 109941

¢ Bengtsson et al., “Experimental method for the verification of calculated 137Cs content in nuclear fuel assemblies”, Nucl. Techn. 208 (2022) 295

¢ Vaccaro et al., “PWR and BWR spent fuel assembly gamma spectra measurements”, Nucl. Instr. Meth. A833 (2016) 208
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THEORETICAL CALCULATIONS OF THE NEUTRON EMISSION RATE

Code-to-code comparison (including nuclear data)
All calculations normalised to the *’Nd inventory

e Verify impact ND (use one code: Serpent2)

» Verify prediction of 13’Cs inventory by different codes/ND libraries

* Verify prediction of BU derived from the codes/ND libraries

CODE-TO-CODE COMPARISON: 137Cs, 234Cm AND BU

Code Library Ycs Ycs 24Cm BU B¢ 2#4cm BU
Ny/Nyx10°  C/E Ny/Ny x 10° MWd/kg

ALEPH2  JEFF-3.3 2225  0.982 6.290 53.25 0.990 0.981 0.983

SCALE ENDF/B-VIL.O 2241 0.990 6.380 54.01 0.997 0.995 0.997

Serpent2 ENDF/B-VII.O 2.285  1.009 6.633 54.37 1.016 1.035 1.004
ENDF/B-VII.1 2274 1.004 6.710 54.39 1.012 1.047 1.004
ENDF/B-VIIL.O 2274 1.004 6.701 54.38 1.012 1.045 1.004
JEFF-3.1.2 2.248  0.993 6.110 54.18 1.000 0.953 1.000
JEFF-3.3 2225  0.982 6.354 53.37 0.990 0.991 0.985
JEFF-3.3 (1) 2290  1.011 7.149 55.24 1.019 1.115 1.020
JEFF-3.3(2) 2249  0.993 6.644 54.21 1.000 1.037 1.001
JEFF-3.3(3) 2246 0.992 6.599 54.12 0.999 1.029 0.999
JEFF-4T1 2.248  0.993 6.410 54.16 1 1 1
JENDL-4.0u 2301  1.016 7.009 55.07 1.024 1.093 1.017
JENDL-5.0 2253 0.995 7.194 54.97 1.002 1.122 1.015
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NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

Code Library Ssf/ (1/sg) Ssf/ (1/sg) C/E C/E
LIB REC LIB REC
ALEPH2 JEFF-3.3 640.1 642.4 0.944 0.947
SCALE ENDF/B-VII.O 653 652.1 0.963 0.962
Serpent2 ENDF/B-VII.O 683.7 678.1 1.008 1.000
ENDF/B-VII.1 689.4 685.3 1.017 1.011
ENDF/B-VIII.O 688.5 684.3 1.015 1.009
JEFF-3.1.2 632.5 623.8 0.933 0.920
JEFF-3.3 656.8 648.9 0.969 0.957
JEFF-3.3 (1) 739.4 730.5 1.091 1.077
JEFF-3.3 (2) 686.8 678.6  1.013 1.001
JEFF-3.3 (3) 682.2 6739  1.006 0.994
JEFF-4T1 662.6 654.6  0.977 0.965
JEFF-4T2 676.4 668.3  0.998 0.986
JENDL-4.0u (4) 715.9 1.056
JENDL-5.0 738.4 733.9 1.089 1.082
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S =678 (12)s1g?

sf,exp

Overall good agreement

1) o(n,y) =0 for /Nd

2) o(n,y) for ¥/Nd from JENDL-4.0u
3) o(n,y) for **’Nd from JEFF-4T1
4) No data available to calculate S

(
(
(
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2.5 SNF characterisation by NDA; P. Schillebeeckx, JRC Geel;
School on "Nuclear data for depletion calculations; 11/09 -
15/09/2023

=

=
e U A J

European Joint Programme
on Radioactive Waste Management
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SANDA

Supplying Accurate Nuclear Data for
energy and non-energy Applications

HORIZON2020

i

eu.

European Joint Programme
on Radoactive Waste Management

ol

CONTENTS

¢ |Introduction

* NDA for code validation
— CLAB Calorimeter
— Neutron emission measurements
— Gamma-ray measurements

e NDA for verification of assembly properties

— Gamma-ray measurements
— Neutron measurements

q

eurad

European Jont Programme
on Radioactive Waste Management
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SNF CHARACTERIZATION BY NON-DESTRUCTIVE ASSAY (NDA)

Nuclear Data (ND)
¢ Cross sections: (n,y), (n,f), ...
e Fission Yields

SNF input data
¢ Fuel properties
- design
. ID_e;szj;tea q Depletion code h : material data (IE)
- emission probabilities
- recoverable energy

* Operational history
- burn-up (BU)
- cooling time (CT)

Validation (codes + ND) Nuclide inventory Verify SNF input data

e Radiochemical data (S. Van Winckel) Observables * y-ray measurements

* Decay power (calorimeter) « decay heat ¢ Neutron measurements
e Gamma-ray emission (BU-profiles)

* neutron emission
* y-ray emission

¢ Neutron emission (REGAL sample)

r ]
e UL Ly

European Joint Programme
n Radioactive Waste Manageme

on Radi ent

NON-DESTRUCTIVE ASSAY (NDA)

Use radiation emitted by the sample as a fingerprint
to determine the properties of nuclear material

* Requirements

— High penetration power

— Detectable T
LN Wl
* Radiation types PN
— Charged particles (only for extreme thin samples) N N
— Neutron ¢
— Gamma-ray ——
(TN g
— Heat

r 5
e U A

European Joint Programme.
on Radioactive Waste Management
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NDA: PASSIVE - ACTIVE

Passive
* Spontaneous emission
¢ Radioactive Decay

X 2
< i —>
¥ N

Source term: decay rate

S=AN

r 5

e U A Ly
European Joint Programme

on Radioactive Waste Management

SFC Training materials

Active
¢ Induced emission
e Nuclear reactions

T

External source LY A

= B

»’L\

Source term : reaction yield

_ o
S, =(l—e " Cwt)— 4 |
Gtot

CLAB CALORIMETER: DECAY HEAT

eu

European Joint Programme.
on Radioactive Waste Management

e.g.

¢ Only operating calorimeter worldwide to
determine decay power of SNF assemblies

 Extensively used to validate depletion codes,

See presentations:
G. Letnar

0. Matuselanski
A. Melic
P. Romojaro

— llas and Burns, Nucl. Tech. 208 (2022) 403
SCALE 6.2.4

— Shama et al., Ann. Nucl. Energy 165 (2022) 108758
ORIGE, CASMO5
— Ebiwonjumi et al., Ann. Nucl. Energy 124 (2019) 80
STREAM
Yamamoto and Iwahashi J. Nucl. Sci. Techol. 53 (2016) 2108
ORIGEN2.2, CASMO5
Haeck and Ichou, EPJ Web of Conferences 146 (2017) 06012
VESTA

San-Felice et al., Nucl. Technol. 184 (2013) 217
DARWIN
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DATA FROM CLAB CALORIMETER: SOME RESULTS

Ref. Year Code Library PWR BWR
W<C/E> St.dev  <C/E> St.dev
llas and Gauld 2008 SCALES.1 ENDF/B-V 1.011 0.012 1.003 0.025
llas et al. 2014 SCALE6.1.2 ENDF/B-VII.O 1.002 0.012 0.997 0.024 Not blind!

llas and Burns 2021 SCALE 6.2.4 ENDF/B-VII.O 1.013 0.013 1.002 0.012
2021 SCALE 6.2.4 ENDF/B-VII.1 1.008 0.012 1.009 0.024
llas and Burns 2022 SCALE®6.3 ENDF/B-VIII.O 1.006 0.014 1.007 0.024

Adjustments not excluded

Shama et al. 2022 SCALE 6.2.3 ENDF/B-VII.1 1.019 0.012 1.003 0.025
SCALE 6.2.3 ENDF/B-VII.1 1.015 0.012 1.010 0.026
(POLARIS)

Shama et al. 2022 CASMOS5 1.009 0.013 1.008 0.025

Yamamoto 2016 CASMOS5 JENDL-4.0 1.016 0.013 1.001 0.024

Haeck et al. 2022 VESTA2.1  JEFF-3.1 0.978 0.012

VESTA 2.1 ENDF/B-VII.O 0.996 0.012

Mills and Sutton 2009 FISPIN JEF-2.2 0.995 0.013
FISPIN JEFF-3.1.1 0.985 0.012
San-Feliceetal. 2012 DARWIN JEFF-3.1.1 0.978 0.011
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BLIND TEST CLAB CALORIMETER: CODES + LIBRARIES

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 196 - 1125-1145 - SEPTEMBER 2022 @ANS
© 2022 The Author(s). Published with license by Taylor & Francis Group, LLC.
DOI: https://doi.org/10.1080/00295639.2022.2053489

) Chook for updates

Blind Benchmark Exercise for Spent Nuclear Fuel Decay Heat

Code Library Appendix Section
Assembly ID BU CcT IE Decay heat rate
ALEPH 2.7.2 ENDF/B-VIL1 ALA
APOLLO2.8/DARWIN2.3 JEFF-3.1.1 AIB
CASMOAE + ORIGEN-S TEF23 INTS BTO1 53 MWd/kg 45a 3.95 wt% 1662 W
CASMO-5 (2.03) ENDF/B-VIL1 ALD
CASMO-5 (2.12.00) + SNF (1.07.02) ENDF/B-VIL1 ALE BTO2 55 MWd/kg 86a 3.95 wt% 1068 W
DRAGON 4.0.5 ENDF/B-VIL1 ALF
EVOLCODE (MCNP + ACAB) JEFF-3.3 ALG
MCNP-CINDER + Nukleonika (2D) ENDF/B-VIL1 AIH BT03 50 MWd/kg 9.8a 3.95 wt% 895 W
Monteburns v3 + CINDER ENDF/B-VIL1 ALl
MOTIVE (KENO-VI + VENTINA) ENDEF/B-VIL1 ALY BT04 51 MWd/kg 13.5a 3.70 wt% 768 W
MOTIVE (OpenMC + VENTINA) ENDF/B-VIII AIK
N DrEVILL feivt BTOS 50 MWd/kg 214a 3.60 wt% 663 W
MVP 3 JENDL-4.0 AIN
OREST JEF-2.2 + ENDF/B-VI ALO
SCALE 6.0: ORIGEN-ARP ENDF/B-V ALP
SCALE 6.1.3: ORIGEN-ARP ENDF/B-V ALQ
SCALE 6.2.3: ORIGAMI ENDF/B-VIL1 ALP
SCALE 6.2.3: Polaris ENDF/B-VIL1 AIR
SCALE 6.2.3: ORIGEN ENDF/B-VIL1 AIR
SCALE 6.2.3: TRITON/KENO ENDF/B-VIL1 ALS
SCALE 6.2.3: TRITON/NEWT ENDF/B-VIL1 ALT
SEADEP JEFF-3.1.1 ALU
Serpent 2.1.29 ENDF/B-VIL1 ALV
Serpent 2.1.29 JEFF-3.1.1 ALW
Serpent 2.1.31 JEFF-3.2 + JEFF-3.1.1 ALX
" 1
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BLIND TEST CLAB CALORIMETER: RESULTS
EPRI, PIRT, July 2020

Table 5.5

Summary of Uncertainy in Calculated Decay Heat [17] for BWR Assembly at 37
Assembly ID P CcT <C/E> St. dev GWd/MTU Burnup and 15.6 Years’ Cooling Time
BTO1 1662 W 45a 0.975 0.019 | Perturbed Parameter Set  Relative Uncertainty (%)
Fuel design data 0.2
BT02 1068 W 8.6a 0.977 0.018 Operating history data 0.8
Nuck section daia 0.9
BTO3 (+ Gd) 895W  9.8a 0.967 0.019 S Fion s dets or
BT04 768 W  13.5a 0.994 0.023 Overall uncertainty 1.3
BTOS 663W  21.4a 0.979 0.021 Ilas et al., Nucl. Eng. Des. 319 (2017) 176
Table 5
Decay heat uncertainty summary.
Data set Data set Uncertainty (1) (%)
Modeling data Fuel design 0.20
Operating data 085
Total 0.87
Nuclear data Cross sections 0.88
Fission yields 0.26
Total 092
Overall effect Total 127

up/P = 1.3%, is this realistic?

r q
e U A L

European Joint Programme
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BLIND TEST CLAB CALORIMETER: QUOTED UNCERTAINTIES

Confidence Interval (Cl): 68 %

e SKB Document R-05-62 (also used in EPRI, PRIT report)

—PWR
250 W 1.8%
900 W 1.0%
—BWR
50 W 42 % = Performance assessment and uncertainty evaluation
350 W 0.9% of CLAB calorimeter is required

¢ Blind test Paper (ansson et al., Nucl. Sci. Eng. 196 (2022) 1125) = One of the main EURAD ObjeCtiveS of WP8 Task 2

5% overall uncertainty

Only total (combined uncertainties) are given

No separation between

- Systematic and random effects

- Correlated and uncorrelated uncertainty components
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CLAB CALORIMETER: PRINCIPLE

One component heat transfer model
Equilibrium water in calorimeter and heat source
= [P —k (T, - Tp)] e Calorimetric body at temperature T,
¢ Environment (pool) at a constant temperature T

ﬂ — kazTC
ot 02x

: power of heat source

1 o

: calorimeter temperature

-

: pool temperature
: heat capacity (calorimetric body)
: heat transfer coefficient

Ppsto
Connecton Uit

Test Chamber
T

-+ =~ O

1 time
X :position

o g usgamjog
= weogawgnkiog
H

-

eU , See e.g. Gunn, Nucl. Instr. Meth. 29 (1964) 1

European Joint Programme
on Radioactive Waste Management

CLAB CALORIMETER: PRINCIPLE

One component heat transfer model
Equilibrium water in calorimeter and heat source

oT, 4T,
o a—c - k%e =[P-k (TCX )] « Calorimetric body at temperature T,
t X ¢ Environment (pool) at a constant temperature T

P :power of heat source Conditions
. b * No spatial temperature distribution in calorimeter
T, :calorimeter temperature . T=T
¢ 'p
T, :pool temperature
C : heat capacity (calorimetric body)
k : heat transfer coefficient L
t :time = R

o suegan Ao

X :position

B weo susqamiod
)
8

r 55
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CLAB CALORIMETER: PRINCIPLE

One component heat transfer model
Equilibrium water in calorimeter and heat source

a(T, —T, =(T.-T)=
C M =P when AT = (T, Tp) 0 e Calorimetric body at temperature T,
at ¢ Environment (pool) at a constant temperature T
P :power of heat source Conditions
. * No spatial temperature distribution in calorimeter
T, :calorimeter temperature . T=T
c” 'p
T, :pool temperature
C : heat capacity (calorimetric body)
k :heat transfer coefficient J
t :time = S

X :position

o susgansod

= usogsumniod
z
g

r ]
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CLAB CALORIMETER: PRINCIPLE
Measurement principle

e Cool down the water in calorimeter
e Stop cooling (continue circulation)
* Measure T.and T,

08} - — T,.:temperature in calorimeter
_." — T, :temperature in pool

0.4 __-" * Determine AT =T —T vs time
& I
= 0.0 =
Iz] L _-'. Comsontin

04} _.'. |z

'08 l—..l.. g 'E a

2000 3000 4000 5000 6000

Time, t/s

r 55

eu
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CLAB CALORIMETER: PRINCIPLE

08}
04}

O L | ]

= 00 Pl

5 | _/'
04}
0.8 ._“__.-

2000 3000 4000 5000 6000
Time, t/s
eurad,

CLAB CALORIMETER: PRINCIPLE

P =g, +a, dAT/dt

1000
2
% 500

0 L 1 L 1 L 1
0.0000 0.0002 0.0004 0.0006
(dAT/dt) / (°Cls)
eu
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SFC Training materials

Measurement principle

e Cool down the water in calorimeter

e Stop cooling (continue circulation)

* Measure T.and T,

¢ Determine AT =T T vs time
e Determine dAT/dt for AT=0

“Test Chamber
T

w0 susgnAod

o weojousppinsiog

Calibration with an electrical heater

* Determine AT =T -T vs time
¢ Determine dAT/dt for AT=0
e Fittodata: P =a,+a, dAT/dt

o suegnod

Pool
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CLAB CALORIMETER: PRINCIPLE

Spent nuclear fuel assembly Calibration with an electrical heater
* Determine AT =T _—T vs time ¢ Determine AT =T T vs time

¢ Determine dAT/dt when AT =0 ¢ Determine dAT/dt for AT=0

e Q=ay+a, KdAT/dt e Fittodata: P =ay+a, dAT/dt

° P=Q+P,

— K : correction factor due to thermal capacity
difference between electrical heater and o
fuel assembly =}

— P, heatloss due to y-rays escaping from
the calorimeter

w0 susgnAod
= weog uegninkiog
€

r A
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CLAB CALORIMETER: PRINCIPLE

Spent nuclear fuel assembly
Example
¢ Determine AT =T T vs time
e BWR:P=140W
¢ Determine dAT/dt when AT=0
~ P,= 3.5W(2.5%)
* Q=ay+a; KdAT/dt _ K =0.964

e P=Q+P,
' « PWR:P=450 W
— K : correction factor due to thermal capacity — P‘/ =13.5W (3.0 %)
difference between electrical heater and
fuel assembly - K =0.915
— P,: heatloss due to y-rays escaping from
the calorimeter
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CLAB CALORIMETER: ANALYSIS PROCEDURE

AT/°C

04k

08 |

0.8

0.4

0.0

Time, t/s

L L L
2000 3000 4000 5000

6000

SFC Training materials

e Define temperature sensors to be used

Sensor &

Qutlett

Inlett.

¢ Define analytical function to determine temperature gradient

¢ Define optimum time region to fit

¢ Define selection criteria for high quality data

= Completely independent by JRC/JSI and SKB/Vattenfall

r A

e U A by
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CALIBRATION BY ELECTRICAL HEATER: RESULTS JRC/JSI

1.8x107®

1.6x10°

1.4x10°

1.2x107®

1.0x107®

8.0x1077

[(dAT/dt) / P] / [(°Cls)/W]

6.0x107"

4.0x107
0

eu
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Small differences partly due to differences
in heat delivered by circulation pump

m X o D> + O

2006

e ¢ v 4o

20141
2017
2018/
20194
2020 |
Fit

Power, P /W

200 400 600 800 1000 1200 1400 1600 1800 2000

3(AT) / 8t/ (°Cls)

G=

P

Sensor 6

|—Inside Mantle

Outside Mantle

|—Sensor 7

Calibration for blind test and SKB-50 data

0.0010

0.0008

0.0006

0.0004

0.0002

0.0000
0

Perfect linear behaviour in whole range: from 0 W to 1800 W
No separation needed between low and high heat output as in R-05-62 report!

Offset due to heat produced by circulation pump
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CALIBRATION BY ELECTRICAL HEATER: RESULTS JRC/JSI

Data within 0.5% for 95% confidence limit Calibration for blind test and SKB-50 data

1.010

0.0010

1,005 |- { ! \ 0.0008

it

0.0006

SAT) 1 8t/ (°Cls)

& 1000 } #
t1 } } 0.0004
0995 - 0.0002
Om 1 1 1 1 1 1 1
0.990 L L L L 0 500 1000 1500 2000
0 500 1000 1500 2000 Power, PIW

Power, P/ W

Measurement without heater: fully consistent
(heat delivered by circulation pump)

eurac
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BLIND TEST: DECAY HEAT DERIVED FROM CALORIMETER DATA

Correction for difference heater and assembly : K=0.915

Assembly D Decay heat derived from calorimeter measurements, P/W
Blind test paper JRC/ISI* JRC/JSI SKB/Vattenfall
heater correction  not corrected
BTO1 1604 1584.0 1582.0 1580.0
BTO2 1038 1022.6 1021.2 1019.3
BTO3 874 859.6 858.5 857.0
BT04 753 740.8 739.8 738.8
BTO5 651 640.2 639.3 638.5

Average ratio: 0.999

*includes a small bias correction on the output of the electrical heater, P = 0.182W + 1.00114 P,
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BLIND TEST: CORRECTION FOR GAMMA-RAY ESCAPE

See presentations A. Mehic and G. Letnar

AssemblyD | Escaping gamma-ray energy, Py /W
e Dose rate measurements Blind test paper JRC/JSI SKB/Vattenfall

combined with analytical geometry correction BTO1 58 (10) 49.4 49.2

) BT02 30 (5) 25.3 24.7

— Blind test paper

BTO3 21 (4) 20.6 20.3

BTO4 15 (3) 15.0 13.8

BTO5 12 (2) 12.8 115

e Gamma-ray transport simulations
combined with nuclide inventory

— SKB/Vattenfall : MCNP + CASMO

— JRC/JSI : SERPENT + SERPENT(inventory)/MCNP(Bremstrahlung)

r ]
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European Joint Programme

on Radioactive Waste Management

BLIND TEST: COMPARISON EXPERIMENTAL DATA

Blind test paper JRC/JSI & SKB/Vattenfall

Maximum difference 1.3 W

6| . : Assembly ID CcT Average C/E
o] . H calculated
. . : ° Blind test  Blind test Paper JRC/ISI*
=2 e
o2 . . - - BTO1 45a 1620 W 0.975 0.992
g 0 v . & » it BT02 8.6a 1043 W 0.977 0.995
S ol e 3 5, ane o 4 2 BTO3 (+Gd) 9.8a 866 W 0.968 0.984
< - o ¥ % ¢ % % &
g "-3".:“" o ¥ N & : K o BT04 135a 763 W 0.993 1.009
- : 3 y Iy : BTOS 214a 649 W 0.979 0.994
-84 .
BT‘OI BT‘OZ BTIOS BT‘OIJ BT‘OS BTI!)I BT‘!JZ BTbJ be4 BTbS
L. Fiorito
- "
O —
PR i
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UNCERTAINTY EVALUATION: RANDOM EFFECTS

20

,-TyI°C

AT=

_20 1 1 1 1
5000 10000 15000 20000 25000

Time, t/s

Platinum resistance thermometers (PT-100 type),
with a declared uncertainty of 0.01 °C.

The measured quantity is a temperature difference!

eurac
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Variance analysis from calibration data (y*v = 1)

0.025

0.020

0.015

u,/°C

0.010

0.005

0.0000 0.0004 0.0008 0.0012

Temperature gradient, G / (°Cls)

All data consistent with u,; =a,+a,; G
a, = 0.0015 °C
a;=20s

UNCERTAINTY EVALUATION: RANDOM EFFECTS

0.003
u'\r
)
\U)
2 0002
<}
E
£
g
g oootl
=1
g LI
0.000 L L
0.0000 0.0004 0.0008 0.0012

Temperature gradient, G / (°Cls)

P
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Variance analysis from calibration data (y%v = 1)

0.025

0.020

0.015

u,/°C

0.010

0.005

0.000

0.0000 0.0004 0.0008 0.0012

Temperature gradient, G / (°Cls)

All data consistent with u,; =a,+a,; G
a, = 0.0015 °C

a, =20

S
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UNCERTAINTY EVALUATION: RANDOM EFFECTS

T Pool temperature variations
= =[P -k (T.— Tp)]
0.003 0.010
- UAT
~ b oS I
o < 0008
= o
2 0002} -
9] = 0006}
o
g <= z
g i § 0.004 |
g 0001} -
> 8 o
% — P a
& g 0002 g0
0.000 DY WP SN 0.000 | |
0.0000 0.0004 0.0008 0.0012 0.0000 0.0004 0.0008 0.0012
Temperature gradient, G / (°Cls) Temperature gradient, G / (°Cls)
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UNCERTAINTY EVALUATION: RANDOM EFFECTS

0.0010
Uncertainty on temperature difference
. e . @ 0.0008
Temperature variations in pool 3]
0003 = Z 00005
G v g
= % 0.0004
2 0002+ n
g o
2 0.0002
g
5 oo 0.0000
& 2000
0.000
0.0000 0.0012
Temperature gradient, G / (°Cls) 1.008
. . 1.006 |95 % Cl
Variations in heater output i % %
1.004 -
0.003 N +
= 1.002
— o H‘
s |- mwm bt H
< oo02f * [0)
z . 0.998 T 4 m T
g i 0.99 f
E- 0.001 | ‘A“ . . 0.904 |-
4 o 0.992 - - -
X X K 0 500 1000 1500 2000
000 0 500 1000 1500 2000 Power, P/ W
Power, P/W
- a
[ -
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UNCERTAINTY EVALUATION: RANDOM EFFECTS

Uncertainty on temperature difference

Temperature variations in pool Scatter of déta cannot be explained by propagating

0003 —— the uncertainty of random effects
> “ = All data suffer from a 0.25% (Cl 68%) additional
2 ool t uncertainty due to hidden effect
£
g
g 0.001 |
3 i

S OV o S

0.0000 0.0004 0.0008 0.0012
Temperature gradient, G / ("Cls) 1.008
A . 006 95 % CI
Variations in heater output Lo S L
nt oo X
: ]
= 1.002
& Q L st ++$\ i t %
= s 1000 F T i
2 ooo2f ¢ O + ¢ T
E 0.998 |- | b
% t 0.996
& t 0.992 L L L
) ) ) 0 500 1000 1500 2000
000, 500 1000 1500 2000 Power, P/ W
Power, P/ W
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UNCERTAINTY EVALUATION: SYSTEMATIC EFFECTS (ELECTRICAL HEATER)

e Power meter (ION7600) of electrical heater is calibrated by an accredited service using an independent
reference instrument

* Calibration data shows that the power P, derived by the ION7600 suffers from a small bias effect
= correction: P=c,+¢, P, (c,=0.182 W and ¢, = 1.00114)

1.010

* 95% confidence interval after correction A }
o without bias correction
— 0.60%atO0W 3 = after bias correction
o A )
— 0.13% at 2000 W 95 % confidence interval

1.005
®
o
g 1000
&
o
0.995
ogool— .+ . 1.
0 500 1000 1500 2000
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UNCERTAINTY EVALUATION: SYSTEMATIC EFFECTS (ELECTRICAL HEATER)

e Loss of the power provided by the calibration unit due to cables outside the calorimeter

The heat loss is estimated from the length and electrical resistance per unit length
— Outside
— Length:2x 20m
— Resistance per unit length: 0.012 Q/m
— Inside (heating cable in calorimeter)
— Length: 261 m
— Resistance per unit length: 0.10 Q/m

= Power loss fraction: 26.1/(26.1 + 0.48) = 0.982

¢ No uncertainty data provided
= uncertainty evaluation based on least significant figure combined with rectangular distributions

e Probability distribution of correction factor can be approximated by a Gaussian distribution with
— mean:0.982
— standard deviation : 0.00135

eurac

European Joint Programme
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UNCERTAINTY EVALUATION FUEL ELEMENT

. ¢ Random effects
e Systematic effects ) )
— Uncertainty temperature difference

— Heat loss in cables g oms| — Pool temperature variations
— Bias on power meter of heater £ ool /\
g
g °® \V (negligible)
Combined uncertainty g oo }
-
Power 100xs,/P  95%Cl = o A
0 0.34 0.67 095 o0 0%
1000 0.20 0.40 oo €
2000 0.15 0.30
o8 95 % CI
. . L L0061 -
— Calibration constants (negligible) Lo0af- I T
9> 1.002 ﬁ .
— +0.25% (1 st. dev) for hidden effect & ;x T
0.996 . ‘I
0904 |
0.992 L L L
500 1000 1500 2000
Power, P/W
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CORRECTION FACTOR: HEATER - ASSEMBLY

Present correction factor: based on one component heat transfer model (for PWR K = 0.915).
Verify by a three component heat transfer model

dT,
Cn—=—2a1(Ty = Ty) + Qm
dt
0 T T
dT P=100W
de_;N =a;(Ty — Tyy) —az(Ty, — Ts) - E’13(Tw - p) + Quw +ac(Tw - Tc)
gk
dTg
Cs =a,(Ty — Ts) — a4(Ts - Tp)
dt ¢ 2f
5
Index: Parameters/variables 3l
- m :metal (heater or assembly) - T :temperature
- w :water - C :heat capacity L
- s :structure - a :heattransfer coefficient Kl
- p :pool - Q : heatsource
5 1 1
0 10000 20000 30000
Time/s

2

e U A by
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CORRECTION FACTOR: HEATER - ASSEMBLY

Present correction factor: based on one component heat transfer model (for PWR K = 0.915).
Verify by a three component heat transfer model

dTy,
Cn—r=—a1(Ty = Tyy) + Qm
dt
0 r T
dT P =100 W
de_:v =a;(Ty — Ty) —az(Ty — Ts) — 33(Tw - Tp) + Quw +ac(Tw — To)
dTs
Cs——=a(Ty —Ts) — a4(Ts - Tp)
dt «
5
Index: Parameters/variables
- m :metal (heater or assembly) - T :temperature
- w :water - C :heat capacity
- s :structure - a :heat transfer coefficient
- p :pool - Q : heatsource
-5 1 1
0 10000 20000 30000
Time/s
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CORRECTION FACTOR: HEATER - ASSEMBLY

Present correction factor: based on one component heat transfer model

Verify by a three component heat transfer model

C dT, (T
5
m dt 1 m
0 T T
dTw P =100 W
Cw @t = E’11(Tm - = T ) + Quw +ac(Tw - Tc)
dTg
Cs =a,(Ty — Ts) — a4(Ts - Tp)
dt ¥
5
Index: Parameters/variables
- m :metal (heater or assembly) - T :temperature
- w :water - C :heat capacity
- s :structure - a :heattransfer coefficient
- p :pool - Q : heatsource
5 1 1
0 10000 20000 30000
Time/s
" -
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CLAB CALORIMETER: CONCLUSIONS

e Decay power from CLAB calorimeter are valuable (high quality) data for code validation
— Measurement process and analysis procedures of CLAB calorimeter are well understood
— Some previous results suffer from a bias effect
— Uncertainty evaluation in progress
¢ Preliminary estimation (95% confidence limit) : <2%

* Main task: evaluate factor to correct for difference heater — assembly

e Performance of present calorimeter can be improved:
— Control characteristics of cables of the heater (length, resistivity, etc..)
— Regular calibration of heater with reference instrument
— Improved operational procedure, e.g.
* Minimum cooling temperature

¢ Perform long measurements to verify K based on steady-state condition
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NDA: GAMMA-RAY SPECTROSCOPY

Used as part of Radiochemical analysis of PIE data (see presentation S. Van Winckel)

NDA: Direct measurements (no chemistry)
e Axial BU profile determination (presentation K. Govers, J. Kirkegaard)

e.g. Govers et al., Technical Report — BLG — 1142, April 2019, “Characterization of Belgian Spent Fuel Assemblies”
e Determination of nuclide inventory ratios

e.g. Caruso et al., ( 13*Cs/*3Cs, 134Cs/1>*Eu ratios (comparison with HPLC-MC-ICP-MS) (Nucl. Instr. Meth. A 589 (2008) 425)

High-performance liquid chromatography coupled to inductively coupled plasma — Mass spectrometry
e Tomography: material properties
e.g. Caruso et al., J. Nucl. Sci. Techn. 45 (2008) 828
Holcombe et al., Nucl. Instr. Meth. A 837 (2016) 99
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NDA: GAMMA-RAY SPECTROSCOPY FOR CODE VALIDATION

Spent nuclear fuel rod
rod DO5 of FT1X57 (PWR)
PWR Assembly (15 x 15):

Axial BU profile determination

Bumup profile - rod FTIXS7-005

v

gt
3 /I
o | ]
N \

Spacing grd locations.

Irradiated at Tihange 1

Actiy aritcary unis
|

Rod used for other international project
(First-Nuclides, REGAL, WETFUEL & AGAF, SF-ALE)

w0 om0 o 150

o0
< Rod bottom Rod top >
il levation, mm

Govers et al., Technical Report — BLG — 1142, April 2019,
“Characterization of Belgian Spent Fuel Assemblies”

— Coleulated burnup_—Gross-y signal

scan, dominated by the Cs-137 signal and, hence, roughly proportional to the burnup is superimposed.
Spacer grid posii T g oty S, s they e
moderation).
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NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

segement sample under standard controlled area conditions
Collaboration SCK CEN

Non Destructive Assay method to determine the neutron output of a SNF

Hot cell (LHMA) facility at SCK CEN

fImmmg

Standard
controlled area

eu

European Joint Programme
Radioactive Waste Management

NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

R 010y o)
Databook of flat burnup samples
from rod D05 extracted from fuel
assembly FT1X57, Tihange 1 NPP

nnnnnnnnnnnnnnnnnnnnn -

P

Hot cell (LHMA) facility at SCK CEN

Standard
controlled area
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EURAD: VALIDATION OF DEPLETION CODES USING THE REGAL SAMPLE

¢ Irradiation history of the SNF

— Segment (~ 50 mm) from rod DO5 of FT1X57 (PWR)

— PWR Assembly (15 x 15):

188 UO, rod (4.5 wt% #3°U/U) and 16 (U,Gd)O, rods

— lIrradiated at Tihange 1

— Rod used for other international project
(First-Nuclides, REGAL, WETFUEL & AGAF, SF-ALE)

¢ SNF segment sample by NDA

Part of a set of 4 samples (REGAL project)

— Radiochemical analysis (BU)

— Microstructural analysis

— Leach tests (low O,)
— Leach tests (high O,)

r 5

e U A i
European Jint Programme

on Radioactive Waste Management

NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

e Irradiation history burnup (REGAL project)

BU Analysis date Nuclide Inventory BU

indicator Nx/Nu Mwd/kg
137Cg 21/10/2013  2.539 (55) x 10° 52.6 (11)
1431144\ 05/02/2014 5.701 (60) x 103 53.95 (56)
1451146\ 05/02/2014  3.643 (38) x 103 53.05 (56)
148Nd 05/02/2014 0.974 (21) x 10 53.3 (12)
150N d 05/02/2014 0.463 (21) x 10° 52.2 (23)

Average: 52.78 (37)

Govers et al., EPJ Nucl. S&T, 8 (2022) 18

* SNF segment sample: characteristics

Parameter Value
Segment length 52.01 (4) mm
Segment weight 42.616 (1) g

Cladding weight 6.71(4) g

Net fuel weight

35.91(4)g

eu
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Counts

Counts

3000

2000

H

Sampling zone

1000

(a) —— Result of y-ray measurements

L L
2000 3000

Position / mm

L
0 1000

3000

® R

rid affected zone

2500 -
2000 - —— Neutron measurements

—— Radiochemical analysis (BU analysis)

—— Microstructural Analysis

Leach tests (low O,)

—— Leach tests (high O;)

1500

Position / mm

L L L L
1700 1800 1900 2000 2100

R 00y o)

Databook of flat burnup samples

from rod DO5 extracted from fuel
bly FT1X57, Tihange 1 NPP

Counts

3000

(b) Grid affected zone

2500 | |
Ll

2000 [ —— Neutron measurements.
—— Radiochemical analysis (BU analysis)
—— Microstructural Analysis
Leach tests (low O,)
—— Leach tests (high O;)

15

00
1700 1800 1900 2000 2100
Position / mm

= Accurate information about design and operational history
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NEUTRON EMISSION MEASUREMENT: CONVENTIONAL WELL COUNTER (AWCC)

Standard * Neutron detection
controlled area — Modified AWCC (only internal cavity) @
— 3He detectors in polyethylene
— Detection efficiency for 252Cf(sf): € = 0.28

* Signal processing: shift register
— Totals, reals and accidentals

¢ Data analysis: Hage’s point model (JRC Ispra)

W. Hage and D.M. Cifarelli, NSE 89 (1985) 159 — 176
W. Hage and D.M. Cifarelli, NIMA 236 (1985) 165 — 177
D.M. Cifarelli and W. Hage, NIMA 251 (1986) 550 — 563

SHIFT — REGISTER: PRINCIPLE

Event time
Q

Moderation process
Detection time

a

Every detected neutron will trigger the opening of two gates
- Gate close to the signal (signal trigger)
- Delayed gate

P
e U A
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SHIFT — REGISTER: PRINCIPLE

Event time
< ¢ Q
Moderation process @
Detection time
o Q
I A I R —_—
Signal trigger Delayed trigger
R+A A
SHIFT — REGISTER: PRINCIPLE
Event time
< ¢ Q
Moderation process @
Detection time
Q
2 | |
Signal trigger Delayed trigger
R+A A
eu
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SHIFT — REGISTER: PRINCIPLE

Event time
< ¢ Q
Moderation process @
Detection time
Q
3t —
Signal trigger Delayed trigger
R+A A
SHIFT — REGISTER: PRINCIPLE
Event time
< ¢ Q
Moderation process @
Detection time
Q
4 ——
Signal trigger Delayed trigger
R+A A
eu
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SHIFT — REGISTER: PRINCIPLE

SFC Training materials

Event time

Moderation process

Q

Detection time
1

5

Signal trigger
R+A

SHIFT — REGISTER: PRINCIPLE

e |

Delayed trigger
A

Event time
Q

Moderation process

Detection time
1

5

Signal trigger
R+A

eu
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SHIFT — REGISTER: PRINCIPLE

Event time
e e 2

Moderation process
Detection time

Q
1t i | |
2 i | |
3 | |
4 1  ——
5 i |
Signal trigger Delayed trigger
R+A A

-

-
e U . by
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DATA ANALYSIS: HAGE’S POINT MODEL
T= ESfSSfM [1+ (X]

Y% V.
R= ¢ f Sy M2 [=2 +% M-1D1+a)
Vst1) V()

* Experiment ¢ Sample properties
— T:total count rate corrected for dead time and background — S : production rate for prompt fission neutrons by (sf)
— R :reals count rate corrected for dead time and background — o :ratio between neutron production rate by (a,n) and S
— M : neutron leakage multiplication
¢ Detector characteristics (derived by MC simulations, M ~ 1.006 )

— &g : detection efficiency

— f :gate fraction

* Nuclear data
— Vsf(1) and Vge(y : 1t and 2" order factorial moments of P(v) distribution for (sf)

— Vsf(1) and Vge() : 1t and 2" order factorial moments of P(v) distribution for (n,f)

W. Hage and D.M. Cifarelli, NSE 89 (1985) 159 - 176
W. Hage and D.M. Cifarelli, NIMA 236 (1985) 165 — 177
D.M. Cifarelli and W. Hage, NIMA 251 (1986) 550 — 563
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NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

Sy =678(12)s1g?

Standard o =0.039(18)
controlled area

Uncertainty evaluation and sensitivity analysis

Uncertainty component, x; Uyj Usgrj Ugj.
X Us,, Uy
Totals rate, T 0.0008 <0.01 0.05
Reals rate, R 0.0027 0.15 0.17
Detection efficiency, & 0.0055 0.60 0.35
Gate fraction, f 0.0071 0.40 0.45
= Im prove First order factorial moment, vy (1) 0.0037 0.20 0.25
e detector characteristics Second order factorial moment, Vi (1) 0.0120 | 0.67 | | 0.80 |
e nuclear data Multiplication, M 0.0020 0.01 <0.01
i Schillebeeckx et al., Frontiers in Energy Research 11 (2023) 1162367

a

eurad

European Joint Programr
foactive Waste Management

NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

=678 (12)s1g?
Standard St 678 (12) s g
controlled area Sun/ S¢ = 0.039 (18)
Good agreement with:

Calculated from radiochemical analysis :
S¢=699 (28)stg?

Note: uncertainty radiochemical analysis > 4%
(> factor 2)

eu
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NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

Code Library C/E

LIB

ALEPH2 JEFF-3.3 0.944

SCALE ENDF/B-VII.O 0.963

Serpent2  ENDF/B-VII.O 1.008

(2.1.29)  ENDF/B-VIL.O 1.017

ENDF/B-VII.O 1.015

JEFF-3.1.2 0.933

JEFF-3.3 0.969

JEFF-3.3 (1) 1.091

JEFF-3.3 (2) 1.013

JEFF-3.3 (3) 1.006

JEFF-4T1 0.977

JEFF-4T2 0.998
JENDL-4.0u (4)

JENDL-5.0 1.089

r A

e U A Ly
European Joint Programme

on Radioactive Waste Management

Sy =678(12)s1g?

All calculations normalised to
produce the same 8Nd inventory

Importance of normalization

(1) o(n,y) = 0 for *’Nd

(2) o(n,y) for **/Nd from JENDL-4.0u
(3) o(n,y) for ¥*’Nd from JEFF-4T1

NEUTRON EMISSION: ABSOLUTE MEASUREMENTS OF SNF SEGMENT SAMPLE

Code Library C/E
LIB
ALEPH2 JEFF-3.3 0.944
SCALE ENDF/B-VII.O 0.963
Serpent2  ENDF/B-VII.O 1.008
(2.1.29) ENDF/B-VII.O 1.017
ENDF/B-VII.O 1.015
JEFF-3.1.2 0.933
JEFF-3.3 0.969
JEFF-3.3 (1) 1.091
JEFF-3.3(2) 1.013
JEFF-3.3 (3) 1.006
JEFF-4T1 0.977
JEFF-4T2 0.998
JENDL-4.0u (4)
JENDL-5.0 1.089

eu

European Joint Programme.
on Radioactive Waste Management

Sy =678(12)s1g?

Uncertainty theoretical estimation

Burnup Relative uncertainty
10 MWd/kg 12.1%
30 MWD/kg 11.1%
50 MWd/kg 10.0 %

Contribution mainly from : 242Pu(n,y) & 2*3Am(n,y)

== 22Pu(ny)

Cm uncertainty(%)

244

] 244Cm(n‘-,)

Contributors of

10 MWd/kg 30 MWd/kg 50 MWd/kg

Tiejun Zu et al., Annals of Nuclear Energy 94 (2016) 399
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NEUTRON EMISSION: DECAY DATA AND NU-BAR

Code Library Ssi/(1/gs) Sst/(1/gs)
LIB REC LIB/REC
ALEPH2 JEFF-3.3 640.1 642.4 0.996
SCALE ENDF/B-VII.O 653.0 652.1 1.001
Serpent2  ENDF/B-VII.O 683.7 678.1 1.008
(2.1.29) ENDF/B-VII.0 689.4 685.3 1.006
ENDF/B-VII.O 688.5 684.3 1.006
JEFF-3.1.2 632.5 623.8 1.014
JEFF-3.3 656.8 648.9 1.012
JEFF-3.3 (1) 739.4 730.5 1.012
JEFF-3.3(2) 686.8 678.6 1.012
JEFF-3.3 (3) 682.2 673.9 1.012
JEFF-4T1 662.6 654.6 1.012
JEFF-4T2 676.4 668.3 1.012
JENDL-4.0u (4) 715.9
JENDL-5.0 738.4 733.9 1.006

eurac

European Joint Programme
tadioactive Waste Manageme

REC (recommended data)

Decay data : DDEP
http://www.Inhb.fr/ddep wg/

Neutron emission data: Santi and Muller
Nucl. Sci. Eng. 160 (2008) 199

NEUTRON EMISSION: DECAY DATA AND NU-BAR

Nuclide Decay constant, A / (1/s) (sf) branching nu-bar
ENDF/REC  JEFF/REC  ENDF/REC  JEFF/REC | ENDF/REC  JEFF/REC

38y 1.0000 1.0000 1.0018 1.0018 1.0101 1.0101
38py 1.0004 1.0005 1.0054 1.0054 1.0091 1.0091
240py 1.0000 0.9997 1.0000 1.0000 0.9986 0.9986
242py 0.9986 0.9986 1.0000 1.0000 0.9963 0.9963
242Cm 0.9995 0.9996 0.9591 0.9591 0.9953 0.9953
244Cm 0.9999 1.0061 1.0147 1.0147 0.9917 0.9917
245Cm 0.9921 0.9970 0.9996 0.9996 1.0061 1.0061

P
e U A

European Joint Programme.
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¢ Differences not only due to neutron emission
e Largest difference between (sf) branching values
» Compensation effect for neutron emission of 244Cm(sf)
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NEUTRON EMISSION RATE

, x10°
N =aBUP %\ il Ty
b=4 for BU>20 MWd/kg W0 N=aBs boso
= 10'F
S_N b 8BU '% 102 |
N BU 'g' 103 F
% 10* F
= Total neutron emission extremely sensitive to BU 5 10°F
- T 10°)
= Good BU indicator 107 R T
0 10 20 30 40 50 60
Burn up / (GWd/t)
NEUTRON MEASUREMENTS: CONCLUSIONS
Neutron emission (sensitive to BU) Nuclear data:
e Neutron measurements presented in this work is a e Recommended decay and neutron emission data not
valuable method for code validation always adopted in evaluated data libraries
* Neutron measurements can be used to verify the BU e 241py(n,y) and 2*3Am(n, y) cross sections require a re-
of an SNF assembly in industrial conditions evaluation (use of available experimental data)

e P(v) of 2%4Cm(sf) needs to be improved

e 14Nd(n,y) cross section in JEFF-3.3 and ENDF/B-VIII.0
are too high (important for normalisation of PIE data)

e Fission yields for 8Nd in JENDL-5.0 are too low

ey
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TASK 2: PRODUCE VALIDATED DEPLETION CALCULATIONS WITH REALISTIC UNCERTAINTIES

Nuclear Data (ND)
e Cross sections: (n,y), (n,f), ...
* Fission Yields

- half-life
- emission probabilities
- recoverable energy

* Decay data =P Depletion code

h

SNF input data
¢ Fuel properties
- design

* Operational history
- burn-up (BU
- cooling time (CT)

- material data (IE)

)

Validation (codes + ND)

Radiochemical data (PIE)
Decay power (calorimeter)
Neutron emission (REGAL sample)

eu

"

a

European Joint Programme
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Nuclide inventory

Observables
¢ decay heat
¢ neutron emission
* y-ray emission

Verify SNF input data

Neutron measurements

Y-ray measurements

NDA FOR CHARACTERISATION OF FUEL ASSEMBLIES

eu

Radi

y-ray spectroscopy

- HPGe detector

- Axial scanning

FORK detector

- Total neutron emission
- Total y-ray emission

DDSI (Differential Die-away Self Interrogation)

PNAR (Passive Neutron Albedo Reactivity)

=
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vY-RAY SPECTROSCOPIC MEASUREMENTS

collimator

e HP Ge detector

SNF
water

¢ Axial scanning

1E+05 1 Q.
1.E+04 - " moL
I - g c &
=l A -
£ 1E+03 4 S OEQ ki
2 { £
u
1.E+02 4 wuﬂq "
H
(o)
o
1.E+01
LE+00 T T T T T T T Solans et al., ANE 192 (2023) 109941
400 600 800 1000 1200 1400 1600 1800 2000 2200 Bengtsson et al., Nucl. Techn. 208 (2022) 295
Deposited energy/ keV Vaccaro et al., NIMA A833 (2016) 208
Vo et al., NIMA 830 (2016) 325
Favalli et al., NIMA 820 (2016) 102
137Cs: 662 keV
134Cs: 605, 796, 1365 keV
. B 154Eu: 996, 1004, 1274, 1596 keV
Euopem inProgonme
onRadimce Wit Hanagemant
137Cs ACTIVITY
<A™ =1.39
_ 0,
St. dev A, /A, = 3.3%
x 10%°
25— ———
l| o *¥Cs activity DD |
20 — Fit: Ay = 1.39 Ay, o |
L - .
o
[n] sl
~ 15 a .
8
2 4
g 10} E
05 -
00.|.|.|.|.|.|.|.|.Xl015

700 02 04 06 08 10 12 14 16 18
ActiVityy, / Ba

Bengtsson et al., Nucl. Techn. 208 (2022) 295
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AXIAL PROFILE *37CS ACTIVITY (BURNUP PROFILE)

Count rate (661 keV, 137Cs) / (1/s)

3500
0 .
€ 2
<5 o
< ~
=} o
Dy 2
[} Cw
. .
g ' g 0
o
Y Q
T T T T T T T e -
150 175 200 225 250 275 300 100 150 200 =0 300 =0
Measurement time /s Measurement time /s

NEUTRON AND y-RAY MEASUREMENTS: FORK DETECTOR

Passive NDA: detection of neutrons and y-rays emitted by SNF assembly

¢ Neutron detection
- 235 fission chambers (FC)
- Fission chamber with and without Cd

- Total neutron count rate

* v-ray detection
- lonisation chamber (IC)
- Total y-ray dose rate measurement

eus o,

European Joint Programme.
Radioactive Waste Management

Vaccaro et al., NIMA 888 (2018) 202-217
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FORK MEASUREMENTS AT CLAB

207 tron-A neutron-A
PWR neu 61 BWR
% 151 RSD = 4.7% 2 RSD = 8.5%
] <]
£ £ 44
@ 10 2
: €2
s ¥ s
z =z
23 T T T T T T 0 T T T T T T
B neutron-B ol ) neutron-B
4 5] RSD = 4.3% 8 N RSD =7.9%
: 24
510 8 \
® 5 & 24 = §
g °l - g 1
o T 0 ENESS S S S
20+ gamma gamma
= 6-
E 151 RSD=5.7% .E ) RSD =6.0%
2 =} N
& 10 54 N
2 2
4 4 \
5 @ 24 N
2 2
0 e S N 0 s _—
-50 -40 -30 -20 -10 0 10 20 30 40 50 50 40 -30 -20 -10 0 10 20 30 40 50
Deviation (C/M-1)% Deviation (C/M-1)%
Fig. 10. Hi istribution of the deviations between (C) and Fig. 11. Hi istribution of the deviations between (C) and
measured (M) gamma, neutron-A, and neutron-B detector count rates for PWR measured (M) gamma, neutron-A, and neutron-B detector count rates for BWR
assemblies measured at the Swedish Clab facility. assemblies measured at the Swedish Clab facility.
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Vaccaro et al., NIMA 888 (2018) 202-217

DIFFERENTIAL DIE-AWAY SELF-INTERROGATION (DDSI)

Passive NDA: detection of neutrons emitted by SNF assembly
Developed at LANL for nuclear safeguards applications

* Neutron production
- Primary neutrons: mainly prompt fission neutrons from 24*Cm(sf)

- Prompt fission neutrons from neutron induced fission in fuel mainly after
neutron moderation in the water of the pool

¢ Detection principle
- 3He in moderator

- Detection of correlated neutrons: construct Rossi-alpha distribution
Trahan et al., NIMA 955 (2020) 163329
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DDSI: ROSSI-ALPHA DISTRIBUTION

Moderation process
Detection time

1F 1 e |
2 —_—
3 —_—
4 —_—
5 1 e |
Trigger at time, t, Delayed trigger
R+A A

r ]
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DDSI: ROSSI-ALPHA DISTRIBUTION
t

R= Roe Te
0000401 Y —— Single exponential fit
2 +
0 000035
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Z 000030
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@ 000025
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© 000020
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C 000015
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Q000010
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0.00005

0 r= 50 s 100 125 150 175 200
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Net Multiplication
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Trahan et al., NIMA 955 (2020) 163329
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DDSI: ROSSI-ALPHA DISTRIBUTION
t
R=Rgpe Te
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—— Single exponential fit
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Net Multiplication
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DDSI: MC SIMULATIONS
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Experiments at CLAB
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_t _t
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—— Double exponential fit
-=-~- Fast component
—— Slow component

BU / (MWd/kg)
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8B 8 &
BU [GWdtHM]

B

Trahan et al., NIMA 955 (2020) 163329

= Additional information

Solans et al., IAEA Symposium, November 2022

IAEA-CN-303-137
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DDSI: EXPERIMENTS AT CLAB

. -t t
T, = T TS
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Marita Mosconi

e Passive Neutron Albedo Reactivity (PNAR)

LANL development, Tobin et al., NIMA 897 (2018) 32 - 37

e Passive Gamma Ray Emission Tomography (PGET)
IAEA development, Honkamaa et al., Symp. Int. Safeguards, IAEA Vienna 2014
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CONCLUSIONS

e NDA for code validation
— Calorimeter at CLAB: ideal instrument to validate code performance for decay power prediction

— Neutron correlation measurements is a valuable method to validate code performance for neutron
emission predication and an alternative to radiochemical methods to determine the 2**Cm
inventory

— ND need to be improved to use neutron emission as BU indicator

* NDA of SNF assemblies

— Methods based on neutron and gamma-ray emission detection require improvement

CONTRIBUTORS
F. Johansson (SKB) Commison o0
@@ _ jojef Stefan Institute
1. Kirkegaard (Vattenfall) L
S. Kopecky (JRC Geel)
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2.6 Observables of interest (in spent fuel); G. Zerovnik, JSI-;
School on "Nuclear data for depletion calculations"11/09 -

15/09/2023
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OBSERVABLES OF INTEREST (IN SPENT FUEL)

SFC Training materials

P. Schillebeeckx, G. Zerovnik

|
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Training material

Context: spent nuclear fuel management

Characteristics of spent nuclear fuel (SNF)

- Radionuclide inventory of SNF
- Gamma-ray emission
- Decay heat
- Neutron emission
- Key nuclides
SNF depletion calculations

~ Principles

Validation of depletion codes

- Radiochemical data
- Calorimeter at CLAB
- Neutron measurements

Summary and conclusions

Material

- Learning outcomes
- Keywords
- Additional bibliography and references

Training material
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J Nuclear fuel cycle

NUCLEAR FUEL CYCLE (open or closed)
produces waste

Training material 3

|

SNF CHARACTERISATION

An accurate characterisation of Spent Nuclear Fuel (SNF) is required for a safe, ecological and cost
effective operation of the facilities involved in SNF management
(transport, storage, handling, reprocessing and disposal):

— Decay heat :H

- Neutron emission .S,

— y-ray emission 'S,

— Reactivity : 235, 239py, Fission Products (BUC)

— Fissile material : 2351, 239py

- Long-term safety :e.g. 14C, 36Cl, 7°Se, °*Nb, *°Tc, 1291, 226Ra, 23’Np

e A reliable determination of these observables including realistic uncertainties
requires a good understanding of the underlying physics process

 Difficult to be measured directly, in particular during industrial operation

Training material 4

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 324

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

=l

SPENT NUCLEAR FUEL: NUCLIDE INVENTORY

¢ Fission products (FP): neutron induced fission (n,f)

e.g. %9Sr, *°Tc, 137Cs, '4Eu, ...

* Actinides: neutron induced capture (n,y)

235 238) 239 241 244, (ny) B B-
e.g. 23°U, 238U, 23%Pu, 1 Am, 2*Cm, ... n + 2380 52390 5 23INp »23%Pu
23.5 min 2.36d

Training material 5

|

B - DECAY BY NEUTRON RICH NUCLIDES

Radioactive decay in which neutron is transformed into

AX Avyx — =
. - . >, Y*+e" + vV
proton and electron + anti-neutrino are emitted zZ Z+1 e

|

7+1 Z+1}Y +E,
z
71 Anti-neutrino kinetic energy is not recoverable!
N-1 N N+1
Training material 7 B
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B - DECAY BY NEUTRON RICH NUCLIDES: e.g. 37Cs

L] - l 2
T,,=30.05(8)a —AN=N n 137¢s >137Ba* + e~ + v,
* Q,=1175.73 (17) keV Ti/2
P=ANE,,, l
137
13705 Eppe = Z_PyiEyi + (o) < Qp- s6Ba+ £,
l

Ty, =30.05(8)a
0.9436 o .
Gamma-ray emission probability: P,

661.7 keV, 2.552 m
E P

14 4
E,= 661.650 keV 661.7 keV 0.8499 (20)
N 283.5 keV 5.8 (8) x 106
0.0564 £,-2835 eV http://www.nucleide.org/DDEP_WG/Nuclides/Cs-137_tables.pdf

Training material 7

o - DECAY

Radioactive decay in which nucleus emits a-particle (*He _
2X 547 +a

nucleus) and transforms into nucleus with 4 less nucleons
(2n, 2p) l
A-4
Z—ZY + E;/
Z+1
z
z-1
"
Z-2 o

in heavy nuclei
N-2 N-1 N N+

Training material 8
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o - DECAY BY ACTINIDES: e.g. 2**Am

« T,,=4326(6)a
Q,, = 5637.82 (12) keV

SFC Training materials

281Am —23INp* + a

|

237
5/2° 93Np + E;/
221 432.6a
gsAM ©
o -particle emission probability:
0.0166 9/2,158.50 pE ‘E v
a o
o132 ) 5388.3 keV 0.0166 (3)
AN 12 a0mes 5442.9 keV 0.1323 (10)
0.8445 57, sosa 5485.6 keV 0.8445 (10)
E.=59.5 keV http://www.nucleide.org/DDEP_WG/Nuclides/Am-241_tables.pdf
0.38 ' 52
’ 29337Np Erec = ZipyiEyi + Z PojEqj = Qq )
] -
Training material 9
SPONTANEOUS FISSION

Fission: nucleus splits up into fission products (FP)
e.g. 238,240,242Pu(sf), 242,244,246Cm(5f)’ zsch(sf)

e FP: acceleration due to Coulomb repulsion

¢ FP: strongly excited, emission of
— Prompt fission neutrons (PFN)
— Prompt fission y-rays (PFG)

Sp =1, Ny =X, N(v)
P =

Erec = (WHER) + (Vy)<Ey> + <Erec,fp)

. Prompt fission neutrons important for Non-Destructive Assay (NDA)

Training material 10
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statistical process

PROMPT FISSION NEUTRONS: MULTIPLICITY AND ENERGY
Emission of prompt fission neutrons:

- @ - 2Pu(sh)
04r 2Py - (v>1
- - *°Pu(sf)
.\ - - - PCA(sf)
03F % 0.5 ——
K \r/ % ——2py(s f.)
© Y ; 0.4
Jarg H e T
02t £ SN s (E,) ~ 2 MeV
A '\ ~ 03
A o
I3 K S b=
01f . l.‘ | 0.2
{ /! 'v ‘s
! b .
0.0 "’.b N 1 ?"‘\h e . 0.1
0 2 4 6 8 10 F
R 0.0 1 1 1
Neutron multiplicity, v 0 2 4 6 8 10
Neutron energy, E / MeV -
Training material 11
PROMPT FISSION NEUTRONS: EMISSION PROBABILITY
Nuclide T2/ a Main (sf) branch <v> Sns
decay mode x 100 (s'g?)
28y 4.468 10° a 5.45107 1.990 1.35107
Sy 87.74 a 1.85107 221 2592
py 24110 o 3.110" 2.219 2.18 107
20py 6561 o 5.710° 2.154 1023
*py 14.29 i) 574107 2.27 45107
22py 373500 o 5.4910* 2.145 1725
Am 432.6 a 43010 2.46 1.3
2cm 0.446 o 6.36 10 2.54 2.10 107
cm 18.1 o 1.3710* 2.72 1.08 10’
=2cf 2.645 o 3.10 3.757 2.3110"

Training material
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NEUTRON PRODUCTION BY (a,n) REACTIONS

Additional neutron source, Sno
SNF: o - decay of actinides followed by (a,n) reaction in light elements

¢ (o,n) reactions

— 180(q,n)%Ne

- Y0(a,n)*°Ne 3
N
- BF(a,n)?’Na s
2
e Neutron energy (emission) 2
- O(o,n) : <E,> ~ 2 MeV 2
- Flo,n): <E>~1MeV E
=
e v=1
used to separate prompt fission neutrons from
(o,n) neutrons in neutron correlation counting (NDA)
Neutron energy / MeV
<
Training material 13

|

SPENT NUCLEAR FUEL: DEFINITIONS

e Initial enrichment (IE)

— amount of 235U relative to the total amount of U (or actinides) in the fresh fuel
— 25U/U mostly expressed in wt.%

e Cooling time (CT)
— Time period since the end of neutron irradiation

e Burnup (BU)
— Measure of the total energy production
Etot = Erec,f x Nf
E,.. : total energy
E.ecs :energy per fission
Ny :total number of fission events
— Mostly defined as: total energy divided by total amount of actinides in initial fuel in MWd/kg

(time integrated power/amount of initial fuel)

Training material 14

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 329
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

|

NEUTRON EMISSION BY SPENT NUCLEAR FUEL

Sa(®) = ) Su(®
k

¢ S, «(t) : contribution of radionuclide k

° Sn,k(t) = (sz,k + som,k) Nk(t)
— N,(t): number of nuclei of nuclide k at time t

S¢x : specific neutron emission rate of
nuclide k due to spontaneous fission

— Sk : specific neutron emission rate of
nuclide k due to (a,n) reactions

Neutron emission rate, S, / (s™ cm®)

Training material

|

NEUTRON EMISSION BY SPENT NUCLEAR FUEL

1.0
= sz
f 0.8
m
i Pt
g 06 "?E
= (8]
17) —
= 04 w
E =~
g o2 o
5}
99 g
-1 e E c
“ ::u san k]
~, 08f u %
%) s 2
g —— b5
© 06F ——2Cm o
B g
v r - 5
g 04 RN Q
% /'/ . zZ
& o02r /
0.0
1 10 100 1000
Cooling time / a Training material
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10°¢
10°¢

101 MR | MR |
1

10°¢

10°¢

PWR UO, pellet (5 g)
25U/U = 4.8 wt%
burnup = 45 MWd/kg

Sn = sz + Su

10 100 1000

Cooling time, t/ year

PWR UO, pellet (5 g)
25U/U = 4.8 wt%
burnup =45 MWd/kg

=> Main contribution from 2*4Cm(sf)

Sn = sz + Sa
551
SLX

1 10 100 1000

Cooling time, t/ year -

15

16
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|

244Cm PRODUCTION: A COMPLEX PROCESS Sequence of

- (n,y) reactions (6)
244Cm : N = aBUP SN bSBU - P-decays (4)
br~4forBU=45MWd/kg N BU

o X10°
E 10 ——N=aBUW’ b=6.0
£ 10°F——N=aBU b=40
= 10'f
o
% 102 |
€ 10°
8 E
§ 10
c 10°F
S 6
3 10°F A—
107 0 10 2IO 3IO 4|0 5IO GIO . T1/2 = 18.11 (3) Ref.: Nudat2; Singh and Browne, Nucl. Data Sheets 109 (2008) 2439
Burn up / (GWd/t) e xg = 1.38(4) X 107 Ref.: JEFF-3.3; Plompen et al., Eur. Phys. J. A 56 (2020) 181
In2 e (v) =2.6875 Ref. JEFF-3.3
Sp == xgp (V) = 4.5(1) x 10715571
Tl/Z Training material 17
GAMMA-RAY EMISSION BY SNF PWR UO, pellet ()
235Y/U = 4.8 wt%
burnup = 45 MWd/kg
Sy(t) = Z Sy,k(Ey. t) 10t
k LJCCSS —CT= 1la
'
%Nb 35.0d . 109 L
‘n
Zr 64.0d % Hi-a gy g, 0
144Ce/¥pr  284.9d S f“Eu&‘ i
106Ry /19Rh 1.02a W .
134 0
Cs 2.06a 108
154Ey 8.8a
137( /137
s/ 300 o LRI LA it
0.5 1.0 15 2.0 25
Gammarray energy, E / MeV
Training material 18
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GAMMA-RAY EMISSION BY SNF

Sy(t) = Z Syx(Ey,t)
k

%>Nb 35.0d
95Zr 64.0d
144Ce/144Pr 284.9d
106Ry /106RK 1.02a
134¢Cs 2.06a
154gy 8.8a
137Cg /137TmBg 30.0a

|

GAMMA-RAY EMISSION BY SNF

Sy(t) = Z Syx(Ey.t)
k

%Nb 35.0d
9Zr 64.0d
144Ce/144Pr 284.9d
106Ry/196Rh 1.02a
134Cs 2.06a
154gy 8.8a
137Cg [137TmBg 30.0a
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PWR UO, pellet (5 g)
235y /U = 4.8 wt%
burnup = 45 MWd/kg

1011

- CT= 1la
——CT=10a
10%
"
g
= w0
HJj
e
10°
107 1 i i 1 I | :;u L
0.5 1.0 15 20 25
Gamma-ray energy, E, / MeV
Training material 19
PWR UO, pellet (5 g)
25U/U = 4.8 wt%
burnup = 45 MWd/kg
104
~--CT= la
—CT=30a
10%
"0
[
~ 10
HJ?
e
10°
107 i T IR
0.5 1.0 15 20 25
Gamma-ray energy, E / MeV
Training material 20
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GAMMA-RAY EMISSION: DECAY HEAT RATE (POWER)

P© = ) Mi® f By sy (Ey, t)dEy
k

%Nb

9Zr
144Ce/144py
lOGRU/IOGRh
134CS

154Eu
137Cs/137mBa

241Am

|

DECAY POWER PRODUCED BY SNF

35.0d
64.0d
284.9d
1.02a
2.06a
8.8a
30.0a
432.6 a

PO = ) Pi(®)
k

e P,(t) : contribution of radionuclide k

° Pk(t) = pk Nk(t) = }\k Erec,k Nk(t)

— N(t) : number of nuclei

of nuclide k at time t

_pk

. specific decay heat rate

of nuclide k
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v

Power, P (t) / mwW

SFC Training materials

PWR UO, pellet (5 g)
25U/U = 4.8 wt%
burnup = 45 MWd/kg

Training material

Power, P/ mW

10° —
vo, | Emsz;oo keV
10 —*Nb
3 5
N e + “pr
100 \ :mz? Rh
a  Wiog 4 WMy
10" L v
102
10-3- M\ N A PRI WY N W,
1 10 100 1000
Cooling time, t / year
21
PWR UO, pellet (5 g)
235Y/U = 4.8 wt%
burnup = 45 MWd/kg
10° ¢
E —Total
L —E,
10' —E,
; —FE
10°
10"k
107
10’3 il Ll P
1 10 100 1000

Cooling time, t / year

Training material

22

Page 333



EURAD Deliverable 8.3

=l

DECAY POWER PRODUCED BY SNF

e la<t<L10a

144Cg [ 144py
106RYy / 106RK
134¢cg

QOSr / 90Y
137CS / 137mBa

* 10a<t<100a

990Gy / 0y
137CS / 137mBa
ZSSPU

241Am

244Cm

e 100a<t

— 241Am

238py

— 239241py,

|

DECAY POWER PRODUCED BY SNF

e la<t<10a

144ce / 144pp
106RYy / 106Rh
134Cg

990G / oy
137CS / 137mBa

e 10a<t<100a

900G / 0y
137Cs / 137mBa
ZSSPU

241Am

244Cm

e 100a<t

241Am

— 238Pu
— 239241p,
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PWR UO, pellet (5 g)
25U/U = 4.8 wt%
burnup = 45 MWd/kg

N o © =
I o © o

Power fraction, P,/ P

o
N

©
o

Training material

=
o

Wig 4 Mpp
— %R, + %Rp
— g
1 ——*sr+*y
L ieg 4 BMgy
=
J— 28py,
2py
J— 20py
2am
J— 220m
20m

10 100
Cooling time, t / year

PWR UO, pellet (5 g)
235Y/U = 4.8 wt%
burnup = 45 MWd/kg

1000

23

Power fraction, P, / P
o o o
i o o)

o
[

©
o

Training material

10 100
Cooling time, t / year

24
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DECAY POWER PRODUCED BY SNF

e la<t<L10a
— l44ce / 144py
— IOGRU / IOGRh
_ 134CS
— 90g, / 90y
— 137CS / 137mBa
e 10a<t<100a
— SOSr / 90Y
— 137CS / 137mBa
— 238py
—_ 241Am
— 244Cm

e 100a<t
— 21pm

— 238py
— 239241py,

|

134Cs: PRODUCTION

134Cs production:
(n,f) followed by B-and (n,y)

n,f
n+ 2350019870 + 1337e +3n

1337 5133
12.4 min

[+e” + Ve
1331 Bisixerem + v,
20.8h

133%e B133cs + e + v,
d
()
n+ 13Cs—>13Cs
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PWR UO, pellet (5 g)
25U/U = 4.8 wt%
burnup = 45 MWd/kg

1.0
L Hog 4 Wpp
o 08} J— 1020 + 1%Rh
- P )
n_x r “5r+0y
= 06} P Bcs + ¥'MBg
8 ey
S r —®py
= Py
% —py
2IAm
o J— 220m
' *Cm
100 1000
Cooling time, t/ year
Training material 25
N = aBUP
©10° b =2 for BU <30 GWd/tU
4.0
—~ b N= P p=
mg a5 N=aBU’ b=20 .
@ L
=
RS
&
5
(&)
5
o
&
1 1
10 20 30 40 50 60
Burnup / (MWd/kg)
Training material 26

Page 335



EURAD Deliverable 8.3

|

90Sr: PRODUCTION

%0Sr production:
(n,f) followed by f3-

B7(0.043s) 90 B~(0.1615)

2%Se 9B

90
3348 35PT

B~(1.92

SFC Training materials

s)
90
36RT

13.0(7)%
7

B~(32s)

B —

- Significantly different 23U and 23°Pu fission yields:

- non-linearity vs. BU

| [CFY(EFF33)

235(n,,, f)
238U ( nflf)
239puy(n,,,f)

24pu(ny,,f)

0.0568(13)
0.0320(14)
0.0208(6)
0.0146(4)

|

Training material

FISSION FRACTIONS OF 235U, 239pu AND 24!Pu

1.0
IE 2.5 wt%
235U
0.8 |- PWR UO, %8y
239Pu
S 21py
c 06
g
=
£ 04t
02
0.0 % 1 1 1
0 5 10 15 20 30 35 40
BU / (MWd/kg)

EURAD (Deliverable 8.3)- Title: SFC Training materials

Dissemination level: Public
Date of issue of this report: 17/05/2024
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Training material

90
3Rb 97.4a)%
l N
B~(2.63 min) B~ (28.82) B~(2.67d)
29Rb 3sr B S o
27
1.0
IE 5.0 wt%
235U
0.8 - PWR UO, 238
239Pu
Zdlpu
0.6 |
04} P~
02|
0.0 L . M
0 5 10 15 20 25 30 35 40
BU / (MWd/kg)
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SNF SOURCE TERMS: NUCLIDE INVENTORY

Nuclide Source term CcT Nuclide Source term CcT ?n
Osr H,S, 10a<t<100a >y R, S, 10°a<t :7
%Ry H la<t<10a 8y RS, 10°a<t
Bics H la<t<10a “py H,S, 10a<t
e H,S, 10a<t<100a py R, S, 100a<t<10%a
14ce H la<t<10a *%py R, S, 100a<t<10'a
“Nd Burn-up stable *pu H,S, 10a<t<100a
95m Power stable MAm H 10a<t
ey H, S, la<t<10a *2Cm H, S, la<t<10a

*cm H, S, 10a<t<100a

Criticality safety (Burn Up Credit, BUC):

QSMOI ggTC, 1°1Ru, 103Rh, ngg/ 133(:5, 143Nd, 147,149,150,151,1525m’ 155Gd

Long term safety:
14C, 36C|, 7958, 94Nb, 99TC, 129|, 135CS, ZZGRa, 237Np

|

DEPLETION CALCULATIONS/CODES

Training material

: neutron emission
: y-ray emission

: thermal power or decay heat

: reactivity (criticality safety)

= Requires complex nuclide inventory

which can only be obtained by

theoretical calculations

Coupled neutron transport — nuclide depletion/creation

dNy

dt . )
i—k j—k

—=Y Nf Cf + Z )"iNi + z Gij ¢ — (kk + Gk'a(p)Nk

Update nuclide vector
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ALEPH2
CASMO
DARWIN
EVOLCODE
SERPENT
SCALE
STREAM
VESTA

29

30
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DEPLETION CODES: THEORETICAL CALCULATION OF SNF NUCLIDE INVENTORY AND OBSERVABLES

Nuclear data
¢ Fission yields, neutron

* Radioactive decay data
- half-life

- recoverable energy

* Cross sections: (n,y), (n,f), ...

multiplicities and spectra

- emission probabilities

Relative yield / %

Sk_-_..:____._ .

=)

e

SNF input data

¢ Fuel properties
- design

Depletion code

- material data (IE)

h

* Operational history
- burn-up (BU)
- cooling time (CT)

\
.

100 10 10 100 10 0
Neutron Energy / eV

|

EXPERIMENTAL DATA TO VALIDATE DEPLETION CODES

100 120
Fission fragment

40 160
mass/u

Nuclide inventory

Observables
¢ decay heat
* neutron emission
* y-ray emission

Training material

¢ Results of analytical methods
(destructive chemical and radiochemical analysis)

e Calorimetry data (assembly)

* Neutron emission measurements

In addition, an accurate knowledge of the design and operational
history is required

Training material
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ANALYTICAL METHODS FOR SNF ASSAY DATA

Post-Irradiation Experiments (PIE)
Complex process including different steps:

* Sampling and sample dissolution

e Separation

linked to measurement technique, e.g. ICPMS)

e Measurement

SFC Training materials

- Radiometric (a- and y-spectrometry, Liquid Scintillation Counting (a.- and B-emitters))

- Mass spectrometry
= Data collected in SFCOMPO database

- |

Training material 33

VALIDATION OF CALCULATIONS: CLAB CALORIMETER

¢ Only operating calorimeter worldwide to determine decay

power of SNF assemblies

¢ Extensively used to validate depletion codes, e.g.

¢ Blind Test on decay heat:

Assembly ID P CcT <C/E> St. dev
BTO1 1662 W 45a 0.975 0.019
BT02 1068 W 86a 0.977 0.018
BTO03 (+ Gd) 895 W 9.8a 0.967 0.019
BT04 768W  13.5a 0.994 0.023
BTO5 663W  214a 0.979 0.021
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IMPORTANCE OF NEUTRON EMISSION ESTIMATION FOR SNF MANAGEMENT

e Use neutron emission as a BU indicator to improve

24Cm: N =aBUP 8N 8BU the operational input for depletion calculations

b ~ 4 for BU = 45 MWd/kg N~ BU
* For nuclear safeguards authorities using neutron
emission as a signature for the fissile material

x10°
——N=aBl’ b=6.0
N=aBU b=4.0

10

.
<

E

10t
102
10°
10*
10°
10°
107

¢ Neutron dose

24Cm concentration / (g/cn)

0 10 200 30 40 50 60
. Burn-up / (MWd/kg)

Training material 35

|

SUMMARY AND CONCLUSIONS

The main observables of interest for a safe handling, transport, storage and disposal of SNF were identified and discussed
« A characterisation of SNF for these observables requires the inventory of some key nuclides with different characteristics
¢ The inventory of some key nuclides can only be obtained by theoretical calculations using depletion codes

The quality of the theoretical calculations strongly depends on the quality of the nuclear data and design and operational
history of the SNF

Some key nuclear data such as cumulative fission yields and neutron induced capture cross sections need to be improved
to allow a more accurate estimation of the main observables of interest

Training material 36
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LEARNING OUTCOMES

After the completion of this training lesson, the participants should be able to

¢ identify the observables that are important for the transport, handling, storage and disposal of spent nuclear fuel
* identify key nuclides determining these observables

« identify the different components involved in the theoretical calculations of the observables

¢ understand the importance of nuclear data and design characteristics and operational history of the fuel for an
accurate theoretical estimation of the observables

¢ realise the need of accurate experimental data to validate theoretical calculations

Training material 37

- |

KEY WORDS

e Actinides
Alpha-decay
¢ Bateman equation
Beta-decay
e Burnup
Cooling time
Cross section
¢ Decay heat
Decay power
* Depletion codes
Disposal
¢ Fission product
*  Fission yields
¢ Gamma-ray emission
* Initial enrichment
Irradiation history
¢ Light water reactor
Neutron emission
Neutron reactions
* Neutron induced capture reaction
Neutron induced fission reaction
¢ Neutron transport
Nuclear data
e Pressurised water reactor
Recoverable energy
Spent nuclear fuel - 5
¢ Spontaneous fission

Training material 38
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ADDITIONAL BIBLIOGRAPHY AND REFERENCES

Radiochemical analysis and validation of depletion codes
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Non-destructive assay

.
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Nuclear data
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Nuclear data libraries at JANIS NEA, https://www.oecd-nea.org/jcms/pl 39910/janis
Decay data, http://www.nucleide.org/DDEP.htm
Nichols et al., “Handbook of nuclear data for safeguards: database extensions, august 2008”, INDC-2453, INDC(NDS) — 0534
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Keep in touch

European Union 2023

Unless otherwise noted the reuse of this presentation is authorised under the CC BY 4.0 license. For any use or reproduction of elements that are not owned by the EU, permission
may need to be sought directly from the respective right holders.
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EU countries

o 20 500 1000km  © European Union, 2021. Map produced by EC-JRC. The boundaries and the names shown on this map do not imply official endorsement
or acceptance by the European Union
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3. Internal meeting

e Dry Storage Accidents; IDOM; SFC Annual Meeting 2022; 20/09/2022

e Spectroscopic investigation of fission and activation products in irradiated light water reactor
fuels; T. Kdnig, R. Dagan, K. Dardenne, M. Herm, V. Metz, T. Pruessmann, J. Rothe, D.
Schild, A. Walschburger, H. Geckeis; WP8 SFC Annual Meeting 2023; 11/01/2023

e

=
e U i g

European Joint Programme
on Radioactive Waste Management
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3.1 Dry Storage Accidents; IDOM; SFC Annual Meeting 2022;
20/09/2022

& 1
U - 5 -
European Joint Programme
on Radioactive Waste Management
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EURAD SFC
- IDOM - Dry Storage Accidents, Risk Assessment Methodology

September

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement
N°847593

20 September 2022 SFC Annual Meeting

INDEX

« BACKGROUND

« OVERALL OBJECTIVE
« APPROACH

« METHODOLOGY

¢ DEVELOPMENT OF THE WORK
- STAGE1
- STAGE 2
- SUMMARY
- CONCLUSIONS TO DATE

* NEXT STEPS

20 September 2022 SFC Annual Meeting 2
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20 September 2022 SFC Annual Meeting

BACKGROUND

IDOM is an Spanish firm providing Consulting, Engineering and Architecture professional services for
clients including NPPs, WMOs, and TSOs like CIEMAT. It takes part in EURAD WP8 Task 4 as a LTP

of CIEMAT.

20 September 2022 SFC Annual Meeting 4
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OVERALL OBJECTIVE

The overall objective of IDOMs work is to establish the influence of the SNF parameters or the
degradation phenomena that may be present in it during accidents of Dry Storage Systems.

20 September 2022 SFC Annual Meeting 5

APPROACH

To meet the proposed objective, an initial methodology has been
established, which could be applicable later to particular cases.

In addition, the initial methodology has been extended and made
more specific to the national case through the Spanish
perspective. This is, from the Spanish regulatory point of view and
the fuel types and Dry Storage Systems available in Spain.

1IT-004
Risk Assessment Methodology
November 2020.
20 September 2022 SFC Annual Meeting 6
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20 September 2022

S|

METHODOLOGY

SFC Training materials

SFC Annual Meeting

20 September 2022

SFC Annual Meeting
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affecting the fuel

STAGE 1 STAGE 2 STAGE 3
Initiating Accident Impact on Consequences Impact on the Establishing
Event —  Sequence the DSS on the Fuel fuel Relationships
Analysis Analysis (DSS) Qualification Analysis Qualification and Risk
Safety Effects on Characteristics
R and phenomena
Functions the Fuel
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METHODOLOGY

STAGE 1 — Dry Storage System Analysis

STAGE 1
Initiating Accident Impact on
Event —  Sequence the DSS ——
Analysis Analysis (DSS) Qualification
Safety
Functions
20 September 2022 SFC Annual Meeting

STAGE 2 — Spent Nuclear Fuel

STAGE 2

Consequences

JRRTIA ]

| Impact on the

J P

20 September 2022 SFC Annual Meeting
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METHODOLOGY

STAGE 3 — Establishing Relationships

20 September 2022

20 September 2022
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STAGE 3

11

12
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DEVELOPMENT OF THE WORK STAGE 1 - Storage System Analysis

Scoping

Fuel Types in the scope:
*« BWR
« PWR

Dry Storage Systems in the scope:
e Canister + Overpack

e Dual Purpose Cask

20 September 2022 SFC Annual Meeting 13

S|

DEVELOPMENT OF THE WORK STAGE 1 — Storage System Analysis

What can be found in references by DSS designers and regulators?

Tip over

Drop

Flood

Fire

Explosion
Lightning
Earthquake

Loss of Shielding
Adiabatic Heatup
Tornado

Missiles generated by natural phenomena

20 September 2022 SFC Annual Meeting 14
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DEVELOPMENT OF THE WORK

Accident Sequence Analysis

Initiating Events Accident
Earthquake Tip over
Handling device failure Drop
Damm breach / Tsunami Flood
Transfer vehicicle fire Fire

On / off-site explosion Explosion
Electrical storm Lightning

Tornado Missiles generated by

natural phenomena

20 September 2022 SFC Annual Meeting

S|

DEVELOPMENT OF THE WORK

Accident Sequence Analysis — Cask Tip-Over Example

Initiating Events Accident
Tornado / hurricane winds
Missiles  generated by
natural phenomena
Tip-Over

Flooding (water drag)
Earthquake

Lifting device failure

20 September 2022 SFC Annual Meeting

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

SFC Training materials

STAGE 1 — Storage System Analysis

Consequences to de
DSS

Loss of Shielding

Lid ovalization

Adiabatic Heatup

Loss of Shielding

15

STAGE 1 — Storage System Analysis

Consequences to de
DSS

Overstress and deformation of certain
structural components (e.g., shell,
lids, bolting, support channels, etc.).

Overstress and deformation of basket
plates.

Localized decrease in
material thickness.

shielding

General temperature increase due to
horizontal reorientation.

CRUD detachment.

16
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DEVELOPMENT OF THE WORK STAGE 1 — Storage System Analysis

How do we evaluate the severity of an accident from the DSS point of view?

SAFETY FUNCTIONS

+ Criticality Control (CC) Severity from the DSS point of view is established as the sum
of the number of compromised Safety Functions.

¢ Structural Support (SS)
(0to 6)

* Heat Transfer (HT)

» Confinement (CF) | 0 ‘ 1 ‘ 2 | 3 | 4 | 5 -

¢ Radiation Shielding (RS)

« Retrievability (RT)

20 September 2022 SFC Annual Meeting 17

S|

Accident Sequence Analysis — Cask Tip-Over Example

DEVELOPMENT OF THE WORK STAGE 1 — Storage System Analysis

Consequences to de

DSS
) . Total number of compromised Safety Functions:
Overstress and deformation of certain structural components
(e.g., shell, lids, bolting, support channels, etc.). (CF, SS, RT, HT, RS, CC) -> 6

(CF, SS, RT, HT)

Overstress and deformation of basket plates.

(CC, SS, HT, RT)

Localized decrease in shielding material thickness.

(RS)

General temperature increase due to horizontal reorientation.
(HT)

CRUD detachment.
(No consequences to the

SEVERITY FROM THE DSS POINT OF VIEW:

DSS)
20 September 2022 SFC Annual Meeting 18
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Accident Sequence Analysis — Lightning Example

DEVELOPMENT OF THE WORK STAGE 1 - Storage System Analysis

Consequences to de

DSS
. ) . ) Total number of compromised Safety Functions:
Local temperature increase in the point of impact under
allowable limits. (None) ->0

(No consequences to the DSS)
SEVERITY FROM THE DSS POINT OF VIEW:

20 September 2022 SFC Annual Meeting 19

S|

DEVELOPMENT OF THE WORK STAGE 2 — Consequences in the Spent Fuel Analysis

How does an accident affect the fuel?

* Normally, DSS documentation does not go into detail regarding the effects of an accident in the
fuel.

¢ Consequences in the container can be seen as the initiating events for the effects in the fuel.

Examples:
« Accelerations in the container -> Accelerations in the fuel -> Induced buckling or flexion
¢ Fire in the container -> Loss of heat transfer -> Cladding temperature increase

* Flooding in the container -> Change in moderation conditions

20 September 2022 SFC Annual Meeting 20
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DEVELOPMENT OF THE WORK STAGE 2 — Consequences in the Spent Fuel Analysis

Consequences in the Fuel - Cask Tip-Over Example

The fuel might suffer deformations and damages due to the
accelerations induced on it, grid-to-rod fretting, or it might be
crushed and hit by violent contact with the components of the

DSS (basket plates) or other fuel assemblies.

Rearrangement of the fuel assemblies within the storage
system basket, both from the DSS horizontal reorientation and

the deformation of the basket plates.

CRUD detachment.

20 September 2022 SFC Annual Meeting 21

S|

DEVELOPMENT OF THE WORK STAGE 2 — Consequences in the Spent Fuel Analysis

How do we evaluate the severity of an accident from the SNF point of view?

Mechanical Effects (ME):

- Cladding failure, either with breached (punctured) or damaged rods

- Rod/ assembly deformation without cladding failure

Severity from the SNF point of view is
established as the sum of the number of

Thermal Effects (TE): Effects on the fuel.
(0to 3)

- Changes to the assembly axial alignment without cladding failure

- Heating of the cladding
- Repeated heating and cooling cycles “- ‘

Criticality Effects (CE):

- Any effect that will result in a variation of the effective neutron

multiplication factor kg

20 September 2022 SFC Annual Meeting 22
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DEVELOPMENT OF THE WORK STAGE 2 — Consequences in the Spent Fuel Analysis

Consequences in the Fuel - Cask Tip-Over Example

The fuel might suffer deformations and damages due to the

accelerations induced on it, grid-to-rod fretting, or it might be Total number of Effects:
crushed and hit by violent contact with the components of the (ME, TE, CE) -> 3

DSS (basket plates) or other fuel assemblies.

(ME, TE, CE)
SEVERITY FROM THE SNF POINT OF VIEW:

Rearrangement of the fuel assemblies within the storage
system basket, both from the DSS horizontal reorientation and

the deformation of the basket plates.
(TE, CE)

CRUD detachment.
(No effects from the Safety Point of view)

20 September 2022 SFC Annual Meeting 23

DEVELOPMENT OF THE WORK

Summary of Results Accident Severity from the DSS and the SNF points of view

e Tip-Over

e Drop

e Fire

* Explosion

¢ Lightning

¢ Object Impact

¢ Flooding

e Burial Under Debris

« Extreme Temperature Changes
¢ Supplemental Cooling System Failure
¢ Blockage of Air Inlets

20 September 2022 SFC Annual Meeting 24
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Accident Severity Evaluation Conclusions

DEVELOPMENT OF THE WORK

The severity of an accident in the DSS in not necessarily related to the severity in the SNF, as it

can be seen in the case of flooding or medium object impact.

Accidents involving movement of the DSS (Tip-Over and Drop) can have the greatest effect on

the fuel, which confirm the prioritisation of their analyses.

A number of analyses that are not of great relevance from the DSS nor SNF damage point of view

are identified (explosion, lightning, small object or extreme temperature changes).

20 September 2022 SFC Annual Meeting 25
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NEXT STEPS

STAGE 2 (Continuation)

Review of documentation and references applicable to LWR fuel, identifying the most common
degradation mechanisms, classifying them and establishing their applicability or likehood of
occurrence based on operating parameters, e.g.:

- Burnup (+- 45 Gwd/MTU)

- Cooling time in spent fuel pool

- Dry Storage time (extended 20+ years) / RN
- Temperatures during the loading of the \ /

Dry Storage System

20 September 2022 SFC Annual Meeting 27

Thank youl!

20 September 2022 SFC Annual Meeting
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3.2 Spectroscopic investigation of fission and activation products
in irradiated light water reactor fuels; T. Kdnig, R. Dagan, K.
Dardenne, M. Herm, V. Metz, T. Pruessmann, J. Rothe, D. Schild,
A. Walschburger, H. Geckeis; WP8 SFC Annual Meeting 2023;
11/01/2023

=

|

=
e U i
Joint Programme

European
on Radioactive Waste Management
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/¢ NCUT eu -

2 . i European Joint Programme
Spent Fuel Characterization i1 e |nstitute of Technology on Radioactive Waste Management
and evolution until disposal

ol

Spectroscopic investigation of fission and activation products in
irradiated light water reactor fuels

EURAD SFC Annual Meeting 2023, Wettingen

T. Konig*, R. Dagan, K. Dardenne, M. Herm, V. Metz, T. Pruessmann, J. Rothe, D. Schild, A. Walschburger and H. Geckeis
Karlsruhe Institute of Technology (KIT), Institute for Nuclear Waste Disposal (INE), P.O. Box 3640, 76021 Karlsruhe Germany

- This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant
agreement N°847593

01.11.2023 WP8 SFC Annual Meeting 2023 “koenig tobias@kit.edu

S|

Outline

e Introduction:

e Experimental:
» Examined fuel types — High burn-up UOy and mixed oxide (MOX) fuel
» Spectroscopic analysis — Interaction layer between fuel and cladding
e SEM-EDX and XPS analysis

* XAS analysis

e Summary

eu

L 4

01.11.2023 WPS8 SFC Annual Meeting 2023 2 r
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oA ! ,

Spent Nuclear Fuel (SNF) B s @ " '%

« Composition of SNF (4.0% 2%°U, 52 GWd/t,,) utilised in a light water reactor (LWR) for ~ 4 years:

Cladding: C, Cl, Sh, Co

* 93.4% UO, matrix: Gap: C, 1, Cs, Se, Tc, Cl
Rim: Pu enrichment

929 238U, < 19% 235U, < 0.5% 235U *‘ Fuel matrix

* 1.2% transuranium isotopes / actinides: -

1% 2%9Pu, 24%Puy, 24Py, 2"Np > 244Cm > 2*1Am, etc.

e 5.4% fission products:

1.7% "°Se, S, 135 137th.

1.6% lanthanides

., Coarss fuel grains

1.3% e-phases (*°Tc, 1°9Pd, etc.) Cxide precipitates:

0.8% fission gases (krypton, xenon) o ion e

* Activation products: ==) Heterogenous distribution of radionuclides.

e.g. ““C, 93z mmm) | 35Cl (n,y) 3CI

Source: Hippler, Reaktorchemie, Leibniz Universitat Hannover (2004). e UL
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Interaction layer between fuel and cladding

e Cross section of a nuclear fuel pellet:

Pellet: Radial cracks due to temperature gradient during irradiation;

migration pathways for radionuclides in the SNF pellet.

Cladding: Built-up of an external ZrO, layer due to primary circuit water

corrosion; thin ZrO, layer on the inner side due to Zr / UO, reactions.

Gap: Closed at burn-ups > 40 GWd/t,,,; Formation of an

10.75mm interaction layer.

Possibility of transport of volatile fission and activation products to the cladding during
irradiation and subsequent chemical reactions between fuel and cladding! .

01.11.2023 WP8 SFC Annual Meeting 2023 4 r
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Air outlet Air outlet

—

e Interim dry storage of used fuel assemblies in . -

=

“ Air inlet

Dry interim storage Airinlet |

Dual-purpose cask

dual-purpose casks:

» Dual-purpose cask (e.g. CASTOR ®) guarantees
shielding of radiation, as well as a temporary,
safe enclosure of radionuclides.

« Decay heat dissipated by air circulation. ~ 4000 mm

* However, final repositories in many countries
not operational yet.

mmm) Necessity of prolonged interim storage until construction
and commissioning of a final repository site!

PWR fuel assembly

1

Sources: GNS, CASTOR® V/19, ~ 108t e U
8

Nuclear Engineering International (2003).
01.11.2023 EnBW Kraftwerk AG WP8 SFC Annual Meeting 2023
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Dry interim storage

¢ Several phenomena affect the cladding integrity

during interim storage:

~ 5940 mm

* Increase in pressure due to swelling of the pellet

and ongoing a-decays.

 Irradiation damage of cladding via a-decays.

e Cracking due to hydride re-orientation.
Zr+2H,0— Zr0, +2H,

» Corrosion of cladding induced by fission and

activation products.

mmm) Formation of agglomerates on the inner
side of the cladding due to thermal
gradient in SNF and possibility of halogen
induced stress corrosion cracking.

01.11.2023 WP8 SFC Annual Meeting 2023
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Final disposal

« Deep geological disposal:

« Multibarrier concept: technical (e.g. waste matrix, cladding),
geo-technical (e.g. buffer, backfill) and geological barriers

(e.g. host rock, overburden).

« Oxygen trapped in deep geological repository after its closure
will be consumed e.g. by bacteria, reducing minerals and
aerobic corrosion of outer layers of waste canisters. ‘ Safety analyses require profound
knowledge on the occurence and

chemical behaviour of long-lived and
leads to anaerobic corrosion of metals, mainly corrosion of dose relevant radionuclides (e.g. 36Cl,

. 129) 135
iron. I, 1°°Cs).

« Subsequently, ground water in contact with metallic canisters

e H, pressure build-up = 50 bar in repository.

https://www.grimsel.com/gts-if ‘mation/\ disposal iew/the-engineered-barrier-system (02.11.2021).
https://www.einblicke.de/fileadmin/images/magazin/Einblicke_6/Kriterien_zur_Endlagersuche.jpg (04.04.2022). e l_lL
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Open questions

¢ In which condition is the fuel-cladding interface during interim storage and will it impact the integrity of the

cladding?

* In which chemical speciation are possible cladding degrading elements such as chlorine or iodine present in
SNF and cladding?

mmm) Reducing uncertainties on degradation processes.

01.11.2023 WP8 SFC Annual Meeting 2023 8 r
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=

SNF specimens

Fuel rod segment NO204, irradiated in the Fuel rod 5810, irradiated in the pressurised water
pressurised water reactor Gosgen (CH): reactor Obrigheim (DE):
e Fuel type: UOy, initial 3.8% 2°°U enrichment  Fuel type: MOX, initial 3.2% Puj, enrichment
(NIKUSI). (OCOM).
« Cladding alloy: Zircaloy-4. « Cladding alloy: Zircaloy-4.
« Full power days: 1226 days in 4 cycles. . * Full power days: 1157 days in 4 cycles.

« Average linear power: 260 W/cm. * Average linear power: 200 W/cm.

« Average burn-up: 50.4 GWd/t,,. * Average burn-up: 38.0 GWd/t,,.

« Decay time: ~ 32 years. « Decay time: ~ 36 years.

01.11.2023 WPS8 SFC Annual Meeting 2023 9 r

Preparation of the SNF specimens

Segmentation of the SNF specimens in specially equipped laboratories (hot cells).

Use of a cutting machine Isomet® Low Speed Saw (11-1180, Buehler Ltd).

Equipped with a diamond wafering blade Isomet® (11-4254 Buehler Ltd).

Mechanical
defueling

Mechanical defueling of SNF specimens:

« Fuel fragments.

« Zircaloy cladding segments.

Zircaloy segment

7

Hot cells of INE

Saw in hot cell

ry

01.11.2023 WP8 SFC Annual Meeting 2023 10 r
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=

Spectroscopic measurements

e Preparation of fuel fragments and Zircaloy segments for spectroscopic analyses:

« Scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX)

« X-ray Photoelectron spectroscopy (XPS)

XAS measurements for
Cl and | speciation

« X-ray absorption spectroscopy (XAS)
»

Karlsruhe Research Accelerator (KARA)

SEM-EDX & XPS measurements _ |

01.11.2023 WPS8 SFC Annual Meeting 2023 11 r
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Spectroscopic measurements: SEM-EDX and XPS

« SEM-EDX: * XPS:
¢ Measurements were performed by use of a ¢ Measurements performed on an ULVAC-PHI
Quanta 650 FEG. VersaProbe Il spectrometer.
« Accelerating voltage: 15 kV; beam current: 1 nA * Mg Ka (E = 1253.6 eV) and Al Ka (E = 1486.7

« Information depth in range of few pm. eV) radiation sources.

¢ Information depth in range of few nm.

bath prior to measurement.

SEM-EDX

01.11.2023 WPS8 SFC Annual Meeting 2023 12 r
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INE-Beamline and CAT-ACT station at the KIT light source

* INE-Beamline fully operational since October 2005 (2nd dedicated beamline for radioactive materials in Europe).
* CAT-ACT station fully operational since fall 2016.
* Energy range 2.1 — 55 keV, bending magnet (INE-Beamline) or superconductin wiggler source (CAT-ACT).

Both stations are licensed for working with 106 the exemption limit and up to 200 mg of fissile 2°U and 23°Pu within a double

containment.

Synchrotron radiation
facility

KIT-INE

01.11.2023 WPS8 SFC Annual Meeting 2023 13 r

=l

Spectroscopic analysis — SEM-EDX SEN-EDX

analysis Zry-UOy
alkaline defueled O
‘ (NH,),CO; / H,0, —

« Zircaloy in contact with spent UO, / MOX fuel: c

1
a uTe Wy
Te Tey, Te

dy Te oo B2

¢ SEM-EDX: Cl, Te, |, Cs, Fe, Zr, Ba, U.

Intensity [a.u.]
g

SEM-EDX
analysis Zry-UOy
mechanically 14 . : . : ; ) ; ;
defueled n . a 3 a i H T N
Binding energy [keV]
4000
E
E 3000 Zum At.-% for ates on alkaline i
@ o c Al al z T u
2 i A% for crystalline precipitate [ c | o |~ | o [ x| | | & | u]
£ (2 n_“ 51.1+1.1 344314 04301 0802 60:02 27:0.5 19105 12:02  1440.1
- c Cs
1000 i u 60.9:3.13 14.33:0.74 2.67:0.35 22.140.70
Cs
0 T T T T T T T
2 4 6 8 10 12 14
Binding energy [keV]
- o
eurad,
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Spectroscopic analysis — XPS

 XPS analysis confirms Chlorine in oxidation state -1 as Chloride (Cl):
* Binding energy Clp,, for metal chlorides: ~198.5 - 199 eV.

4 * All spectra superposed by minor intensity of U 5p;,.

7220 'ﬁ : .
| Area3 Ea |
8 %
i i . 3
st 2 v ]
g b ° s ciap,,
3 § Ea i 5 ! cl2p Ciapy,
4r 2. B g & 2 4
8 i :
e k 2
I j 3 14
z 8
2r e 8 o T
“.‘e?gé'g 4 3 W2 01 __200_ W0 18 W97 18 15 200 0 25 X1 0% W W e W 1
L u aa 9.6 il Burding Energy (aV) Binding Energy (]
d S )0 Zry-Uo, Zry-MOX
0 1200 1000 800 400 200 0 At.-% for analysed Zry-MOX area

g Evry (1) o | o |« | | o | & ]| u_| e o

XPS survey, Al K, mono. X-ray excitation {1486.7 eV)
79.7+12.0 1.8+0.3 0.210.1 1.0£0.2 4.310.6 5.7+0.9 7.311.1 e U 5
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* Knowledge on the chlorine (and iodine) inventory and speciation in fuel and Zircaloy afflicted with large uncertainties.

Spectroscopic analysis — XAS

« Initial maximum impurity assumptions of up to 25 ppm Cl in the fuel and 20 ppm Cl in Zircaloy-4 cladding [HAK19].

» First ever XAS measurements for chlorine (and iodine) speciation in fuel and cladding. === Complex mixed phases in case of chlorine.

4 [—— CsCl (reference) 20 T T T T T T ]—"Ccsl (reference)|
o] — zry-4 (non-irradiated) [——Ki (reference)
. | o, |——uo,
— ziy-4 uo . . . . . . .
=~ 354 vox S1s4 2ry-4 U0,
£l 3 |—— Mox
S |— 2zry-4 MOX < o 10
= 30 c |— zry-4 MOX
S -
S = El
g g s
g 254 510 E
£ ki g
S 209 o g
3
£ 6] 2 2 os
s S 05+ £
S 10 S 2
z M [——"SNF (fluo. yield)
CsCl (transm.)
054 00 00
007 T T T = . . . . . 35920 35960 36000 36040 36080 36120
2810 2820 2830 2840 2850 33140 33160 33180 33200 33220 33240 E(eV)
Energy (eV) Energy (eV) - 5
[HAK19] S. Hakkinen, Impurities in LWR fuel and structural
materials, VT, Finland (2019). e U
i 3

01.11.2023 WP8 SFC Annual Meeting 2023 16 r

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 369

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

E. Curtietal.*
FeSe(-1);

=

% FeSe(-11)
Spectroscopic analysis — XAS E
-g 2nse(-1l)
« Initial analysis confirms results obtained by E. Curti et 25 o) T E
e -
al.* (PSI, SNF bulk sample obtained by FIB): Se is -
present as Se(-Il) in UO, lattice replacing oxygen. ~ 207 E
=)
é z
» Se K-EXAFS point to U in the first Se coordination & 15+
sphere. %
K]
N (1) 70, N
* Selenium (same as tellurium) are reacting strongly £
o
with zirconium-based cladding tubes. = 054
’ FeSe(-Il)
. . ) — Na,Se(IV)0,
¢ However, in presence of caesium, formationofCs- | .2z . Se metal
0.0
selenides / Cs-tellurides is thermodynamically T T
12640 12660 12680 12700
preferred, reducing reactions with the cladding. E (eV)
* E. Curti et al., Environ. Sci.: Processes Impacts 17, 2015, E. Curti et al., Journal of Nuclear Materials 453, 2014 £

el
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Spectroscopic analysis — XAS

12

¢ Measurements in UOX fuel: Mo K, Ru K, Pd K, Tc K,

Te K — Rh hampered due to Rh coated mirrors! "

£,-20000 ev 0.8+

Eg=22117 eV

0.6

Mo K Ru K

0.4+

norm. absorption (a.u.)
norm. absorption (a..)

normalized fluorescence yield relative to Mo

L o metalof wl = R oA
SNF Mo K edge] SNF Ru K edge
0.2+
energy (eV) energy (eV) - 0.324 0324
[o] . ..
. . 0.0+
B 50 Ru 0223 0203
10 E,=24350 eV 10
3 3 AE (eV) Pd 0135 0114
g 5" Tc 0.056 0072
E o Pd K . ‘ Measurements on MOX (38.0 GWd/t,,)
2 i TC K f d. Dat lvsi ! Te 0.017  0.040
s : . were performed. Data analysis ongoing.
§ §
02 i Fe Pd metal foil 02 I Te(V)0,
i —— SNF Pd K edge| i SNF Tc K edge]

26300 20350 2000 2050 Pt 21040 21080 220 21160

energy (eV) energy (eV) e U
L
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Summary

¢ First ever measurements of Cl K- and | K-edge in high active waste specimens (SNF and

Zircaloy).

¢ Agglomerates in interaction layer consist, amongst others, of halogen-rich mixed phases (Cl and I),

as well as Cs, Te, Ba, U and Pu.

« However: For profound statement on cladding integrity, experiments for mechanical stability

(e.g. nanoindentation) are necessary.

Femto-Indenter FT-104
Soon to be established in controlled
area of KIT-INE

eu
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4. Participation to a Conference

o Verification and validation of MCNP/CINDER burnup capabilities; S. Panizo, CIEMAT; 46th
Annual Meeting of the Spanish Nuclear Society; 06 - 08/10/2021

e Evaluating Peak Area Uncertainties in Connection to Passive Gamma Measurements of Spent
Nuclear Fuel; V. Solans, UU; TopFuel conference, Santander, Spain; 24 -28/10/2021

e Spent Fuel Characterization to Support NPP Krsko Spent Fuel Dry Storage Project; M.
Kromar, JSI; 13th International Conference of the Croatian Nuclear Society; 05 - 08/06/2022

e Passive neutron and gamma technique for spent nuclear fuel characterisation; V. Solans, UU;
IAEA CRP spent fuel characterization ; 22 — 23/09/2022

o Recent Spent Fuel Research at VTT; S. Hakkinen, P. Juutilainen, L. Vaara, R. Tuominen;
Nuclear Science and Technology Symposium 2022 (SYP2022); 27/05/2021

e Rossi-Alpha distribution analysis of DDSI data for spent nuclear fuel investigation ; V. Solans,
UU; Symposium on International Safeguards: Reflecting on the Past and Anticipating the
Future; 31/10-04/11/2022

European Joint Programme
on Radioactive Waste Management

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

Page 372



EURAD Deliverable 8.3 SFC Training materials

4.1 Verification and validation of MCNP/CINDER burnup
capabilities; S. Panizo, CIEMAT; 46th Annual Meeting of the
Spanish Nuclear Society; 06 - 08/10/2021

& 7l
e U o 3 -
European Joint Programme

on Radioactive Waste Management
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Verification and validation of
MCNP/CINDER burnup capabilities

Impact evaluation of the nuclear data library cinder.dat

Sonia Panizo Prieto, Francisco Alvarez-Velarde, Daniel Cano Ott.
CIEMAT - Unidad de Innovacién Nuclear.

Sonia.Panizo@ciemat.es

Introduction

» The characterization of spent nuclear waste is essential for its safe
management given that it is the source of decay heat, neutron emission
and gamma emission, coming from unstable isotopes.

 The EU EURAD (European Joint Programme on Radioactive Waste
Management) project includes a Work Package devoted to Spent Fuel
Characterization and Evolution Until Disposal, where this work is framed.

e Burn-up calculations are needed for this characterization. They are based
on the coupling of codes for neutronics and isotopic evolution with the
irradiation. Tools dedicated to burn-up are usually validated using the
SFCOMPO database (available at the OECD/NEA).

* This work includes the validation of two burn-up codes, EVOLCODE and
MCNP/CINDER, with light water reactor experimental data from the
SFCOMPO database, and their verification when both use the same basic
neutron library.
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MCNP/CINDER & EVOLCODE

* MCNP: general-purpose Monte Carlo N-Particle code that simulates neutron,
photon and electron transport.

e CINDER: burnup code that calculates the isotopic inventory evolution of irradiated
materials. It uses a self-contained library file, cinder.dat, that includes fission yields,
decay data and cross-sections distributed among 63 energy groups.

o EVOLCODE: burnup code developed at CIEMAT that incorporates neutron
transport and depletion evolution, by means respectively of MCNP and ORIGEN or
ACAB codes. It also incorporates a predictor/corrector method.

dN v Tr= - - - - -

P —Nin () + Y + Z Ny () Py V@) + 2, = s"'(7) + vE(P) ()

N, (t): atomic density of isotope "m” v -j(f') dV: neutrons in dV that escape without interaction
Bm: transmutation probability of isotope “m” 2, (F)p(#)dV: captured neutrons in dV

Y2 production rate of isotope “m” s""(#)dV: neutrons from external source in dV

Py transmutation probability of isotope "k” to “m” vEp(#)¢(#)dV: neutrons produced by fission in dV

Takahama-3

e Takahama-3. Japanese light water reactor (LWR) operated by Kansai Electric Power
Company (KEPCO).

e Three fuel rods of the assembly NT3G23 from Takahama-3 which are referred to
as SF95, SF96 and SF97, were reproduced in both codes, MCNP and EVOLCODE.

e SF95-5 fuel pin selected — EURAD. Single model includes cladding and moderator.

Fuel assembly NT3G23 from Takahama-3.

Operating history of SF95 fuel rod in Takahama-3.

Beginning  Ending Days Status
26/08/199 15/0.12/199 385 Burnup
15/0?/199 14/0?/199 88 Cool
14/05/199 19/06/199
1 2 402 Burnup
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Results - actinides

SFC Training materials

The (C/E) values show a good

agreement between calculations and

experimental values for the actinides.

e For the wuranium isotopes: 3-4%

difference for 23U and even better

agreement for 236U and 238U.

o Llargest discrepancies between the

simulations and the experimental data:
244,245246Cm.

e Relevant discrepancies for 23Pu and

239py,

C/E
MCNP/CINDER EVOLCODE
U-234 0.91 0.91
U-235 1.03 1.04
U-236 1.01 0.99
U-238 1 1
Pu-238 1.12 1.15
Pu-239 1.12 1.14
Pu-240 1.07 1.07
Pu-241 1.07 1.09
Pu-242 1 1
Am-241 1.12 1.09
Am-242m - 1.29
Am-243 1.04 1.09
Cm-242 1.03 1.04
Cm-243 1.01 1.05
Cm-244 1.17 1.24
Cm-245 14 1.52
Cm-246 1.73 1.86

Results - fission products

The fission

products also show a good

agreement except for 2>Sb and ">“Eu.

C/E
MCNPéCINDE EVOLCODE

Cs-137 0.97 0.96
Cs-134 0.98 0.98
Eu-154 1.13 1.25
Ce-144 0.97 0.96
Sb-125 2.07 2.26
Ru-106 1.09 1.13
Nd-142 0.88 0.91
Nd-143 0.97 0.98
Nd-144 0.96 0.95
Nd-145 0.97 0.98
Nd-146 1 1.01
Nd-148 1 0.99
Nd-150 0.99 1
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Results - 154 Eu

The discrepancy in this isotope comes from
the thermal 23°Pu cumulative fission
product yields for '53Eu between JEFF-3.3
and ENDF/B-VI:

FY
(cumulative)

Pu-239 361-1072 590-1073

ENDF/B-VI JEFF-3.3

Library cinder.dat in MCNP

MCNP supersedes all the cross-
section data in cinder.dat for those
isotopes and reactions  with
transport information.

No information about fission
yields is updated from the
transport data file.

This has been verified using the
SF95-5 model with a single burn-

up step of 120 days to ease the
subsequent analysis.
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To this end, three calculations
have been performed, replacing
in cinder.dat information from
the JEFF-3.3 data:

* XS: Only the cross-sections are
replaced.

* XS+FY: The cross-sections and
the fission product yields are
replaced.

» XS+FY+HL: Cross-sections,
fission product yields and half-
life data are replaced.
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Isotope XS XS +FY XS+ FY +HL Isotope XS XS +FY XS+ FY + HL
U-233 -1.50 % -0.50 % -0.50 % Nd-142 -0.10 % 0.00 % 0.00 %
U-234 0.00 % 0.00 % 0.00 % Nd-143 0.10 % -0.20 % -0.20 %
U-235 0.00 % 0.00 % 0.00 % Nd-144 0.00 % -6.80 % -6.80 %
U-236 0.00 % 0.00 % 0.00 % Nd-145 0.10 % 0.70 % =
U-238 0.00 % 0.00 % 0.00 % Nd-146 0.10 % 0.30 % -0.20 %

Np-237 -0.10 % -0.10 % -0.10 % Nd-148 0.00 % 2.50 % 2.50 %
Pu-238 -0.10 % -0.20 % -0.10 % Nd-150 0.00 % 0.70 % 0.70 %
Pu-239 0.00 % 0.00 % 0.00 % Pm-147 0.00 % 0.20 % 0.10 %
Pu-240 0.00 % -0.10 % -0.10 % Sm-147 0.00 % 0.20 % 0.10 %
Pu-241 0.00 % -0.20 % -0.20 % Sm-148 34.60 % 34.70 % 34.60 %
Pu-242 0.00 % -0.20 % -0.30 % Sm-149 -0.60 % -5.50 % -5.50 %
Sr-88 0.00 % 0.20 % 0.20 % Sm-150 -0.20 % -4.90 % -4.90 %
Sr-90 0.10 % -2.00 % -2.00 % Sm-151 0.10 % 1.90 % 2.00 %
Mo-95 0.00 % 0.00 % -0.10 % Sm-152 0.00 % -230% -2.30%
Tc-99 0.10 % 0.20 % 0.20 % Sm-153 0.10 % -7.20 % -7.20 %
Ru-101 0.00 % 0.20 % 0.20 % Eu-151 0.10 % 2.00 % -3.10%
Ru-106 0.00 % 2.70 % 2.70 % Eu-153 0.00 % -7.70 % -7.70 %
Rh-103 0.00 % 1.90 % 1.90 % Eu-154 -0.70 % -12.10 % -7.30%

Ag-109 0.10 % -21.80 % -21.80 % Eu-155 0.00 % -1.80 % -1.80 %
Sbh-125 0.00 % -18.80 % -18.80 % Gd-154 -2.10% -11.10% -7.40 %
1-129 0.00 % 27.80 % 27.80 % Gd-155 0.00 % -1.90 % -3.50 %
Cs-133 0.10 % -0.60 % -0.60 % Gd-156 0.00 % -8.40 % -8.30 %
Cs-134 -1.10% -1.90 % -1.90 % Gd-157 0.00 % -7.90 % -7.90 %
Cs-137 0.00 % -1.70 % -1.70 % Gd-158 0.00 % -16.90 % -16.90 %
Ce-144 0.10 % -7.20% -7.20%

Results - 148 Sm

XS + FY +
HL

Sm-148 34.60 % 34.70 % 34.60 %

Isotope XS XS + FY

There is a lack of cross-section data in
JEFF-3.3 for capture in '“7Pm leading to
148MPm, one of the parents of 8Sm (with
a half-life of 41.3 d, larger than the 147y, |148Fy [ 149 |150Ey |151Fy,
ground '8Pm, with 5.37 d), allowing an
extra accumulation of 8Sm with JEFF-
3.3.

148Gd 149Gd 150Gd 151Gd 1526d

146 645, 1475m

145Pm 146Pm

144Nd 145Nd 146Nd 147Nd 148Nd
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Results - 1°° Ag

XS + FY +
HL
Ag-109 0.10 % -21.80 % -21.80 %

Isotope XS XS + FY

The discrepancy in this isotope comes from
the cumulative fission product yields in JEFF-
3.3, which are smaller than in ENDF/B-VI for
the most relevant tables. 23°Pu is the largest
contributor.

FY
(cumulative)

U-235 312-107* 285-10~*
U-238 252-1073 1.62-1073
Pu-239 148-107% 1.11-10 72

ENDF/B-VI JEFF-3.3

Results - 1291

Isotope XS XS + FY ASEARG

1-129 0.00 % 27.80 % 27.80 %

The discrepancy in this isotope comes from
the cumulative fission product yields in JEFF-
3.3, which are smaller than in ENDF/B-VI for
the most relevant tables. 235U is responsible
for the 90% production.

FY

(cumulative) ENDF/B-VI JEFF-3.3

U-235 543-1073 814-1073

[ PECE TR s B S N FO =
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Results - 125Sb

XS + FY +
HL
Sb-125 0.00 % -18.80 % -18.80 %

Isotope XS XS + FY

Again, the discrepancy in this isotope comes
from the cumulative fission product yields.
The 80% of its mass appears as cumulative
fission yield from the 238U fast fission table.

FY
(cumulative)

U-238 485-107* 2.10-10~*

ENDF/B-VI JEFF-3.3

Results - 18 Gd

3 . XS + FY +
The discrepancy comes from two different Isotope XS XSEHEY, HL

sources. Gd-158 0.00 % -16.90 % -16.90 %

e Discrepancy ~7000 b between ENDF and
JEFF in capture cross-section of 15Gd
(sufficiently small).

¢ Formation of %8Gd as fission product and
again discrepancies come from the 7
cumulative fission product yields.

FY
(cumulative)

U-238 329-107° 196-107° =

ENDF/B-VI JEFF-3.3
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Conclusions

e General good agreement between calculations with EVOLCODE and
MCNP/CINDER and experimental values have been obtained for a simple model
of the Takahama-3 benchmark.

» Some severe discrepancies in the fission products between codes led to a more
in-depth study of the MCNP and CINDER coupling.
e Identification of an inconsistent use of cinder.dat in MCNP.

» The replacement of data from JEFF-3.3 in cinder.dat has a substantial impact is
for some of the fission products, especially in the case of the fission yield data
substitution.

e It is necessary to create a new version of the cinder.dat library replacing all the
data by JEFF-3.3 data if coherent estimations are desired.
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4.2 Evaluating Peak Area Uncertainties in Connection to Passive
Gamma Measurements of Spent Nuclear Fuel; V. Solans, UU;
TopFuel conference, Santander, Spain; 24 -28/10/2021
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In this study, the objective is to estimate the uncertainty in the peak area determination of those radionuclides from the SNFs using results of passive gamma-ray measurements. In particular the uncertainty coming from the

tted models |

The signal part of the full-energy peak is here proposed to be described using a
Gaussian function and a tailing function.

Gaussian function

P@) = a1 - eap(~(z — 1)*/0%) (O]
Tailing function
T(x) = a3 - (exp(Blz — 1)) - (1 — ezp((~1/0%)(z — p)*) - 6 @)
Background function

B(z) = ay - er fe((z — p) /o) + constant (:
where aj, az and ag are scale parameters, y is the mean value of the Gaussian peak,
and o is related to the width of the peak. d takes the value 1 when z < p and 0
when z is above p.  are the channels of the spectrum (proportional to the energy
deposited).

Numerical integration

Numerical integration using best fitted model, NIgrys
For this method the background is simultaneously fitted together with the peak.
Le., the background level is determined from the best fitted model (the model that
fits the data the best between the one with or without the tailing term).

i fitting using only edge channels, NIp
In this method, a sequential fit of the peak and the background is performed. First
the full spectrum is fitted. Subsequently, the parameters defining the the full energy
peak are fixed. Finally, the background parameters (er fc function and constant
value) are fitted using only the edge channels. By first defining the peak and
subsequently fitting the background in a region where the spectrum is dominated
by the background, a better fit to the background can be obtained. Since the NI
(Numerical Integration) methods only need a good method to define the background
level, this method is considered to be best practise and is the reference method for
the paper.

On average, the numerical integration gives higher uncertainties than the other methods tested in this study on the full-energy peak area

after subtraction of the background. However other methods such as the fitted models has uncertainties that cannot be trusted for x2 >>1.
Therefore this method (integration using only the edges, I Ng) should be used in similar cases.
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parameters of the models will be investigated, and compared for the different models.

Arca uncertainty = 1/Jarea * Jparametcrs * COU % Jhrumcters * Threa @
where Cov is the covariance matrix of the parameters of the fit given by the "fit” function of the Imfit package in Python. Jpsrameters is the
Jacobian of the fitted model with respect to the parameters of the fit. Jaea is the Jacobian of the function that described the peak area,
with respect to the predicted count per channel. This is one of the methods that can be used to account for a non-perfect parameterisation
of the data.

To compute the uncertainty for the numerical integration methods, it was decided to use again Eq. 4, and the square root of the total area:

Area uncertainty = \/ (Vtotal area)? + (uncertainty from Eq.4)? (5)
For the numerical method NI, the ratio between the v/total area and the uncertainty from Eq.5 is compared. In average, the v'total area
is 1.43 higher than the uncertainty from Eq.4. The minimum ratio in the 166 spectra measured on 42 assemblies at Clab, is 1.08, and the
maximum ratio is 1.63. Therefore in all the spectrum the v/total area component of the uncertainty is the bigger.

‘Gauss and erfc background without tailing function
Gauss and erfc background and with one tailing function
Nurnerical integration using only the sides

Numerical integration using the best fitted model
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Fig. 1: Ratio of the full-energy peak area uncertainty for all models with respect to the ~ Fig. 2: Relative uncertainty of the full-energy peak area uncertainty for all models

numerical integration using only the cdges (N 75).
The relative uncertainty decreases when the full-energy peak area, because the counting statistics improves (mainly the term v/total area).
At maximum the uncertainty is 0.6% for the reference model, and 0.2% in average. The relative uncertainty can be fitted to a exponential

relation depending on the full-energy peak area which is: Relative uncertainty [%] = (Full-energy peak area) 044 .112.1.
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4.3 Spent Fuel Characterization to Support NPP Krsko Spent Fuel
Dry Storage Project; M. Kromar, JSI; 13th International
Conference of the Croatian Nuclear Society; 05 - 08/06/2022
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Spent Fuel Characterization to
Support NPP Krsko Spent Fuel Dry
Storage Project

Marjan Kromar, Jan Malec
“Jozef Stefan” Institute
Andrej Kavcic
Nuclear Power Plant Krsko

13t International Conference of the Croatian Nuclear Society

Zadar, Croatia, June 5-8, 2022

2/40

OUTLINE

e Introduction
e Fuel manufacturing and irradiation data

e Determination of the suitable calculation tools
and models

e Sensitivity analysis
e Fuel segmentation
e Conclusions
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Introduction 3/40

e Currently, all spent fuel in the NPP KrSko (NEK) is
stored in the spent fuel pool located in the fuel
handling building of the plant.

e NEK decided to implement inherently safer dry
storage solution.

e Spent Fuel Dry Storage (SFDS) project - the building
with Holtec International HI-STORM FW casks.

« Jozef Stefan Institute (JSI) is supporting NPP Krsko
SFDS project together with the Faculty of Electrical
Engineering and Computing (FER), University of
Zagreb.

= JSI is providing independent spent fuel
characterization data together with validated
procedures and calculation tools.

Fuel manufacturing and irradiation data 4140

e NEK database maintained by FAR code - “as built”
fuel manufacturing data (provided by the fuel
manufacturer Westinghouse Electric Company) and
measurements performed at the plant.

= JSI database maintained by calculation performed by
CORD-2 system - “as built” data periodically sent
from NEK to JSI.

e Harmonization of both databases - the following FA
parameters were compared:

= mass,
= enrichment,

= number of BPRs,

= number of IFBA rods,
* burnup.
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Fuel manufacturing and irradiation data 5/40

= All FAs inserted into the core up to the cycle 31 were
considered. Burnup comparison was performed for
the first 30 cycles.

e Comparison has shown a few minor differences,
which were resolved by inspection of original
documents from NEK archive.

e Final FAs burnup reported in the FAR (obtained from
INCORE measurements) and FASLIB (obtained from
CORD-2 calculations) agree well. All values are within
3.5 %.

Determination of the fuel parameter space 6/40

= Determination of the suitable fuel parameters range
covering entire spent fuel variations is needed to
define valid parameter space.

e FASLIB database was used, since it contains
calculated data required for the sensitivity analysis
such as burnup distribution, various temperatures,
moderator density, specific power, soluble boron
concentrations etc.

e Data are listed for 10 axial layers with relative
thicknesses (1, 1, 2, 4, 4, 4, 4, 2, 1, 1), where the
unit is 15.24 cm (6 inch). Special attention is needed
for the first and last axial periphery region, where
masses and enrichments differ significantly (axial
blankets) compared to the central regions for the
Vantage5 fuel.
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Determination of the fuel parameter space 7/40

= Relative large parameter variations occurred during
the plant operation of almost 40 years.
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Determination of the fuel parameter space 9/40
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Determination of the fuel parameter space 10740
Fuel parameters range
Parameter Range
Fuel enrichment 0.7%-5%
Maximal burnup, max. difference | 60000 MWd/tU, 24000 MWd/tU
Burnup range 36000 MWd/tU - 60000 MWd/tU
Fuel temperature 600 K — 1100 K
Moderator density 0.655 g/cm3 (601.91 K)-0.755 g/cms3 (558.56 K)
Boron concentration 500 ppm -1200 ppm
Specific power 15 W/gU - 65 W/gU
Number of rodsin BPR absorbers |0 - 16
Number of IFBA rods 0-116
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Determination of the suitable calculation tools
and models

11/40

e SCALE code system has been selected for the spent
fuel characterization, while the Serpent2 code served
as an independent supplementary tool to validate
prepared SCALE models. Both code systems are
widely used and are thoroughly validated.

e The TRITON/NEWT module from the SCALE package
has been used in the analysis, since for now more
contemporary POLARIS is not capable to provide
ORIGEN binary one-group reaction coefficients library
files (.f33). SCALE version 6.2.4 with internal 56
energy group library v7-56 based on the ENDF/B-
VIl.1 evaluated nuclear data files has been applied.

e Version 2.1.29 of the Monte Carlo code Serpent2 and
the continuous energy cross section library in ACE
format, based also on the ENDF/B-VII.1 evaluated
nuclear data files has been used for the validation.

NPP Krsko fuel model validation 12/40

e A typical FA with 4.95 % enrichment and no IFBA
rods was selected as a test case. A reference 2-D
case scenario (infinite in axial direction) with periodic
boundary conditions in lateral direction consists of
the following reactor operational parameters:

1. Fuel temperature 900 K,

2. M/odegator temperature 580.46 K with density 0.70871
g/cms3,

3. Soluble boron concentration of 1000 ppm.

= Parameters are close to the average operational
parameters applied in the last NPP KrSko cycles.

e Decay heat, fuel activity, photon and neutron source
term after burnup of 60000 MWd/tU were examined.
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NPP Krsko fuel model validation

13/40

Relative differences of the decay heat — DH; Triton:(DHgcp e —
DHSerpent)/ DHSerpent’ B1: (DHBl - DHSCALE)/DHSCALE

NPP Krsko fuel model validation

14/40
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Origami model validation 15/40

e The use of the TRITON/NEWT sequence for the
characterization of the more than 1400 considered
FAs would be impractical, since a single depletion run
takes around 2 hours on the PC with the Intel 17
processor.

e Fortunately, the TRITON/NEWT module is capable to
provide ORIGEN binary one-group reaction
coefficients library .f33 files. These library files are
sufficient to determine isotopic composition during
the fuel irradiation (solution of Bateman equations)
avoiding the need of time-consuming neutron
transport calculation.

e However, the calculation sequence has to be
validated.

Origami model validation 16/40

Relative differences of the ORIGAMI decay heat compared to the
TRITON/NEWT results
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Origami model validation 17740

Relative differences of the ORIGAMI activities compared to the
TRITON/NEWT results

Origami model validation 18/40

= Closer examination has revealed that the observed
differences are due to the neutron capture reactions.

< Namely, in the FA non-fuel materials (e.g., structural
materials) are also present. These materials
contribute to the overall power production due to the
energy produced by the neutron capture. For a given
value of the total assembly power, this reduces the
power from the fuel mass and thus slightly alter the
fuel burnup and isotopics.

e The problem is that this contribution is case
dependant and varies with enrichment, burnup, etc.
The factor of the energy contributed to the fuel itself
varies from 0.986 (enrichment 0.7 %) to the 0.997
(enrichment 5 %) for the presented cases.
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Origami model validation 19/40

Relative differences of the ORIGAMI decay heat compared to the
TRITON/NEWT results, neutron capture correction factor 0.996

Origami model validation 20/40

Relative differences of the ORIGAMI activities compared to the
TRITON/NEWT results, neutron capture correction factor 0.996
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Sensitivity analysis 21/40

e Sensitivity analysis defines response of the
parameter variation on the observables and can be
used to determine conservative approach, when
explicit parameter consideration in the
characterization process is not reasonable or viable,
and define basic uncertainties due to propagation of
uncertainties in each parameter and selected
process.

e In the evaluation of the averaging process, non-
linearity of the sensitivity coefficients should be
examined also. Namely, calculations are usually
performed at some averaged parameters value. It is
not self-evident that such averaging process would
yield also an averaged result.

Sensitivity analysis 22/40
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Sensitivity analysis 23/40
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Sensitivity analysis 24/40
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Sensitivity analysis 25/40
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Sensitivity analysis 26/40
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Sensitivity analysis 27/40
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Sensitivity analysis 28/40

= Impact of all other parameters has been evaluated in
the project.

e Due to programming and execution time constraints
in ORIGAMI, only limited number of variables can be
explicitly taken into account in the interpolation of
the .f33 files.

e All others will have to be covered in some
conservative manner. The final decision has yet to be
made.
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Fuel segmentation 29/40

 Performed sensitivity analysis has determined impact
of individual parameters on the specific spent fuel
observable.

e Unfortunately, averaging process Yyields to over
prediction in some cases and under prediction in
others, with possible opposite trends in different
observables.

e It is very hard to identify the most important ones for
all cases. The final result is a mixture of individual
contributions.

e The most accurate approach would be to take all 10
axial regions explicitly. However, such approach is
time consuming. It would take more than 3 years of
the CPU time to calculate 1400 FAs with the
TRITON/NEWT sequence. Even ORIGAMI would
require several days of calculation.

e Some kind of homogenization is therefore necessary.

Fuel segmentation 30/40

= It seems natural to explore axial blankets, since
there are large material heterogeneities present.

- To get a proper feeling, a few typical cases have been
evaluated:

» A — standard FA without axial blankets (cycles 1-7)
» B — FA with natural uranium axial blankets (cycles 7-16)
» C — FA with annular axial blankets (from cycle 16 onward)
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Fuel segmentation 31/40

Impact of the homogenization on decay heat — case A

Fuel segmentation 32/40

Impact of the homogenization on decay heat — case B

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 400
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

Fuel segmentation 33/40

Impact of the homogenization on decay heat — case C

Fuel segmentation 34/40

Impact of the homogenization on activity — case A
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Fuel segmentation 35/40

Impact of the homogenization on activity — case B

Fuel segmentation 36/40

Impact of the homogenization on activity — case C
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Conclusion 37/40

= Activities performed at JSI to support NPP KrSko
Spent Fuel Dry Storage project are presented in this
report.

e In the initial phase of the project, FAR and FASLIB
fuel assembly databases have been harmonized.
Validated data from the FASLIB database served to
analyse fuel manufacturing and irradiation data.

e TRITON/NEWT calculation model has been validated
by the comparison of the predictions obtained from
the stochastic neutron transport code Serpent2.

e Results obtained by both codes are in good
agreement. For the time period of 1 year — 50 years
decay heat differences are less than 1.3 %, in
activity 1 %, while neutron and photon emissions are
inside 5 % and 2 % respectively.

Conclusion 38/40

e ORIGAMI model running on the TRITON/NEWT binary
one-group reaction coefficients library (.f33 files) has
been validated. The importance of the energy
produced by the neutron capture has been stressed
to reduced observed differences.

e NPP Krsko spent fuel sensitivity study has been
accomplished based on the developed TRITON/NEWT
model and fuel predetermined parameters range.

= It seems that fuel burnup and enrichment are the
most influential parameters in the calculation of
observables.
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Conclusion 39/40

= In the evaluation of the averaging process, non-
linearity of the sensitivity coefficients was examined
also.

e The effect is mainly noticeable for the enrichment
and burnup, where the decay heat prediction might
be several % too low, if unsuitable segmentation is
performed.

e A few FA cases based on the real data have been
analyzed to demonstrate reasonable axial
discretization.

= Planned activities are gradually coming to successful
conclusion contributing to the safe and economical
spent fuel dry storage on the NPP Krsko site.

40/40
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4.4 Passive neutron and gamma technique for spent nuclear fuel
characterisation; V. Solans, UU; IAEA CRP spent fuel
characterization; 22 — 23/09/2022
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This project has received funding from the European Union’s Horizon 2020 research and innovation programme 2014-2018 under grant
agreement N°847593

September 2022 IAEA CRP

UPPSALA UNIVERSITY

A Spent nuclear characterization for the geological repository (EURAD)

A Safeguards
A sophie.grape@physics.uu.se

A Fuel performance modelling

A henrik.sjostrand@physics.uu.se

A Gamma tomography
A peterandersson@physics.uu.se
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EURAD GOALS

A In deep geological repositories, spent nuclear fuel needs to be characterized:

* Reactivity

* Decay heat

* Gamma'’s and neutron’s dose
» Safeguards parameters

A Before encapsulation, need to verify (update), the fuel parameters calculated by the state of the

art codes.

A Experimental mesurements:
» Calorimetric measurements
* Gamma-ray scans
* Neutron measurements

SUMMARY

A Gamma measurements
A Reproducibility measurement

A Intrinsic self-calibration

A Neutron measurements
A Fit Rossi-alpha distribution with double exponential fit
A Predict BU and IE

EURAD (Deliverable 8.3)- Title: SFC Training materials
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SKB50

« Set of 25 BWR and 25 PWR assemblies
* Used in Swedish reactors
* Various burnup, initial enrichment, cooling time, manufacturers

* Gamma scans

* Calorimetric measurements O

* Neutron measurements

* Chosen around 2013-2014

Image reference: Andersson, J., Skagius, K., Winberg, A. et al. Site-descriptive modelling for a final repository for
spent nuclear fuel in Sweden. Environ Earth Sci 69, 1045-1060 (2013). https://doi.org/10.1007/512665-013-2226-1

DIFFERENT CAMPAIGNS

A Campaign 1
A Done in 2014
A Static measurement

A Campaign 2

A Done in 2014
A Axial measurement

A Campaign 3
A Done in 2016-2019
A Axial measurement

r A

Image reference: S. Vaccaro, et AL, PWR and BWR spent fuel assembly gamma spectra measurements, Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, Volume 833,2016
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SPECTRUM
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SFC Training materials

From SNF’s spectrum it is possible to extract the count rate
(by numerical integration):

Cs-137, 662 keV T2 =30y

Cs-134, 996 keV Tip =2.1y
1004 keV
1274 keV
1596 keV

Eu-154, 605 keV Ty, =8.6y
796 keV
1365 keV

V. Solans, et Al. evaluating peak area uncertainties in connection to passive gamma measurements of

spent nuclear fuel, TopFuel Conference 2021

COUNT RATE

Comparing count rate between different campaigns

have several challenges :

bl

Attenuation plates

pl

Detector efficiency

1

Use of the intrinsic self calibration m

Dissemination level: Public
Date of issue of this report: 17/05/2024

Position of the fuel with respect to the detector

ethod

Image reference: S. Vaccaro, et Al,, PWR and BWR spent fuel assembly gamma spectra measurements, Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, Volume 833,2016 - N
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INTRINSIC SELF-CALIBRATION
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INTRINSIC SELF-CALIBRATION
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INTRINSIC SELF-CALIBRATION

6— ‘ ‘ ‘ ‘ ‘ Multiple peaks for a singles/multiple
+ Cs-134 y . A
+ Eu-154 radionuclides:
51— - cs-134 it A i
e Eu-154 fit e A Self calibration possible
PS al -] Normal?zed Cs-134 Rl i
|| Normalized Bu-154 T A Remove dependence on the detector and
2 ’ 1 geometry
%2}
o —
5 A Cs-134/Cs 137 and Eu-154/Cs-137 can be
i determined independently of knowledge of
5 the campaign details
P4

1 . . . . . .
600 800 1000 1200 1400 1600

Energy [keV]

- |

RESULTS - SELF CALIBRATION

A Even if the measurement conditions were different between the campaigns,
mean deviation between campaigns obtained were:

A With self-calibration

1.4% for Cs-137

2.3% for Eu-154/Cs-137

1.9% for Cs-134/Cs-137

D P >

A Without self-calibration
A 1.4% for Cs-137
A 8.1% for Eu-154/Cs-137
A 4.0% for Cs-134/Cs-137
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RESULTS - REPRODUCIBILITY

A Standard deviation of the best determined peak:

A The standard deviation in the inter-campaign reproducibility for the best-determined
gamma peaks is between 2 and 3%.

DIFFERENTIAL DIE-AWAY SELF INTERROGATION
INSTRUMENT (DDSI)

A Passive instrument developed and built in LANL
A Use neutron from Cm244 to interrogate the assembly

A Detect neutrons in coincidence (Rossi-alpha
distribution)

A 56 3He tubes detect thermal neutrons
A Polyethylene to slow down neutrons

A Lead to reduce gamma-ray dose rate

Image courtesy of Li Balkestahl 14
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ROSSI-ALPHA DISTRIBUTION (RAD)

A Rossi-alpha distribution (RAD)

A Time correlation for coincident
neutrons

A Each neutron as start

A Total number of neutrons detected
is also an outcome of the DDSI

- |

DOUBLE EXPONENTIAL

A A fast and a slow component

A Fast is not only direct detection or
fast multiplication

A Slow is neutrons that have time to
thermalized before fission

RADuowne (1) = Aposi €xp(—Tust) + Asion - €xp(—Tuont)

Increase in absorbers will decrease the fission chain therefore will lead to a smaller
slow component €
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TAU FAST VERSUS TAU SLOW

Indication that there is more information

Same data point with different colouring indicating BU or IE

- |

A Use a KNN model

A Trained on the simulated dataset

MODEL

A Tested on the simulated dataset and the experimental data

Average of the 3 closet neighbours

‘ ‘ ". Lot ‘ ‘
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DATASETS

Simulated dataset

A 2536 samples (from a pincell model)

A 17x17 PWR fuel

A BU ranges from 5 to 70 GWd/tHM

A IE from 1.5% to 6% (alternating 0.3% and 0.2% steps)

A CT from 0 to 70 y (with intermediate CTs at 2.5, 5, 7.5, 10, 12.5, 15, 20, 30, 40, 55 y)
Experimental data

A SKB 50 PWR 17x17 SNFs ranges from 19 to 48 GWd/tHM, and IE goes from 2.1 to 3.94%. The cooling time at
the time of the measurement of the SNFs was between 6.3 and 30.4 years.

RESULTS

T s | viowaa | e

Test set 4.51 0.284
simulation
Experimental 11.85 0.963

After KNN

20
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EXPERIMENTAL RESULTS

Dotted line is the unity line

21

i

RESULTS

22
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RESULTS

T awse | evlowgwe | e

LB 451 0.284
simulation

Experimental

After KNN 11.85 0.963

Experimental

After fit 2.65 0.324

Simulated set

after fit 2.45 0.640

23

CONCLUSION

Gamma measurement:
A Reproducibility of the SKB50 measurement campaigns has been investigated between 1.4 to 2.3 %

A Intrinsic self calibration for the experimental gamma measurements applied to the SKB-50

Neutron measurement:
A Predict BU and IE using KNN enabled by the double exponential fit

A Improve the prediction capability using polynomial fit

For the future, focus on predicting decay heat using gamma and neutron measurements

24
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4.5 Recent Spent Fuel Research at VTT; S. Hakkinen, P.
Juutilainen, L. Vaara, R. Tuominen; Nuclear Science and
Technology Symposium 2022 (SYP2022); 27/05/2021

=

&
e U i |

European Joint Programme
on Radioactive Waste Management
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VTT

Recent spent fuel research at
VTT

Silja Hakkinen, Pauli Juutilainen, Lauri Vaara, Riku
Tuominen

SYP 1.-2.11.2022

VTT - beyond the obvious

Outline

= Motivation and overview

Results in selected topics

Nuclear data uncertainty propagation

Key take aways and future work

27.10.2022 VTT - beyond the obvious 2
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Motivation and
overview

27.10.2022 VTT - beyond the obvious

Motivation

= Knowledge of spent fuel (SNF) properties is important for safe handling

and final disposal
+ Decay heat and reactivity — volume of repository space
* Nuclide inventories — radiation protection, dose estimates

= Computational determination of decay heat involves several uncertainty
sources

= SNF properties are also dependent on fuel type,
enrichement and burnup

= At VTT, these uncertainties have been studied using
the Monte Carlo reactor physics code Serpent 2 [1]

[1] Leppdnen, J., et al. (2015) "The Serpent Monte Carlo code: Status, development and
applications in 2013." Ann. Nucl. Energy, 82 (2015) 142-150.

27/10/2022 VTT - beyond the obvious 4
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Recent spent fuel studies at VTT

KYT/KARAHDE

Operating history
uncertainty

. Choice of

SKB blind test Nuclear data calculation

benchmark TR AR s parameters Fuel properties
uncertainty

Impurities in fuel and Fuel type

structural materials and burnup

27/10/2022 VTT - beyond the obvious

Results in
selected

topics

27.10.2022 VTT - beyond the obvious
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Simplifications in operating history

= Boron concentration, assembly power and
coolant temperature and density were
averaged over three cycles.

= Averaging assembly power overestimates
activity, decay heat and photon emission rate
64 — 78 % right after irradiation.

= After 10 years the effectis <1 %

= Effect on spontaneous fission rate and the
studied nuclides (C-14, CI-36, Mo-93, Ag-
108m, 1-129, U-233, U-235, Pu-239, Pu-241)
is mostly below 1.5 %

27.10.2022 VTT - beyond the obvious

Choice of calculation parameters

= Studied calculation parameters:
« Depletion zone division
« Depletion step length
» Doppler-broadening rejection correction (DBRC)
» Unresolved resonance probability table sampling
» Energy-dependent branching ratios
= Maximum effects (depletion zone division)
+ Decayheat0.6 % at7y
» Photon emission rate 1.1 % at ~7000 y
» Spontaneous fission rate 8 % at ~400 y
= Neglecting DBRC
« non-negligible effect on some heavier nuclides
»  Maximum effect on DH and PE ~0.5 %

27.10.2022 VTT - beyond the obvious
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Uncertainty analysis of one sample
in a 6x6 BWR assembly

Moderator density 0.759 g/cm3 2
Power density 18.84 W/gU 1.7
Fuel temperature 923 K 2
Water temperature 549 K 1
Void, 50 % 6.7 (Avoid = £10 %)
Void, 50% 1.3 (Avoid = +2 %)
Fuel density 10.5 g/cm? 0.3
Fuel radius 0.612 cm 0.01 5 5 5
2344 enrichment (in 25U)  0.65 0.1 (A24U = £0.25 %) Ocatci = i+ Oitc
235 enrichment 2.53 0.7 (AZ5U = £0.05 %) , & .
28y content 85.92 0.7 Otor = Z i
Burnup (assembly) 22.627 2 o
27.10.2022 VTT - beyond the obvious 9

Decay heat uncertainty of the BWR
sample

TOT - Total uncertainty (void, = +2 %)
DMOD - Moderator density
POW - Power density
TFUE - Fuel temperature
TWAT - Water temperature
VoID1 - Void, =+10 %
VOoID2 . Void, =42 %
DFUE - Fuel density
PIN - Fuel radius
U234 - 234y enrichment
U235 - 25 enrichment
U238 - 238 content
BU - Burnup
DEC - Decay data
27.10.2022 VTT - beyond the obvious 10
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Impact of fuel type and burnup on decay
heat

Top decay heat contributors 5y (top) and 100 y
(below) after irradiation

VVER-
440
27.9 25.4

%
Cs134 27.2 Csl134

BWR

100 ”
7 —o—25 MWd/kg %
5H —e—40 MWd/kg|
'y 60 MWd/kg
g 5 Y90 27.7

2
TSeo |—e—830 MWd/kg|-

50 MWd/kgU

= | Cs134
Bal37m 27.2 Bal37m 245 Y90 25.2 Y90 24.2
[ S
5 Cs134 249 Y90 23.2 Bal37m 25.1 Bal37m 23.2
-50 fhe-o—6-0-0-6-0-0-0-6——0——o——0—9 Cm244 10.2 Cm244 13.7 Rh106 114 Pu238 16.9
| 75 - Rh106 100 Rh106 114 Cm244 103 Rh106 104
0 50 00 150 200 0 50 100 150 200
Time (years) Time (years from discharge)
m %(BWR) | %(EPR) | %(VVER- | % (VVER-
. 440 1200
= Difference to 50 ) )
MWd/kgU Am241 40.0 44.8 46.4 39.1
Pu238 22.8 236 22.6 34.8
Bal37m 16.3 14.1 13.6 11.4
Y90 15.0 12.1 12.4 10.7
. Pu240 5.9 5.4 5.0 4.0
27.10.2022 VTT - beyond the obvious 1

Nuclear data
uncertainty

propagation

27.10.2022 VTT - beyond the obvious
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Key Idea

= Create hundreds of randomized nuclear data files for many
nuclides

* New nuclear data is produced from nuclear models and
experimental data: No need to resort to covariance data.

» The data is produced with TALYS and a few satellite
programs = T6 [2]

= Assign a random combination of the random data files for a
Serpent run

* Repeat hundreds of times and compile uncertainty in the
output with an appropriate statistic

[2] A.J. Koning et al. (2019) “TENDL: Complete Nuclear Data Library for innovative
Nuclear Science and Technology”. In: Nuclear Data Sheets 155, 1-55.

27.10.2022 VTT - beyond the obvious

Current state

= 500 files for 88 nuclides have been produced for 0 K, 300 K,
600K, 900 K and 1200 K temperatures

= Random fission yield files have been included
» Adopted from TENDL — website

= Scripts for file processing, TALYS/Serpent environment
initialization, data visualization etc. have been set up.

= |t is now straightforward to propagate data uncertainties
through Serpent, although computationally expensive.

27.10.2022 VTT - beyond the obvious
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Significant Uncertainties in
Actinide Concentrations

Uncertainty in decay heat > 3.5 % due to nuclear data when cooling time >15 y

27.10.2022 VTT - beyond the obvious

Key take
aways and

future work

27.10.2022 VTT - beyond the obvious
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Key take aways

= Approximations in power density should be avoided, when dealing with "fresh” SNF
(cooling time < 10 y).

= Pin-wise depletion zone division should be used in burnup calculations and Gd pins
should be further divided in radial rings.

= DBRC should not be neglected. Use on U isotopes and 23°Pu and 240Pu is mainly
sufficient.

= Significant sources of uncertainty for BWR assembly calculations
* Nuclear data
* Burnup

» (Void fraction and moderator density)

= Using recycled uranium significantly increases decay heat from SNF

27.10.2022 VTT - beyond the obvious 17

Future work

= Full libraries and random nuclear data files with T6
= Expanding from 2D assembly calculations to 3D full core
» Serpent — Ants sequence (Kraken computational framework [3])

= Participation in activities of NEA subgroup on decay heat

[3] Leppédnen, J., et al. (2022) "Current Status and On-Going Development of VTT’s Kraken
Core Physics Computational Framework" Energies, 15, 876,
https://doi.org/10.3390/en15030876.

27.10.2022 VTT - beyond the obvious 18
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Selected publications

= [nternational Journal publications

1 Tuominen R., Valtavirta V. (2022), “The Effect of Serpent 2 Calculation Parameters on Evaluated Spent Nuclear Fuel Source Term”, Journal of Nuclear Engineering and Radiation Science,
8(4), [044503], https://doi.org/10.1115/1.4051445.

2 Hékkinen S. (2022), “Impact of Approximations in Operating History Data on Spent Fuel Properties with Serpent 2", Journal of Nuclear Engineering and Radiation Science, 8(4), 041901.
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3 Jansson P., et.al. (2022), " Blind Benchmark Exercise for Spent Nuclear Fuel Decay Heat", Nuclear Science and Engineering, 196, pp.1125-1145,
https://doi.org/10.1080/00295639.2022.2053489

4. Rochman D., et.al., "On the estimation of nuclide inventory and decay heat: a review from the EURAD Eurpean project”, Frontiers in Energy Research. (submitted in 2022).

= Conference articles

1. Rintala A., "Evaluating the Effect of Decay and Fission Yield Data Uncertainty on Spent Nuclear Fuel Source Term Using Serpent 2", In Proc. 28th Interational Conference Nuclear Energy
for New Europe, Paper No. 602, Portoroz, Slovenia, 2019.
2. Juutilainen P., Hakkinen S., “Impact of Fuel Type and Discharge Burnup on Source Term, In Proc. 28th Intemational Conference Nuclear Energy for New Europe, Paper No. 906, Portoroz,

Slovenia, 2019,

3. Rintala A, " Evaluating the Effect of Decay and Fission Yield Data Uncertainty on BWR Spent Nuclear Fuel Source Term", In Proc. 29th International Conference Nuclear Energy for New
Europe, Paper No. 1506, Portoroz, Slovenia, 2020,

4. Tuominen R., Valtavirta V., “The Effect of Serpent 2 Calculation Parameters on Evaluated Spent Nuclear Fuel Source Term”, In Proc. 20th International Conference Nuclear Energy for New
Europe, Paper No. 1503, Portoroz, Slovenia, 2020

5. Hakkinen S., “Impact of Approximations in Operating History Data on Spent Fuel Properties with Serpent 2", In Proc. 29th International Conference Nuclear Energy for New Europe, Paper
No. 1505, Portoroz, Slovenia, 2020.

= Research reports
1

Rintala A, “Evaluating the effect of decay and fission yield data uncertainty on spent nuclear fuel source term using Serpent 2 - continued study", VTT Research Report, VTT-R-00209-20,
2020.

2 Rintala A., “Separate effect of decay and fission yield data uncertainty on spent nuclear fuel source term*, VTT Research Report, VTT-R-00106-21, 2021.
3. Juutilainen P., “Effect of burnable absorber rods and U-235 enrichment on EPR UO2 fuel assembly source term with Serpent 2”, VTT-R-00242-21, 2021
4. Hakkinen S., “Gundremmingen-A assembly B23 sample 12680 depletion calculation with Serpent 2", VTT Research Report, VTT-R-00631-21, 2021
5. Hakkinen S., “Sensitivity and uncertainty analysis of Gundremmingen-A assembly B23 sample 12680 depletion calculation with Serpent 2", VTT Research Report, VTT-R-00632-21, 2021
= Thesis

1 Vaara L., “Nuclear Data Uncertainty Propagation in Total Monte-Carlo Method”, M.Sc. Thesis, Aalto University, 2022.
2. Vaara L. "Impurity-generated impact on the of spent nuclear fuel”, Special Assignment, Aalto University, 2020
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4.6 Rossi-Alpha distribution analysis of DDSI data for spent
nuclear fuel investigation; V. Solans, UU; Symposium on
International Safeguards: Reflecting on the Past and
Anticipating the Future; 31/10-04/11/2022

uropean Joint Programme
on Radioactive Waste Management
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ABSTRACT

* Aim: Predict burnup (BU) and initial enrichment (IE) from
differential die-away self-interrogation (DDSI) instrument response

* Fit a double exponential fit to the Rossi-alpha distribution (RAD),
describing neutrons detected in coincidence, for both simulated
and experimental data

 Enhance prediction using a polynomial fit between predicted
values and operator data

INTRODUCTION

« Safety, operational and safeguards parameters need to be verified
with NDA measurements.

The differential die-away self-interrogation (DDSI) instrument is a
passive neutron measurement technique

Investigate if a double exponential fit to the RAD (Fig 1) can
provide additional information about the fuel compared to a single
exponential fit

RAD goupe () = Afast * €XP(~Tfast t) + Agiow * €XP(~Tsiou )

—— Double exponential fit
-~ Fast component
— Slow component

Fig 1. RAD for a simulated PWR
SNF having BU= 10 GWd/tHM,
IE=1.5% and CT=50y

0 &
Tost [us]

Fig 2. Ty and T, depending on the BU (left) and IE (right) for the
simulated dataset.

SFC Training materials

Rossi-Alpha distribution analysis
of DDSI data for spent nuclear
fuel investigation

Virginie Solans
Uppsala University (UU)
virginie.solans@physics.uu.se
S. Grape (UU), H. Sjéstrand (UU), E. Branger (UU),P. Schillebeeckx
(JRC), A. Borella (SCK CEN), R. Rossa (SCK CEN), A. Sjéland (SKB)

DESCRIPTION OF THE DA

SIMULATED DATASET

* 2536 samples of 17x17 PWR fuel, obtained with Serpent 2 and MCNP
BU: (5 to 70 GWd/tHM), IE: (1.5% to 6%), CT: (0 to 70 y)

EXPERIMENTAL DATASET

* 20 PWR 17x17 SNFs from the SKB-50 fuel set, irradiated in Swedish
reactors

+ BU: (19 to 48 GWd/tHM), IE: (2.1 %to 3.94%), CT: (6.3 t0 30.4 y).
COMPARING DATASETS

g
)
2
H
. Y
- 3
7 g
LIS ;
. e
. e
5w ® 5 B k% & % % w

® » A =z 2z
Trast €xpenimental [us] Tsiow €xperimental [us]

Fig 3. Tz (left) and Ty, (right) calculated from the simulated and
experimental data. The dashed line is the unity line.

RESULTS

PREDICTING MODEL

¢ kNN trained on simulated data, tested on simulated and

experimental data using 10-fold cross validation

e  Correcting for bias in experimental predictions (which is due to
the fuels being fully depleted) using a calibration (Fig. 4)
improves the prediction capability.

RMSE for predictions with BU [GWd/tHM] IE [%]
Simulated data 4.51 0.284
Experimental data 11.86 0.963
Experimental data and calibration 2.65 0.324
Simulated data and calibration 2.69 0.104

T 5 w & % % 6 25 30 35 40
BU predicted by KNN [GWd/tHM] IE predicted by KNN [%]

Fig 4. Operator declared BU (left) and IE (right) versus kNN predicted
quantities. The red curve is a polynomial fit of degree 2.

CONCLUSION

e Itis possible to predict BU and IE using a double exponential fit
on the Rossi-alpha distribution.
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5. Participation to a Workshop

e Fuel properties characterisation and related uncertainty analysis (EURAD/SFC/Task 2); P.
Schillebeeckx, JRC Geel; Spent Fuel Workshop 2019, Ghent, Belgium; 15/11/2019

e Fuel properties characterisation and related uncertainty analysis; P. Schillebeeckx, JRC Geel;
ESARDA Final Disposal Working Group Meeting, SCK CEN, Mol; 06 - 07/02/2020

e Predicting the Bias in Calculations of Spent Nuclear Fuel Characteristics; A. Shama, NAGRA,;
Workshop on Machine Learning in Nuclear Science and Technology, Madrid, Spain (online);
27/05/2021

e Chemical and spectroscopic investigations on the distribution of radionuclides in fuel-cladding
interfaces of irradiated high burn-up UOX and MOX fuels; R. Dagan, T. Kénig et al., KIT; Safety of
Extended Dry Storage; 01 — 03/06/2022

e Experimentelle und numerische Bestimmungen des Radionuklidinventars von abgebrannten
Kernbrennstoffen als eine Grundlage fiir die vorlaufige Sicherheitsuntersuchung (vSU); R. Dagan,
T. Konig et al., KIT; Tage der Standortauswahl; 08 - 10/06/2022

e Passive gamma and neutron measurements for characterization of spent nuclear fuel; V. Solans,
UU; 31th Spent Fuel Workshop; 19 — 21/10/2022

e Characterisation of spent nuclear fuel for a typical PWR; G. Zerovnik, JSI; 31th Spent Fuel
Workshop; 19 — 21/10/2022

e Impact of Some 3-D Modelling Effects on the Spent Fuel Characterization; ; 31th Spent Fuel
Workshop; 19 — 21/10/2022

e Burnup credit application in CONSTOR SNF cask criticality analysis for RBMK-1500 fuel;
R.Plukiene, FTMC; 31th Spent Fuel Workshop; 19 — 21/10/2022

European Joint Programme
on Radioactive Waste Management

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 432
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

5.1 Fuel properties characterisation and related uncertainty
analysis (EURAD/SFC/Task 2); P. Schillebeeckx, JRC Geel;
Spent Fuel Workshop 2019, Ghent, Belgium; 15/11/2019
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Task 2: Fuel properties characterisation and
related uncertainty analysis

Volker Metz KIT
Dimitri Rochman PSI
Peter Schillebeeckx JRC Geel
Marcus Seidl PEL
Marc Verwerft SCKeCEN

Participants:

CIEMAT, CPST, CTU (SURAO), ENRESA, ENUSA, JRC,
JSI, KIT, LEI, NAGRA, PEL, PSI, SCKeCEN, SKB, SSTC
NRS, TUS, VTT, UU

SNF - Gent, 15/11/2019

SFC: Spent Fuel Characterization and Evolution Until Disposal

Task 1: S/T coordination, state-of-the-art and training material

Task 2: Fuel properties characterisation and related uncertainty analysis

Task 3: Behaviour of nuclear fuel and cladding after discharge

Task 4: Accident scenario and consequence analysis

Task 5: Civil Society interaction

SNF - Gent, 15/11/2019
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Spent Nuclear Fuel (SNF) intermediate storage or final disposal

A safe, secure, ecological and economic transport, storage and final disposal

requires that SNF is characterised for the main source terms of interest:

* Decay heat ' H

* Neutron emission :S

n

* y-ray emission LS,
* Reactivity : R
* Fissile material : Nuclear Safeguards

i.e. 235U, 239py

* Specific nuclides : Long term safety

e.g. 14C, 7958, 94N b’ 99TC, 129|' 226Ra

SNF - Gent, 15/11/2019

Characterisation of SNF

Main source terms of interest:

— Decay heat :H

— Neutron emission S,

— Yy-ray emission tSy

— Reactivity : 2354, 239pPy, Fission Products (BUC)
— Fissile material : 235, 239py

— Long-term safety :e.g. 1C, 73Se, 2*Nb, °Tc, 12°I, 226Ra

difficult to be measured directly, in particular during industrial operation
— Decay heat by calorimetry at CLAB: accurate but long measurement times

— Criticality safety analysis: calculations required to account for burn-up credit (MA, FP)

= Determined/estimated by theoretical calculations using a burnup code

Neutron transport + depletion/creation code (see L. Fiorito)

SNF - Gent, 15/11/2019
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e.g. decay heat of SNF

25U/U=4.8%
m(U)=4.4g

PWR UQ, pelle
Decay heat rate: H(t) = Z H; () pelet
j

burnup =44 GWd / tU

* H,(t) : contribution of radionuclide j

Total
Hj(t) = h; Nj(t) e+ “pr
_____ o+ o
— h; : specific decay heat rate of nuclide j 2 ey
— N;(t): number of nuclei of nuclide j at time t E
=y
* Ni(t = t;) known at t = t, (after irradiation)
[ . ',’ "~... “l — 7 Cm
— N(t>t,) can be predicted accurately 0% — \1'0 = ""})0 '}';'(')00
Nj(t) - Nj(to) e-Aj(tto) Cooling time, t / year

= accurate nuclide vector N(t,) at t, is required from burn-up codes

SNF - Gent, 15/11/2019

e.g. decay heat of SNF

PWR UO, pellet
Decay heat rate: H(t) = Z H;(®) B50/U <48 %
j m(U)=4.4¢g
. . . . . burnun = SwWd /
* H,(t) : contribution of radionuclide j faaa
1.0
Hj(t) = hj Nj(t)
o 08
— h; : specific decay heat rate of nuclide j a-
S 06
— N;(t): number of nuclei of nuclide j at time t ~§
< 04
s
* Ni(t = t;) known at t = t, (after irradiation) 0.2
— N(t > t,) can be predicted accurately 0.0 =
N<(t) - N-(to) e Aj (t-to) Cooling time, t / year
J J

= accurate nuclide vector Ni(t,) at t, is required from burn-up codes

SNF - Gent, 15/11/2019
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Task 2: Fuel properties characterisation and
related uncertainty analysis

e Subtask 2.1 (Theory) co-ordinator PSI
Theoretical study of SNF source terms (assess and improve performance)

* Subtask 2.2 (NDA) co-ordinator SCKeCEN
Develop, improve and demonstrate NDA methods/systems for SNF
characterisation

* Subtask 2.3 (Cladding) co-ordinator KIT
Calculate and determine experimentally the inventory of activation and fission
products in cladding material

* Subtask 2.4 (Final procedures) co-ordinator KIT (PEL)
Define and verify procedures to determine the source terms of SNF with realistic
confidence limits

SNF-Task 2, SKB (07/08/2019)

Subtask 2.1: Theoretical study of SNF source term

[ 2.1 Theory ]

Compare codes Sensitivity analysis
- State-of-the art codes - Nuclear data
- Selection of SNF assemblies - Fuel properties
(well-known history) - Operation history
Outcome
- Status codes

- Nuclear data needs
- Crucial SNF history parameters

SNF - Gent, 15/11/2019
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Subtask 2.1 — Code comparison

* NAGRA :  SCALE

e JSI : SCALE, DRAGON, (MCNP/FISPACT)
* PSI : CASMO

e VIT : SERPENT

* JRC Geel : SERPENT

* CIEMAT : MCNP/ACAB

e SCKeCEN :  MCNP/ALEPH-2

SNF - Gent, 15/11/2019

Subtask 2.1 — SNF assemblies for code comparison

* 3 PWR assemblies

— SF95-5 from the Takahama-3 reactor
(UO, assembly, 30 MWd/kgU, 2 cycles, 4.1 %). Details in SFCOMPO

— BM1 from the ARIANE campaign
(MOX assembly, 45-47 MWd/kgU, 5 cycles, 4.2 % fissile).  Details in ARIANE public report

— GU1 from the ARIANE campaign
(UO, assembly, 60 MWd/kgU, 4 cycles, 3.5 %). Details in ARIANE public report

* 2 BWR assemblies
— KLU1 from the MALIBU campaign

(UO, assembly, 60 MWd/kgU, 7 cycles, 3.9 %). Details publicly available 01/2020
— Gundremmingen-7 sample
(UO,, 25 MWd/kgU, 4 cycles, 2.5 %). Details in SFCOMPO

* Subtask 2.2
— ENRESA (BWR)
— SKB-50 campaign + blind test SKB: 2 PWR assemblies
— Reference pellet (REGAL) (PWR UO,, 4.25 %, 50 MWd / kgU)

SNF - Gent, 15/11/2019
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Subtask 2.1: Sensitivity and covariance analysis

Nuclear data
— Cross sections
— Fission yields
— Decay data (emission probabilities, recoverable energy per reaction/decay)

Fuel properties: geometry and material data
— Initial enrichment

Operational history
— Burn-up
Cooling time
Influence of neighbouring assemblies
Albedo boundary conditions

Computational
— Method (stochastic/deterministic)
— Model (2D/3D, boundary conditions, etc.)
— Numerical approximations (depletion time steps, depletion zones, etc.)

= Recommendations for improvement and realistic uncertainty limits

SNF - Gent, 15/11/2019

Sensitivity analysis: e.g. 242 244Cm production in MOX

* MOX, Borella et al. MC 2017, Jeju, Korea
— PWR:17x 17 N/y

SNG = 00/0

— Single pin model

* Production : ¢(n,y)
— 22Cm :2.5% 2 Am(n,y), 242™Am(n,Y)

— 2%Cm :10% 242py(n,y), 2*3Am(n,Yy)

2020m _293Cm_2%Cm 295Cm _246Cm

1

#Am $HAM SFAMSHAM

T« 1

238py ?39py 5240Py >241Py 5242Py 24Py

1

2T Np-*ENp o Np - OiNp

(n, TB'

235() > 236> 237> 238> 239y

I.
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Sensitivity analysis: initial enrichment and burnup

PWR UO,
235U/U=4.8%
4r : i:gzu u burnup = 50 MWd/kgU
3k 2000
% - - 1500 -
% N
-~ 1F | ] ] T
=2 " " m = @ 1000
Z L <
> . 1 ’
s 0 = = = w H . (] (] 500 [
[ n
'1 ™~ 0 1 1 1 1
0 20 30 40 5 60 70
[ ] Burnup / (GWd / tU)
2k n
1 1 1 1 1 1 1 1 1 1

1 1
90, 134
Sr Cs "cs “Nd "“sm #°%y 28y Wp, 20p, Wip 2 Mo 2o

Subtask 2.2: NDA methods/systems for SNF characterisation

* Innovative NDA methods to characterise small samples
— Validate codes (alternative to radiochemical analysis)

— Production of a reference pellet

* NDA methods to characterise fuel assemblies (SKB-50)
— Validate codes

— Improve theoretical predictions during industrial routine operation

* Study new detectors
- CLYC, CVD

* Radiochemical analysis of BWR samples

= inputto 2.1and 2.4

SNF - Gent, 15/11/2019
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NDA methods to characterise small samples

* Neutron emission rate of a SNF pellet
— Non-destructive method to determine 244Cm content
— Measurements in conventional controlled area conditions

— First measurements at SCKeCEN Mol using an existing neutron counter
developed and calibrated at JRC finalised

— Improved/optimised neutron counter under development at JRC Ispra
(optimised to apply Hage's point model)

* Nuclide vector of SNF pellet by NRTA
— Non-destructive; no chemical analysis

— Absolute measurement

DA (s
% o
g o2

%

20 30 40 50 60 70 8090100
Neutron energy / eV

SNF - Gent, 15/11/2019

Reference spent nuclear fuel pellet

* Material: REGAL project

— Well-known production and irradiation history

— 7v-ray scan of fuel pin
— Neighbouring pellets: analysed by radio-chemistry

* NDA measurements on reference SNF pellet

— 7-ray spectroscopy

2000

— Neutron emission rate ZVSYF/SSZQS%
— NRTA: nuclide inventory
500 PWR UO
(GELINA) :
RIS 2350/U = 4.25 %
pumip AT burnup =50 GWd / tU

SNF - Gent, 15/11/2019
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Fuel assemblies: calorimeter at CLAB

Improve and assess performance of calorimeter

* Performance assessment
— Understand measurement method (analytic model)

— Dedicated experiments to apply ANOVA and MLE

ANOVA  : Analysis Of Variance
MLE : Maximum Likelihood Estimate (Bayesian approach)

* Calibration
— Difference electrical heater < nuclear fuel

— Heat losses due to escaping y-rays

— Reference instrument for code validation
(SKB-50 input for 2.1 and 2.4)

= Objective: decay heat ~ 2%

SNF - Gent, 15/11/2019

Fuel assemblies: DDSI and DDA (LANL development, NGSI)

Improve/extend data analysis of DDA and DDSI (part of the SKB-50 project)

» Differential Die Away Self-Interrogation (DDSI, passive) A.C. Trahan, LA-UR_16_20026

 Differential Die Away (DDA, active) V. Henzl, LANL-UR-123025

SNF - Gent, 15/11/2019
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Fuel assemblies: DDSI and DDA (LANL development)

Improve/extend data analysis of DDA and DDSI

» Differential Die Away Self-Interrogation (DDSI, passive) A.C. Trahan, LA-UR_16_20026

Die-away time/ us

Optimise the use of data:
* Analyse the full Rossi-Alpha distribution
* Determine source strength: 2*4Cm

SNF - Gent, 15/11/2019

Fuel assemblies: DDSI and DDA (LANL development)

Improve/extend data analysis of DDA and DDSI

 Differential Die Away (DDA, active) V. Henzl, LANL-UR-123025

SNF - Gent, 15/11/2019
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Subtask 2.3 — Inventory of activation products and FP in cladding

* Preparation of three irradiated samples for further analysis ( 2 types)
— Cladded pellets of UO, (50 GWd/t,,,) and MOX (38 GWd/t,,,) irradiated in a PWR
— Plenum cladding from a UO, (50 GWd/tHM) rod segment irradiated in a PWR

* Experimental determination of nuclide inventory: radiochemical analysis
— FP +14C and 3¢C|

* Validate and improve theoretical calculations of nuclide inventory

SNF - Gent, 15/11/2019

Subtask 2.4: Final objective

[ 2.1 Theory J [ 2.2 NDA ] [ 2.3 Cladding ]

\

/ 2.4 Define procedures to determine SNF source terms \
* Compare best practice industrial and most advanced code
* Define procedure to characterise SNF in industrial conditions

based on:
— Best practice industrial code
— Realistic NDA measurements

K (time, industrial environment) /

SNF - Gent, 15/11/2019
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Thank you for the attention

* EURAD project (SNF characterisation)
— PhD position at Uppsala University
https.//www.uu.se/en/about-uu/join-us/details/?positionld=300024

— NUGENIA
http://nugenia.org/call-for-mobility-grants-open/
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5.2 Fuel properties characterisation and related uncertainty
analysis; P. Schillebeeckx, JRC Geel; ESARDA Final Disposal
Working Group Meeting, SCK CEN, Mol; 06 - 07/02/2020

r =

e U L 3
European Joint Programme

on Radioactive Waste Management
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Task 2: Fuel properties characterisation and
related uncertainty analysis

Ron Dagan KIT
Dimitri Rochman PSI
Peter Schillebeeckx  JRC Geel (co-ordinator)
Marcus Seidl PEL
Marc Verwerft SCKeCEN
Partners:

CIEMAT, CPST, CTU (SURAO), ENRESA, ENUSA, JRC, JSI, KIT,
LEI, NAGRA, PEL, PSI, SCKeCEN, SKB, SSTC NRS, TUS, VTT, UU

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Spent Nuclear Fuel (SNF) intermediate storage or final disposal

A safe, secure, economic and ecological transport, storage and final disposal
requires that SNF is characterised for the main source terms of interest:

* Decay heat
* Neutron emission
* y-ray emission

* Reactivity (burnup credit)
nuclides with high neutron absorption cross section)

* Fissile material (Safeguards)

i.e. 235U, 239y
* Specific long-lived radionuclides (Long term safety)

e.g. 14C1 7958, 94Nb, 99TC, 129|' 226Ra

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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Neutron emission by SNF

Sn(t) = z Sn,k(t)
k

* S,k(t) : contribution of radionuclide k

Sn,k(t) = (sz,k + som,k) Nk(t)

— Ny(t) : number of nuclei of nuclide k

n

Neutron emission rate, S _/ (s'1 cm'3)

-
o
w

PWR UO, pellet
B5Y/U=4.8%

(58)

burnup = 44 GWd/t

attime t

- Sgk specific neutron emission rate of 2

' . 10" E

nuclide k due to sf

— Sek specific neutron emission rate of
nuclide k due to (a,n) reactions 10' o T

1 10 100 100(
Cooling time, t/ year
ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
Neutron emission by SNF
PWR UO, pellet (5 g)

Sa(8) = ) (5usc* SunsdNi(®)
k

1.0

n

0.8

0.6

0.4

Relative sf rate, sz/ S

0.2

0.0

1 10 100
Cooling time / a

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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n

o

Relative (a,n) rate, S /S

1.0

0.8

0.6

0.4

0.2

0.0

B5U/U=4.8%

burnup = 44 GWd/t

238,
Pu

239, B
Pu

240,
Pu

241
Am

Cm
2440m

242

Cooling time / a
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Gamma-ray emission by SNF

PWR UO, pellet (5 g)

Sy(t) - z SY:k(EY' t) 23SU/U =4.8%
" burnup = 44 GWd/t

10" - —
E mc: —CT= 1a
SNb 35.0d ol -
957y 64.0d y 10 | e
144Ce [144py 284.9d e B Tz vy g, Cs
106Ry /106Rh 1.02 a ;’\ 10° L ‘ J“E.l TsL |
134Cs 2.06a e i ‘
158gy 8.8a o M )
137Cs/137mBa 30.0a 10°
107 | l' ‘“ L I R
0

5 1.0 1.5 2.0 2.5
Gamma-ray energy, EY / MeV

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Gamma-ray emission by SNF

PWR UO, pellet (5 g)

5109 = 2 S1alEp.9 =48
" burnup = 44 GWd/t

1011? WS e CT= 1a
o — CT=10a
%5Nb 35.0d ol
957r 64.0d W O OES I
144Ce/144pr 2849d e R "R g, O
106Ru/1%Rh 1.02a ST I L‘“Eu% e
134Cs 2.06 a N S R
154y 8.8a e
137Cg [137mBg 30.0a
1 PRI N ENR VA O A R BRI S

1.0 1.5 2.0 2.5
Gamma-ray energy, Ey / MeV

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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Gamma-ray emission by SNF

Sy(t) = z Syx(Ey,t)
k

»Nb 35.0d
357r 64.0d
144Ce /144py 2849d
106Ry/106RN 1.02 a
134Cs 2.06 a
154gy 8.8a
137Cg [137mBg 30.0a

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

PWR UO, pellet (5 g)
235J/U=4.8%
burnup = 44 GWd/t

E ., e CT= 1a
: ——CT=20a
E_ >Ey
E |
L Eu
3 ' ?
S IR SR
0.5 1.0 1.5 2.0 2.5

Gamma-ray emission by SNF

Gamma-ray energy, EY / MeV

Sy(t) = z Syx(Ey,t)
k

3Nb 35.0d
357r 64.0d
144Ce/144py 2849d
106Ry/106RN 1.02 a
134Cs 2.06 a
154Ey 8.8a
137Cg [137mBg 30.0a

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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PWR UO, pellet (5 g)
235J/U=4.8%
burnup = 44 GWd/t

E ., e CT= 1a
i ——CT=30a
E_ ; *Ey
E !
L Eu
Eu .
1 Vo +
il IR AR R BN S
0.5 1.0 1.5 2.0 2.5
Gamma-ray energy, EY / MeV
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Characterisation of SNF

Main source terms of interest:

— Decay heat :H

— Neutron emission S,

— y-ray emission :S,

— Reactivity : 235y, 239py, 241Am, Fission Products (BUC)
— Fissile material : 235y, 239py

— Long-term safety :e.g. 14C, 73Se, %*Nb, 9°Tc, 12, 225Ra

Contributions of nuclides with different characteristics
Difficult to be measured directly, in particular during industrial operation

e.g. decay heat by calorimetry at CLAB: accurate but long measurement times

= Estimated by theoretical calculations using a burnup code

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

(N (to), k=1, ...,n): by theoretical calculations

Coupled neutron transport — nuclide depletion/creation calculation

Neutron transport

Bateman equation

dNy

i j

Update nuclide vector

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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SFC —Task 2 (structure)

[ 2.1 Theory ]

-~

2.4

=

Define/recommend validated procedures to estimate
SNF source terms in industrial conditions with
realistic confidence limits based on:

— Best practice industrial code

~

— Realistic NDA measurements (time, industrial environment)

)

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

SFC- Task 2: Code comparison

[ 2.2 NDA ] [ 2.3 Cladding ]

* CIEMAT :  EVOLCODE (MCNP)
* JRC Geel : SERPENT, SCALE

e JSI : SCALE, DRAGON

* KIT :  MCNP-CINDER

* NAGRA . SCALE

* PSI : CASMO

* SCKCEN :  ALEPH-2 (MCNP)

* VIT : SERPENT

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

Page 452



EURAD Deliverable 8.3 SFC Training materials

Sensitivity and Uncertainty (S/U) analysis

* Input data:

— Nuclear Data (ND) — Fuel History (FH)
« Cross sections (neutron interactions) + Fuel properties (design, composition)

+ Fission yields e.g. Initial enrichment (IE)

« Reactor operation and irradiation conditions

* Neutron emission probabilities
e.g. Burnup (BU)

» Decay data
+ Cooling time (CT)

BurnUp (BU):
time integrated power per mass of initial fuel (MWd/kg)
actotal number of fission x energy per fission event

* Computational
— Method: stochastic/deterministic
— Model (2D/3D, boundary conditions, ...)
— Numerical approximations (depletion time steps, depletion zones, ...)

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

S/U analysis: 244Cm production

de - b
W=YNfo(p+Z7\,iNi+ZGij(p—(7\.k+(5k'a(p)Nk N =aBU
7 j b=6 for BU <20 GWd/t
R Soa—
F——N=aBU b=6.0

1005_ _________ N=aBW b=40 T w7

Cm concentration / (g/cm®)

244

I " " " 1 " 1 " 1
0 10 20 30 40 50 60
Burn up / (GWd/tU)

= 2%Cm : burnup indicator

= Neutron emission rate : burnup indicator

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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S/U analysis: estimation of 244Cm inventory

244Cm inventory prediction production
— uncertainty due to nuclear data : ~10%

— due to 2*2Pu(n,y), **Am(n,y)

= Systematic study for key nuclides

= Improve nuclear data
— Input HPRL NEA/OECD
— Input to SANDA (DG-RTD)

https://cordis.europa.eu/project/id/847552
Supplying Accurate Nuclear Data for energy

dN,
F =Y Nf (ey ()] + Z 7\'iNi + Z G]N] o — (7\.1( + Gk,a(p)Nk
i j
Ref. Library Reactor Fuel BU IE 2cm
GWd/t wt%
Rochman ENDF/B-VII.O PWR uo, 10 4.1 18.7 %
ENDF/B-VII.O PWR uo, 20 4.1 16.9%
ENDF/B-VII.O PWR uo, 30 4.1 15.5%
ENDF/B-VII.O PWR uo, 40 4.1 14.1%
Zwermann SCALE-6.1 PWR uo, 40 4.1 85%
Leary ENDF/B-VII.1 PWR uo, 54 3.4 9.6 %
Rochman ENDF/B-VII.1 PWR uo, 54 3.4 9.1%
Rochman ENDF/B-VII.1 PWR uo, 40 4.1 9.7%

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

and non-energy Applications

Innovative NDA methods/systems for SNF characterisation

* Innovative NDA methods to characterise pin segments

— Validate codes (alternative to radiochemical analysis)

— Production of a reference pellet

* NDA methods to characterise fuel assemblies (SKB-50)

— Improve theoretical source term predictions during industrial routine operation

— Validate codes

* Study new detectors

- CLYC, CVD

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Improve fuel history data: e.g. BU

EURAD (Deliverable 8.3)- Title: SFC Training materials
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NDA methods to characterise pin segments

* Neutron emission rate of a SNF pin segment
(collaboration SCK CEN — JRC Geel, Ispra)

— Non-destructive method to determine 24*Cm content

— Measurements in conventional controlled area conditions
Hage's point model, JRC Ispra (B. Pedersen)

* Nuclide vector of SNF pin segment by NRTA

(collaboration SCK CEN — JRC Geel)
— Non-destructive; no chemical analysis
— Absolute measurement (no calibration)
— Measurements at GELINA facility of JRC Geel

10f -

0 20 30 40 50 60 70 8090100
Neutron energy / eV

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Experiments at CLAB: SKB-50

Installed systems
* Calorimeter
* Gamma-ray spectroscopic scanner

Testing of advanced systems (LANL)
* Differential Die-Away Self-Interrogation (DDSI)
* Differential Die-Away (DDA)

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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Calorimeter at CLAB

= Target value uncertainty < 2%
= Reference instrument for decay heat of SNF

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Gamma-ray spectroscopic scanning system at CLAB

134CS, 137(:5, 154Eu

Vaccaro et al. NIMA 830 (2016) 325
Il CT=52a

.....

PWR Y
‘ CT=40.4a

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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Fuel assemblies: DDSI and DDA at CLAB
(LANL development, NGSI)

 Differential Die Away Self-Interrogation (DDSI, passive)
A.C. Trahan, LA-UR_16_20026  Kaplan et al., NIMA 764 (2014) 347 - 351

= Optimise data analysis procedures
for source term determination

* Differential Die Away (DDA, active) (not only safeguards)
V. Henzl, LANL-UR-123025

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Fuel assemblies: Finland

* Passive Neutron Albedo Reactivity (PNAR, NGSI) Tobin et al., ESARDA bulletin 56 (2018) 12 - 18
LANL development, Tobin et al., NIMA 897 (2018) 32 - 37

* Passive Gamma Ray Emission Tomography (PGET)
IAEA development, Honkamaa et al., Symp. Int. Safeguards, IAEA Vienna 2014

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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EURAD-SFC (4 years project)

Define/recommend validated procedures to estimate SNF source terms

(including fissile material) in industrial conditions with realistic confidence

limits based on:

* Best practice industrial code

* Realistic NDA measurements (time, industrial environment)

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

* EURAD project (SNF characterisation)
— https://www.ejp-eurad.eu/about-eurad
— NUGENIA, http://nugenia.org/call-for-mobility-grants-open/

* ARIEL
support for open access, scientific visits, training early researchers, ...

— www.ariel-h2020.eu

* JRC Geel open access
— https://ec.europa.eu/jrc/en/research-facility/open-access

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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5.3 Predicting the Bias in Calculations of Spent Nuclear Fuel
Characteristics; A. Shama, NAGRA; Workshop on Machine
Learning in Nuclear Science and Technology, Madrid, Spain
(online); 27/05/2021
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PAUL SCHERRER INSTITUT

WIR SCHAFFEN WISSEN — HEUTE FUR MORGEN

Ahmed Shama :: PhD Student (EPFL/LRS, PSI/LRT)

Predicting the Bias in Calculations of Spent Nuclear Fuel
Characteristics

27 May 2021
Workshop on ML in Nuclear Science and Technology Applications

PAUL SCHERRER INSTITUT

Background and Motivation

— SNF characterization relies on calculations (measurements are extremely expensive, difficult)

— A question arises: How can we be sure about these calculations?

— Validation is required a priori, modelling benchmarks which have their characteristics measured,
and comparing calculations to measurements (e.g., C — E or C/E)

— Limited measurements (e.g., ~300 SNF decay heat measurement worldwide) and actual SNF
are ~13,000 SNF in Switzerland alone

— Benchmarks cover ranges of SNF properties, area-of-applicability (AOA), and realistic SNF
calculations usually have different properties

— We need to predict the bias (i.e., predictive modeling), by comparison with validation benchmarks

[Broadhead et. al., 2004]

In criticality safety, methods are established

ANS-8.17: Criticality Safety Criteria for the Handling,
Storage, and Transportation of LWR Fuel Outside Reactors

ANS-8.24: Validation of neutron transport methods for
nuclear criticality safety calculations

Seite 2
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PAUL SCHERRER INSTITUT

Overview of this work

Research Questions:

— Could the bias be predicted for SNF properties (decay heat and nuclide concentration) given a set
of validation benchmarks?

— What properties would be informative into these predictions?

— What are the assumptions of these predictions?
C—E =fX) + ¢
Hypotheses:

— Bias prediction is based on neutronically similar benchmarks - Neighborhood-based schemes

— Integral SNF properties, such as spectral index, burnup, and correlations could be informative
toward the bias prediction

Seite 3

PAUL SCHERRER INSTITUT

Research Steps

1. Collecting data: SNF validation benchmarks (calculations and measurements)
2. Extracting features: sensitivity analysis and uncertainty propagation

3. Application of data-driven techniques (novelty of this work): Machine Learning models
and algorithms

Seite 4
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PAUL SCHERRER INSTITUT

Research Steps

1. Collecting data: SNF validation benchmarks (calculations and measurements)

Decay heat labelled-data

Seite 5

PAUL SCHERRER INSTITUT

Research Steps

1.

2. Extracting features: sensitivity analysis and uncertainty propagation

o e =L OH = DR D)
Cx = ox/. Pij =N = 1k=1 0; 0
Scx
Seite 6
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PAUL SCHERRER INSTITUT

Research Steps

1.

2. Extracting features: sensitivity analysis and uncertainty propagation

PAUL SCHERRER INSTITUT

Research Steps

1.
2.

Seite 7

3. Application of data-driven techniques (novelty of this work): Machine Learning models

and algorithms

C—E=f(X) + ¢

Hypotheses

— Bias prediction is based on neutronically
similar benchmarks

— Integral SNF properties, such as spectral index (S/)
correlations between benchmarks, could be
informative toward the bias predictions

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

Linear Model (~ criticality safety)

LM with cutof fs: B(p=1) = Iy > co(p)Bp

Neighborhood-based Schemes
KKNN: B(p=1y =
(p=1) Zk:

B3 (%) )
: == w,
DTN Ly peic/o] " F

K
wy By,
1

Seite 8
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PAUL SCHERRER INSTITUT

Results : Decay Heat

— Comparing predictions to observations (Features: Sl or Correlations)

— Statistical testing, Kolmogorov-Smirnov test, testing whether model-predicted biases
originate from the same distribution as observed ones at p-value = 0.05

Seite 9

PAUL SCHERRER INSTITUT

Summary

— SNF calculations are being validated (i.e., decay heat and nuclide concentration)

— Machine Learning models are being analyzed for their predictive performance, comparing
bias model predictions to observed ones

— We have shown that the bias could be predicted from validation data (benchmarks),
meaning we could support activities such as license applications, and decisions on safety
margins

— Neighborhood based schemes (neutronically similar benchmarks) predict biases
statistically similar to observed ones
— The models rely only on few SNF features, namely: — Spectral index (neutron flux)

— Correlation between benchmarks

— Ongoing work: bias prediction for other quantities, i.e., actinides conc. (U-235 and Pu-239)
and a fission product (Cs-137), using also neighborhood-based schemes and SNF features
measuring similarities

Seite 10
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PAUL SCHERRER INSTITUT

Thanks everyone — do you have gquestions?

Seite 11

PAUL SCHERRER INSTITUT

Appendix : Validation

Seite 12
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PAUL SCHERRER INSTITUT

Appendix : Selecting Benchmarks

Hy: Cpor Copor Cc =E
H,: Cpand Cp and C; # E

Seite 13
PAUL SCHERRER INSTITUT .
Appendix : Spectral Index
Sl = ¢E'>l:].625 ev
' mtoml
5 = 21(BUx SIy)
X1(BU)
= : ‘ 2 .
LY .
-2 -1 [ 1 2 -2 -1 [ 1 2
Initial Heavy Mass H/X
Seite 14
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PAUL SCHERRER INSTITUT

SFC Training materials

Appendix : Final Models

Table. Test errors of the applied models along with
fractions of the explained variances.

) . MAE £ 1o
Design Matrix Model R2
(W/SFA)

RF 294+2.42 0.47
Spectral Index KNN 3.01%£2.56 0.41
KKNN 2.97+2.40 0.46
RF 2.99+2.67 0.44
Correlation KNN 3.35+2.69 0.32
KKNN 3.49+2.60 0.30

PAUL SCHERRER INSTITUT

Appendix : Ongoing Activities

Seite 15

Bias prediction for other quantities, i.e., concentration of actinides (U-235 and Pu-239) and a

fission product (Cs-137), using neighborhood-based schemes and SNF features measuring

similarities

EURAD (Deliverable 8.3)- Title: SFC Training materials
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5.4 Chemical and spectroscopic investigations on the distribution
of radionuclides in fuel-cladding interfaces of irradiated high
burn-up UOX and MOX fuels; R. Dagan, T. Konig et al., KIT;
Safety of Extended Dry Storage; 01 — 03/06/2022

& &

e U L |,
European Joint Programme

on Radioactive Waste Managemen
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Chemical and spectroscopic investigations on the distribution and enrichment of
radionuclides in fuel-cladding interfaces of irradiated high burn-up UO, and MOX fuels

T. Konig', R. Dagan, K. Dardenne, M. Herm, V. Metz, T. Pruessmann, J. Rothe, D. Schild, A. Walschburger and H. Geckeis
Karlsruhe Institute of Technology (KIT), Institute for Nuclear Waste Disposal (INE), P.O. Box 3640, 76021 Karlsruhe Germany

KIT - The Research University in the Helmholtz Association “koenig.tobias@kit.edu www.kit.edu

Outline

Introduction:
Nuclear fuel — From cradle to grave

Experimental:
Examined fuel types — High burn-up UOy and MOX fuel
Radionuclide analysis — Inventory determination of spent nuclear fuel
Spectroscopic analysis — Interaction layer between fuel and cladding

Model systems — Experiments on the formation of agglomerates and corrosion of the reaction layer

Summary
T. Konig et al. — Chemical and sp pic ir igations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
2 December 22, 2022 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UO, and MOX fuels Institute for Nuclear Waste Disposal (INE)
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Nuclear fission in Light Water Reactors

Neutron induced fission of fissile material (*>°U, 2*°Pu, etc.):

B Generation of neutrons =) Maintaining the chain reaction.

®m Built-up of fission products =) 2 — 3 fragments per fission.

® Neutron capture reactions =» Built-up of transuranic isotopes (Np, Pu, etc.) & activation products ('C, cCl).
Burn-up as definition of fuel utilisation:

=) Produced energy per mass initial heavy metal atom [GWdl/t,,,].

3 D mber 22. 2022 T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
ecembe! ’ of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)

From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Spent Nuclear Fuel (SNF)

Composition of SNF (4.0% 23%°U, 52 GWd/t,,) utilised in a light water reactor (LWR) for ~ 4 years:
u  93.4% UO, matrix:

Cladding: C, Cl, Sb, Co
92% 238U, < 1% 23U, < 0.5% 26U Gap: G, I, Cs, Se, Tc, CI
Rim: Pu enrichment
®  1.2% transuranium isotopes / actinides:

Fuel matrix
1% 239Pu’ 240PU, 241Pu’ 237Np > 244Cm > 241Am, etc.

u  5.4% fission products:

1.7% %0sr, 135 137Cstc.

1.6% lanthanides
1.3% e-phases (¥Tc, '°9Pd, etc.)

0.8% fission gases (krypton, xenon)

® Activation products:

e.g. C, 93Zr mmm) | 35CI (n,y) 3¢CI ==) Heterogenous distribution of radionuclides.

Source: Hippler, Reaktorchemie, Leibniz Universitat Hannover
4 D mber 22, 2022 T. Konig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
ecember 22, of radionuclides in fuel-cladding interfaces of irradiated high burn-up UO and MOX fuels Institute for Nuclear Waste Disposal (INE)
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Interaction layer between fuel and cladding

Cross section of a nuclear fuel pellet:

/ Pellet: Radial cracks due to temperature gradient during irradiation;
- migration pathways for radionuclides in the SNF pellet.

—

—— Cladding: Built-up of an external ZrO, layer due to primary circuit water

corrosion; thin ZrO, layer on the inner side due to Zr / UO, reactions.

Gap: Closed at burn-ups > 40 GWdl/t,,,; Formation of an

10.75 . .
mm interaction layer.

Possibility of transport of volatile fission and activation products to the cladding during
irradiation and subsequent chemical reactions between fuel and cladding!

5 D mber 22, 2022 T. Kdnig et al. - Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
ecembel ’ of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)

From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Interim storage in Germany
Interim dry storage of used fuel assemblies in dual-
purpose casks:

® Dual-purpose cask guarantees shielding of
radiation, as well as a temporary, safe enclosure of
radionuclides.
Interim storage of irradiated fuel assemblies is 4000 mm - - 5940 mm
licensed for only 40 years.

® Final repository not available until at least 2050
and emplacement of the last fuel assemblies

decades later!

mmm) Necessity of a prolonged interim storage of 65 — 100 years Sources: GNS,
and conditioning of fuel assemblies from dual-purpose S
cask to final repository waste container! ~108t International (2003)
6 22/12/22 T. Kér.\ig et ?I. - F)hemical an'd sf)ecimscopic .invefngatio‘ns on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)
Page 471
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Interim storage in Germany

Several phenomena affect the cladding integrity
during interim storage:
] B Increase in pressure due to swelling of the pellet
and ongoing a-decays.
B Irradiation damage of cladding via a-decays.
B Cracking due to hydride re-orientation.

Zr+2H,0 > Zr0, + 2 H,

B Corrosion of cladding induced by fission and

activation products.

=) Formation of agglomerates on the inner side of the
cladding due to thermal gradient in SNF and possibility
of halogen induced stress corrosion cracking.

T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)

7 2212122 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)

From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Final disposal in Germany

Source:
https://www.einblicke.de/fileadmin/ima
Deep geological diSposal: ges/magazin/Einblicke_6/Kriterien_zur
_Endlagersuche.jpg (aufgerufen am
.. . . . 04.04.2022)
m 3 different lithologies (clay, salt or crystalline rock) are
under investigation.
3 [FLA18]: D. Flamikova, V. Necas, Creation of
u Safe enclosure for long timescale needs to be Reoforonse Biosphers Mods! for Safoty
e Assessment of Deep Geological Repository,
guaranteed (1 million years). AIP Conference Proceedings 1996, 020009
(2018).
15.7 Ma
: O
<§ 0.3Ma O
Safety analyses require profound knowledge on 9
the occurence and chemical behaviour of long- 3
. " . o
lived and dose relevant radionuclides (e.g. 3Cl, 2
129|, 135cs) 2
w
time [a]
T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
8 December 22, 2022 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Open questions

If, after breaching of the (geo-) technical barriers, water intrusion appears, *¢Cl and '?°I are quickly immobilised
from the SNF! In which concentration and chemical form are %¢Cl and '?°l present in used nuclear fuel rods?
® Quantification and localisation of the repository relevant and mobile isotopes **Cl and '?°l in SNF and cladding.
® Comparison of experimental determined radionuclide concentrations to expected inventory data derived from
calculations.
mmm) Reducing uncertainties on inventory data.
In which condition is the fuel-cladding interface during interim storage?

® In which chemical speciation are possible cladding degrading elements such as chlorine or iodine present in SNF

and cladding?
® Is a halogen induced pitting corrosion possible at temperatures prevailing during interim dry storage?

mmm) Reducing uncertainties on degrading processes.

T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)

9 December 22, 2022 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)

From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

SNF specimens

Fuel rod segment N0204, irradiated in the Fuel rod 5810, irradiated in the pressurised water
pressurised water reactor Gésgen (CH): reactor Obrigheim (DE):
Fuel type: UOy, initial 3.8% 2%°U enrichment. m Fuel type: MOX, initial 3.2% Puye, enrichment.

® Cladding alloy: Zircaloy-4. B Cladding alloy: Zircaloy-4.

u Full power days: 1226 days in 4 cycles. m Full power days: 1157 days in 4 cycles.

® Average linear power: 260 W/cm. B Average linear power: 200 W/cm.

® Average burn-up: 50.4 GWd/t,y,. ®  Average burn-up: 38.0 GWd/tyy,.

u Decay time: ~ 32 years. m Decay time: ~ 35 years.

10 D mber 22, 2022 T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
ecember 22, of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Preparation of the SNF specimens

Segmentation of the SNF specimens in specially equipped laboratories (hot cells) due to the high dose

rate!

Selective sampling in order to analyse local radionuclide enrichments:

®  Fragments from central position (“CORE").
® Fragments from peripheral position (“RIM*). defuelling
u Zircaloy cladding segments. Zircaloy segment

Hot cells of INE Saw in hot cell

T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment

M December 22, 2022 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels

SNF fragments

Karlsruhe Institute of Technology (KIT)
Institute for Nuclear Waste Disposal (INE)

From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Radiochemical analytic & numerical calculations

Acidic and alkaline digestions of Zircaloy and fuel specimens in HF / H,SO,, HNO; / HCl or

(NH,),CO, / H,0,:

] 'Y'Spectrometry: 241Am’ 134, 137C5, 125Sb’ 154, 155EU, SOCO, 129'_

® Liquid scintillation counting (LSC): 21, 36CI, ®°Sr. =) High purity of samples necessary!

u ICP-MS: 235.238y 237Np 239, 240py, 241AMm 244Cm.

®  Gas-MS: Kr- and Xe-isotopes.

® Calculations of the radionuclide inventory with MCNP Code for neutron flux

and CINDER module for burn-up calculations:
®  Numerical calculations for the respective fuel assemblies, reactor types and
irradiation conditions.
® Radionuclide concentrations in central and peripheral part of pellets.

T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment

12 December 22, 2022 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels
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Digestions in autoclaves for
fission gas determination

Simulations of the fuel
assemblies

Karlsruhe Institute of Technology (KIT)
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Spectroscopic measurements

Preparation of fuel fragments and Zircaloy segments for analyses by SEM-EDX / -WDX, and XAS at the
KIT Light Source. =) Enormous radiation protection measures necessary!

®  Samples for examination of the chemical composition.

®  Samples for speciation measurements. ‘ XAS measurements for ‘

Cl and | speciation

SEM-EDX / -WDX measurements | Karlsruhe Research Accelerator (KARA)

T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)

13 December 22, 2022 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)

From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Radionuclide analysis — Separation of 3¢Cl and 2°|

High-active waste sample

Acic s alkaline

or
leaching of sample
1129 oo phase 45
aq. phase
+ wash
Cs-134 /137 with AMP
Caesium separation with AMP |
‘ lodine extraction in toluene ‘
Hot Cell
Fume Hood
otcize Chemical yield chlorine = 94+2%
as AgCI-3€
st Chemical yield iodine = 93+3%
2+ MHNC: by
from trace amounts of Cs-134 137 ‘
of
With 13 % NH,OF Good yields despite complex
l matrices and working in highly
with LSC gamma with LSC or Precipitation of chlorine with AgNO; | contaminated areas!
T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
14 December 22, 2022 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Radionuclide analysis — 3¢Cl in SNF and Zircaloy

*°Cl inventories Zircaloy cladding 35Cl (n,y) 3¢Cl

meerment ----

caIBUIated ----
e erelee) ----

m==) Numerical calculations based on literature data assuming 15 ppm 35Cl precursor in SNF and Zircaloy [HAK19].

==) Experimental activity inventories in good agreement with calculations.

[HAK19] S. Hakkinen, Impurities in LWR fuel and structural H H 36 H
atenials, VT, Einiand (3019) mmm) First ever analysis of **Cl in PWR fuel rod components!

T. Konig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)

15 December 22, 2022 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)

From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Radionuclide analysis — Fission products

®u Determination of the fission product inventory in SNF fragments Comparison MOX and UOy SNF [Ba/t,u]

originating from the fuel-cladding interaction layer and comparison

1.00E+16
) ) 1.00E+15
with MCNP calculations. 1.00E+14
o ) 1.00E+13
® No significant differences between UOy (50.4 GWd/t,y) and MOX 1.00E+12
1.00E+11
(38.0 GWdlit,,) fuel. 1.00E+10
1.00E+09
1-129 Cs-137 Eu-154
Comparison of '?| inventory Comparison of '¥Cs inventory = MOX-RIM = UOX-RIM
[Baltyyl [Baltu]
2.80E+09 4.50E+15
2.60E+09 4.00E+15
2408409 3508415 Em) Elevated ™l and '¥'Cs activity due to
::g:*:: 2 00E41s enrichment effect at the cladding interface,
00E+ 1 L .

1 80E+09 2508415 originating from the higher local burn-up and
.  50E+ L AR
1.60E+08 transport of iodine along a thermal gradient in

1.40E+09 200E+15 SNF pellet.
1.20E+09 1.50E+15
1.00E+09 1.00E+15
UOX-RIM MCNP CORE MCNP RIM UOX-RIM MCNP CORE MCNP RIM
T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Radionuclide analysis — Actinides

®  Experimentally derived and calculated inventory data for different Comparison of actinide inventory [Bq/t,,]
regions in fuel pellet of actinides. 1.00E415
®  MOX fuel shows elevated activity of minor actinides compared to 1.00E+14
P . . 1.00E+13
UOy fuel due to initial enrichment with Pu.
1.00E+12
1.00E+11
Comparison MOX and UO, fuel [Bq/t,y] 1.00E+10
1.00E+09
1.00E+15 1.00E+08
1.00E+14 U-235 U-238 Np-237 Pu-239 Pu-240 Am-241 Cm-244
1.00E+13 = UOX-RIM MCNP-CORE = MCNP-RIM
1.00E+12
1.00E+11
1.00E+10
1.00E+09
1.00E+08 . . .
1.00E407 Knowledge on the amount of transuranium isotopes is
U235 U238 Np237 Pu239  Pu240 Am-241 Cm-244 of importance for calculations on a-radiation induced
=UOX-RIM = MOX-RIM damage of the cladding tube during interim storage.
T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
17 December 22, 2022 of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)

From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Spectroscopic analysis — SEM-EDX / -WDX

Zircaloy in contact with spent UO, / MOX fuel:

SEM-EDX
analysis
Zry-UOy
m SEM-EDX: Cl, Te, |, Cs, Fe, Zr, Ba, U. =
S
2
m XPS: Cl, Te, Cs, Fe, Zr, Ba, U. K
£
Binding energy [keV]
35 SEM-EDX
= analysis
- Zry-MOX
£
<
o
@
£
mmmm) Agglomerates on Zircaloy surface consist of Binding energy [keV]
U-0-Zr-Cs-Cl-l rich phases.
T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Spectroscopic analysis — XAS

®  Knowledge on the chlorine (and iodine) inventory and speciation in fuel and Zircaloy afflicted with large uncertainties.
® [nitial maximum impurity assumptions of up to 25 ppm Cl in the fuel and 20 ppm Cl in Zircaloy-4 cladding.

u  First ever XAS measurements for chlorine (and iodine) speciation in fuel and cladding. === Complex mixed phases.

1.4
, 1,6
| K-XANES Cl K-XANES 20
1,2 144
— s
1,0 127 i
El = £
5 1,04
& osd 2 §
@ N 08
o 084
T oo £
g g o8 "
2 o4 g .l P e S
8 energy [eV]
02 —— Zry-UOy
' 021 — U0y
0,0 1y 0,0 ———Zry ref.
02 . . . . . . . . 0.2 T T T T T T T T T
33100 33125 33150 33175 33200 33225 33250 33275 33300 33325 2800 2810 2620 2830 2840 2850 2860 2870 2880 2890 2900
energy [eV] i energ?/ [ev] . - Toum o
=) Chemical speciation similar to Csl as expected by literature. =) Yet unk chlorine sp mixed phase of U-Zr-0-Cs-Cl.
19 D mber 22. 2022 T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
ecembe! ’ of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)

From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Spectroscopic analysis — Model systems

Laboratory experiments for formation of agglomerates and pitting corrosion under

l Halogen-induced pitting corrosion

simulated interim dry storage conditions:
®  Caesium halides in contact with Zircaloy and UO, pellet under Ar atmosphere.
®  Reduction of temperature over 3 months from 400°C to room temperature.

®  Subsequent analysis with SEM-EDX and XPS.

N

‘ Validation of mixed phases formation and pitting

corrosion at T <400°C! Formation of halogen-rich
agglomerates

Intensity [a.u.]

Binding energy [keV]

20 D mber 22, 2022 T. Kénig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
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From cradle to grave Materials and methods Radionuclide analysis Spectroscopic analysis

Summary

Radionuclide analysis:

u Development of separation method for 36Cl and '?°I in high active waste specimens.

u First ever analysis of **Cl inventory in PWR fuel rod components.

u Verification of iodine enrichment in interaction layer between fuel and cladding.

® Good agreement between calculated and experimentally determined radionuclide inventory data.
Spectroscopic analysis:

u First ever measurements of Cl K- and | K-edge in high active waste specimens (SNF and Zircaloy).

Agglomerates in interaction layer consist, amongst others, of halogen-rich mixed phases (Cl and 1), as well as Cs,
Te, Ba, U and Pu.

m Validation of agglomerate-formation and pitting corrosion at T < 400°C under laboratory conditions.

21 D mber 22. 2022 T. Konig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
ecembe ’ of radionuclides in fuel-cladding interfaces of irradiated high burn-up UOy and MOX fuels Institute for Nuclear Waste Disposal (INE)

E. Bohnert (KIT-INE)

M. Bottle (KIT-INE)

® M. Fuss (KIT-INE)

u F. Geyer (KIT-INE)

u  C. Walschburger (KIT-INE)
u A Fried (KIT-INE)

u E. Soballa (KIT-INE)

u V. Krepper (KIT-INE)

® S. Schmitt (KIT-INE) This project has received funding
from the European Union’s
u M. GroRe (KIT-IAM) Horizon 2020 research and
) innovation programme under
® D. Papaioannou (JRC-KRU) grant agreement N°847593
Thank you for your kind attention and stay healthy!
T. Konig et al. — Chemical and spectroscopic investigations on the distribution and enrichment Karlsruhe Institute of Technology (KIT)
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5.5 Experimentelle und numerische Bestimmungen des
Radionuklidinventars von abgebrannten Kernbrennstoffen als
eine Grundlage fiir die vorlaufige Sicherheitsuntersuchung
(vSU); R. Dagan, T. Konig et al., KIT; Tage der Standortauswahl;
08 - 10/06/2022

& )
e U u ) -
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Experimentelle und numerische Bestimmungen des
\ Radionuklidinventars von abgebrannten
e\ Kernbrennstoffen als eine Grundlage fiir die vSU

Karlsruher Institut fir Technologie T. Konig, R. Dagan, M. Herm, V. Metz, A. Walschburger und H. Geckeis
Karlsruher Institut fiir Technologie, Institut fiir Nukleare Entsorgung, P.O. Box 3640, 76021, Karlsruhe, Deutschland
koenig.tobias@kit.edu

/{ Kernbrennstoffe \

In den vorlaufigen Sicherheitsuntersuchungen (vSU) wird gemaR § 27 StandAG das Brennstabsegment N0204, bestrahlt im Dr reaktor, DWR Gosg
Endlagersystem in seiner Gesamtheit betrachtet und hinsichtlich seiner Sicherheit Brennstofftyp: UOx mit 3,8% 2%5U Anreicherung.

bewertet, wobei abdeckende Annahmen zur Menge, Art und Eigenschaften der Hullrohr: Zircaloy-4.

radioaktiven Abfélle herangezogen werden [BGB17]. Hierbei sind die zu betrachtenden Volllasttage: 1226 Tage in 4 Zyklen.

Radionuklidinventare der Ausgangspunkt fiir die Bewertung des sicheren Einschlusses Durchschnittliche lineare Leistung: 260 W/cm.

der Abfélle und Dosisabschétzungen in den vSU [BGE22]. Neben den Inventaren sind Durchschnittlicher Abbrand: 50,4 GWd/t,y.

die chemische Speziation und lokale Verteilung der Radionuklide entscheidend fiir deren Abklingzeit: ~ 32 Jahre.

Mobilisierung aus den Abfallen.

In unserer Studie bestimmen wir experimentell die Radionuklidinventare von UOy Brennstab 5810, bestrahlt im Druckwasserreaktor, DWR Obrigheim:
(Abbrand 50,4 GWdlty,) bzw. Mischoxid (MOX) (Abbrand 38,0 GWd/ty,) Brennstofftyp: MOX mit 3,2% Pug, Anreicherung.
Brennstabsegmenten, welche in Leistungsreaktoren eingesetzt wurden. Die Hillrohr: Zircaloy-4.

gemessenen Radionuklidaktivitaten werden mit Inventarberechnungen, die wir mit den Volllasttage: 1157 Tage in 4 Zyklen.

Programmen MCNP / CINDER und webKORIGEN ermitteln, verglichen. Aufgrund der Durchschnittliche lineare Leistung: 200 W/cm.

relativ _hohen Mobilitst von 3°Cl und 2 unter Endlagerbedingungen, liegt das Durchschnittlicher Abbrand: 38,0 GWd/t,y.

Hauptaugenmerk unserer Untersuchungen auf den Inventaren und der Verteilung der Abklingzeit: ~ 35 Jahre.

Qeiden Aktivierungs- und Spaltprodukte. j \ )
(—(Endlagerung von abgebranntem Kernbrennstoff]—\ ({ Radionuklidinventarbestimmung

Saurer und alkalischer Aufschluss von Zircaloy- sowie Brennstoffproben aus dem

Tiefengeologisch ung:
. 3unt hiedliche . ten (Ton-, Salz- und zentralen und Randbereich der Pellets in HF / H,SO,, HNO, / HCI, (NH,),CO; / H,0,:
-~ ; . « N ickelte A hode fiir **Cl und 12| aus hochradioaktiven
Kristallingestein) werden in Betracht gezogen.
. Proben.

. Ei iiber langen Zei muss

o ie: 24|A , 134, 137 3 125 ) 154, 155E 3 60y ’129|_
gewahrt werden (1 Million Jahre). 7-Spektrometrie m Cs, 8B U, G,

3 -

Fliissigszintillationsmessung: 2, 3Cl, %Sy, 241py,

ICP-MS:; 235,238 237Np, 239, 240,242py 241, 2437 244,245, 2460,

Sicherheitsbewertung erfordert % 9 + Gas-MS: Kr- und Xe-Isotope.
grundlegende Kenntnisse iiber das % N - ) .
Vorkommen und chemisches H Ber des s mittels webKORIGEN sowie MCNP Code
Verr_|alten von Iangle!aigen '_J"d % fur Neutronenfluss und CINDER Modul fiir Abbrand-Berechnungen:
(2. B.¥CI, 129, 135Cs) ) + Numerische Berechnungen fiir die jeweiligen Brennstoffanordnungen,
Zeit [a]
\ Quellen: BASE, [FLA18] ) Reaktortypen und Bestrahlungsbedingungen.
\ « Radionuklidkonzentrationen im zentralen und Randbereich des Pellets. )
/—‘ 36Cl Inventar in Kernbrennstoff und Hiillrohr )—\ 2 =
(-[ I Inventar in Kernbrennstoff ]—\
36Cl Inventare Kernbrennstoff [Bq/ty] Zircaloy-Hiillrohr [Bq/tyy] Hochradiaakive Abfalprobe
UOy 50,4 MOX 38,0 UO, 50,4 MOX 38,0 AusiaugingderProve
Probe |
GWdityy GWdltyy GWdtyy GWd/tyy it s Eaion. — 2P o 1 prase | | [ ——
Wrg Phase. Vergleich des 'l Inventars [Bq/tyy]
Experimentell 3,62(+0,54)x10° 5,80(+0,87)x10° 6,32(£0,28)x10° 5,33(0,24)x10° . s
s Aannang ot AP Rckexvation fe
Berechnet 4,73x108 3,68x108 6,57x108 5,23x108 tezte ten
Ao 10Es0s
. 160600
Verhiltnis v 1400
0,77 £0,12 1,58 £ 0,24 0,96 £ 0,04 1,02 £0,05 e
(exp/ber) o, S TR oxRM  MOKRM  MONPRIN  MONPGORE
At dsNecarction # Erhéhte 2] Aktivitét durch einen Anreicherungseffekt
== Numerische auf Gr von L g von l an der Hiillrohrgrenzfliche auf Grund des héheren
15 ppm **CI Precursor in KBS und Hiillrohr [HAK19]. Jrremiiscotr  Jokalen und dem Transport von lod entlang
. . eines thermischen Gradienten im Pellet.
BE) Erstmalige Analyse von *Cl in DWR-Brennstoffkomponenten! \ J
)
f{ Zusammenfassung D N\

8 > Abtrennungsmethode fiir **Cl und "2l aus hochradioaktiven Proben
Quellen ’

S —— entwickelt.

[BGB17] Bundesgesetzblatt | S. 1074, Gesetz zur Suche und Auswahl eines Standortes fir

ein Endlager fiir hochradioaktive Abfélle, Deutschland (2017).

[BGE22] Bundesgesellschaft fiir Endlagerung, A ibung zur D 1] g

der rvSU geméR EndlSiUntV, BGE, Deutschland (2022).

v

Erstmalige Analyse des *°Cl Inventars in DWR-Brennstoffkomponenten.

v

v

Nachweis von lod-reichen Anreicherungen in der Wechselwirkungsschicht

zwischen KBS und Zircaloy-Hiillrohr.
Gute Ubereinstimmung zwischen Berechnungen und experimentell

v

[FLA18] D. Flamikova, V. Necas, Creation of Reference Biosphere Model for Safety
Assessment of Deep Geological Repository, AIP Conf. Proceed. 1996, 020009 (2018). bestimmten Radionuklidinventardaten fiir etliche Isotope wie ¥Cl, '2°| und

[HAK19] S. Hakkinen, Impurities in LWR fuel and structural materials, VTT, Finnland (2019). \ “7Cs; jedoch auch Abweichungen ersichtlich bei z. B. WCD, 235U, 2450 m . y

This project has received funding from the European Union’s Horizon 2020
KIT - Die Forschungsuniversitét in der Helmholtz-Gemeinschat research and innovation programme under grant agreement N°847593
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5.6 Passive gamma and neutron measurements for
characterization of spent nuclear fuel; V. Solans, UU; 31th
Spent Fuel Workshop; 19 — 21/10/2022

(o o
e -
ent
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PASSIVE GAMMA AND NEUTRON
MEASUREMENTS FOR CHARACTERIZATION
OF SPENT NUCLEAR FUEL.

kS od oo kBr_.___ r (Upp--.au
.onz.0 Borellg, | ol o
rSekillab by ( s 5] 1(

This project has received funding from the European Union’s Horizon 2020 research and innovation programme 2014-2018 under grant
agreement N°847593

September 2022 IAEA CRP

EURAD GOALS

i

In deep geological repositories, spent nuclear fuel needs to be characterized:
+ Reactivity
+ Decay heat
+ Gamma’s and neutron’s dose
+ Safeguards parameters

>

Before encapsulation the fuel parameters need to be determined
A calculated by the state of the art codes
A emphasis on uncertainties
A verify (update) with experimental measurements.

i

Experimental mesurements:
+ Calorimetric measurements

Gamma-ri

Page 483
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S|

GOALS

A Neutron measurements (DDSI)
A Predict BU and IE

A Gamma measurements

A Cs-137, Cs-134/Cs-137, Eu-154/Cs-137 -> BU indicators, verify predicted isotopic composition

A neutron and a gamma measurement techniques are planned to be used for all SNFs at the

encapsulation plant in Sweden

SKB50

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
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Image reference: Andersson, 1., Skagius, K., Winberg, A. et al. Site-descriptive modelling for a final repository for
spent nuclear fuel in Sweden. Environ Earth Sci 69, 1045-1060 (2013). https://doi.org/10.1007/512665-013-2226-1
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S|

DIFFERENTIAL DIE-AWAY SELF INTERROGATION
INSTRUMENT (DDSI)

A Passive instrument developed and built in LANL
A Use neutron from Cm244 to interrogate the assembly

A Detect neutrons in coincidence (Rossi-alpha
distribution)

A 56 3He tubes detect thermal neutrons
A Polyethylene to slow down neutrons

A Lead to reduce gamma-ray dose rate

Image courtesy of Li Balkestahl 5

i

ROSSI-ALPHA DISTRIBUTION (RAD)

Output of the DDSI:

A Rossi-alpha distribution (RAD)
describing neutrons detected in
coincidence

A Total number of neutrons detected
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Sl

DOUBLE EXPONENTIAL

A A fast and a slow component

A Fast is not only direct detection or
fast multiplication

A Slow is neutrons that have time to
thermalized before fission

RAD e (t) = Apsi* exp(—Tuat) + Avon* €Xp(—Tuon t)

Increase in absorbers decrease the fission chain — lower amplitudes and a shorter slow component

Increase in fissile content increase the fission chain — larger amplitudes and a longer slow €
component 7

|

TAU FAST VERSUS TAU SLOW

Indication that there is more information
Same data point with different colouring indicating BU or IE €
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Al

MODEL
Input: (_)utput:
A Use a KNN model A Thy A IE
A Tsiow A BU
A Ratio amplitude

A Trained on the simulated dataset
A Tested on the simulated dataset and the experimental data

Tsiow ‘ ‘ ‘ ‘ ‘

Average of the 3 closet neighbours

Tfast

|

RESULTS
| RMSE___| BU[GWd/tHM] IE [%]
Testset 4.51 0.284
simulation
Experimental
Sfter KNN 11.86 0.963
Experimental
after bias 2.65 0.324
correction

10

Page 487
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l

GAMMA
MEASUREMENTS

Date Event

DIFFERENT CAMPAIGNS

A Campaign 1
A Done in 2014
A Static measurement

A Campaign 2
A Done in 2014

A Axial measurement

A Campaign 3
A Done in 2016-2019

A Axial measurement

r A

Image reference: S. Vaccaro, et Al, PWR and BWR spent fuel assembly gamma spectra measurements, Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated

Different detectors, attenuation plates, ... Istsuments ond ithods
' ’ 12
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S|

INTRINSIC SELF-CALIBRATION

5 parameters to optimized : a, b, ¢, R; and R,
Ccs-137/BRcs—137 = (a- E* +b- E+c)

Cps-154/BREu-15a = (a- E*+b-E+c)-R:

Ccos-134/BRcs-13a = (a-E*+b-E+c¢) - Rs

Date Event

- |

RESULTS - SELF CALIBRATION

A Even if the measurement conditions were different between the campaigns,
mean deviation between campaigns obtained were:

A With self-calibration

A 2.3% for Eu-154/Cs-137

A 1.9% for Cs-134/Cs-137 High reproducibility!
A Without self-calibration

A 1.4% for Cs-137

A 8.1% for Eu-154/Cs-137

A 4.0% for Cs-134/Cs-137
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S|

RESULTS - REPRODUCIBILITY

A Standard deviation of the best determined peak:

A The standard deviation in the inter-campaign reproducibility for the best-determined
gamma peaks is between 2 and 3%.

- |

CONCLUSION

Neutron measurement:
A Only 17x17 PWRs assemblies
A Rossi alpha distribution from the DDSI instrument has been analysed with a double exponential fit

A BU and IE are predicted using a kNN algorithm

Gamma measurement:

2l

HPGe detectors

-l

Intrinsic self calibration for the experimental gamma measurements applied to the SKB-50

-l

Reproducibility of the SKB50 measurement campaigns has been investigated between 1.4 to 2.3 %

A The standard deviation in the inter-campaign reproducibility for the best-determined gamma peaks is
between 2 and 3%.
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i

APPENDIX

Date Event 17

i

EXPERIMENTAL RESULTS

Dotted line is the unity line
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S|

RESULTS
€
RESULTS
 RMSE___|BU[GWd/tHM]| IE [%]
fest set 4.51 0.284
simulation
Experimental
After KNN 11.86 0.963
Experimental
After fit 2.65 0.324
Simulated set
After fit e 0.104 .
EURAD (Deliverable 8.3)- Title: SFC Training materials Page 492

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

5.7 Characterisation of spent nuclear fuel for a typical PWR; G.
Zerovnik, JSI; 31th Spent Fuel Workshop; 19 — 21/10/2022

eurad B

European Joint Programme
on Radioactive Waste Management
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® ©® Characterisation of spent
O nuclear fuel for a typical PWR

Zerovnik, G.*, Cabezas, M.2, Cali¢, D.1, Fiorito, L.2, Kromar, M.%, Romojaro,
P.2, Schillebeeckx, P.3 and Stankovskiy, A.?

1)ozef Stefan Institute (JSI). Ljubljana, Slovenia
2Belgian Nuclear Research Centre (SCK CEN). Mol, Belgium
3 European Commission, Joint Research Centre Geel (JRC Geel). Geel, Belgium

* gasper.zerovnik@ijs.si

Overview

* Motivation

* Main contributors to NDA observables
* Depletion code comparison

* Sensitivity/uncertainty analysis

* Neutron emission measurements

* Conclusions
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Spent Nuclear Fuel (SNF) storage or disposal

A safe, secure, ecological and economic storage and final disposal requires
that SNF is characterised for the main observables of interest:

* Decay heat
* Neutron emission
* y-ray emission

* Reactivity

Research funded by EU project EURAD

Decay heat of SNF: main contributing nuclides
Decay heat rate: H() =X; H;(t)

« 1la<t<10a 1.0
— 144Ce [ 144py L UOZ fuel, BU ~ 50 GWd/t
_ 106Ry / 106Rp
_ 1380
_ 80gp /S0y g 137Cg / 137mpgy

°* 10a<t.<100a
— 90gy / oy & 137Cs / 137mg5
— 238py
— 281Am
— 28cm
* 100ac<t,
— 281Am

— 238py

o
o]
T

J

o
o
—

Heat fraction, P,/ P
o
~

o
N

......

 sssaup, 1 10 100 1000

©
()

Cooling time, t/ year
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y-ray emission by SNF: main contributing
nuclides

Photon emission rate energy density:
()= Hyy(©) = D M@ Ay,
J J

= Contribution of y-rays to decay heat

e 1a<t<10a
— 134cs
—_ 137CS / 137mBa
— 106Ru / 106Rh

* 10a<t<300a
— 137CS / 137mBa
_ 1s4py,
— 281Am

e 300a<t

— 281Am
— 137CS/137mBa

Neutron emission of SNF: main contributing
nuclides

. Contribution from SF dominating!
Neutron emission rate:

- for cooling time < 100 a, (a ,n) rate at
Sa(t) = Z Sn,j (®) least 10x lower than SF n. emission rate
J

Sn(t) = sensitive to 2**Cm production
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Code comparison: definition of the study case

2D PWR 17x17, reflective boundary conditions. Zircaloy-4, 4% enriched UO, fuel, 4
x 300 d fuel cycles, cooling periods 30 d. Fuel radius 4.095 mm, clad inner/outer
radii 4.18/4.75 mm, rod pitch 12.6 mm.

Simplified operating conditions:

* Power levels 50, 50, 40 and 30 MW/tHM during each cycle.

* Coolant density 0.655 kg/cm3, constant boron level 800 ppm.
* Fuel density (95% theoretical density): 10.4 g/cm3.

* Constant T: fuel and gap: 900 K; coolant and cladding: 600 K.
Numerical approximations:

* 4 equi-volume radial depletion zones

* Time steps percycle: 1d,10d, 14d,3x25d,2 x50d.
Codes: Serpent (v2.1.29), Aleph2, SCALE/Polaris, DRAGON4
Nuclear data library: ENDF/B-VII.1

Code comparison: nuclide vector @ t.=5 a

Output: nuclide vector and derived quantities (observables of interest)

%05y 678.56(2) 678.86 0.04% 675.43 -0.46% 679.08 0.08%
134Cs 43.86(2) 43.68 -0.43% 41.11 -6.28% 43.64 -0.51%
ey 1638.0(0) 1640.2 0.13% 1643.2 0.32% 1639.8 0.11%
ZEEY) 7109.9(14) 7064.5 -0.64% 7283.3 2.44% 7119.6 0.14%
238py 426.44(18) 426.55 0.03% 429.22 0.65% 434.35

239py 6747.4(18) 6786.5 0.58% 6947.2 2.96% 6825.4

240py 3065.2(13) 3044.1 -0.69% 2976.3 -2.90% 3056.1 -0.30%
241py 1556.7(6) 1561.8 0.33% 1608.5 3.33% 1570.8 0.91%
242py 970.92(30) 967.77 -0.32% 990.42 2.01% 963.26 -0.79%
241Am 499.66(17) 499.79 0.03% 516.77 3.43% 503.06 0.68%
Z4(Cm 109.38(8) 108.80 -0.52% 102.37 -6.41% 106.86
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DH sensitivity to operational parameters

Sensitivity of NDA observables

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 498
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

Prompt fission neutron detection

Event time
Frequengy analyser Moderation process
Detection time
Il < Electronics 2
— I —_—
2 —_—
3 —_—
4 —_—
5 —_—
Signal trigger Delayed trigger
R+A A
3He detectors K
e Experimental observables:
A
Total count rate: T
N Reals count rate: R = (R+A) - A
Cd

Neutron correlation counting: Hage’s point model

— Neutron emission rata due to (sf) : Sy T=¢e4SsgM[1+ a]
— Relative (a,n) contribution To
¢l ¢ R= &% f Sy M? [ﬂﬂv# (1+a>]
— Detection efficiency 1€ Vst) 1P Vnf)
— Leakage multiplication M
— Probability for a (n,f) reaction 'p

— Factorial moments multiplicity distribution

= 30 = 3 ) o
V=j V=i

W. Hage and D.M. Cifarelli, Nucl. Sci; Eng. 89 (1985) 159
W. Hage and D.M. Cifarelli, Nucl. Instr. Meth. A236 (1985) 165

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 499
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

Neutron output of SNF segment sample

Code Library o en) S/ (g Sa/(gs) Calculation/Experiment
Method lerary Ssf San
SCALE ENDF/B-VII.1 Y(o,n) 653 11.0 0.96 0.45 REGAL Sample (UOZ)
SERPENT(1) ENDF/B-VII.1 Y(o,n) 689 14.3 1.01 0.58 NPP Tihange
SERPENT(2) ENDF/B-VII.1 Y(a,n) 694 14.2 1.02 0.58
ENDF/B-VIII.O Y(o,n) 691 14.1 1.01 0.57
JEFF-3.1.2 Y(o,n) 629 13.2 0.92 0.54 experimentah
JEFF-3.3 Y(o,n) 654 13.7 0.96 0.56
JEFF-4T0 Y(o,n 695 13.7 1.02 0.56 o
JENDL-4.0 o) 719 145 1.05 059 S4=682 (10) g s
ALEPH28 ENDF/B-VIII.O Y(a,n) 662 13.1 0.97 0.53 S"”/SSf = 0.036 (15)
o(o,n) TENDL2015 12.6 0.51
o(a,n) JENDL_AN/500 10.6 0.43
JEFF-3.3 Y(o,n 641 12.9 0.94 0.53 = influence
o(o,n) TENDL2015 12.7 0.52 e nuclear data
o(a,n) JENDL_AN/500 10.5 0.43

* burnup code

All data normalised to 48Nd inventory

x10°
f —N=aBU’ b=60
10° b=40

10" |

10"

Production of #*4Cm

B
)
s 0¥
Main production root of 2*4Cm is a sequence of = 107
o E
(n,y) reactions (6) € 103
B-decays (4) § 10 [
ny). p 3 105k
80 — 433U %3INp+e” + ¥, 5 o
B 3 10°F
239Np%239Pu+e + Ve 10—7: PR E O T B T |
é 10 20 30 40 50 60
n+ zsgpuﬁ 40p . Burn up / (GWd/t)
é 1.3%Cm 2%Cm
n + 289 Pua aip
n
(ny)
aiPu — 242pu
(ny) B
n+ 2482pu — 283Pu— 22 Am+e” + v,
(ny) -
n+ 243Am — 2¢Am g 2HCm+e” + v,
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Production of Cs isotopes

Conclusions

* NDA: powerful tool for SNF characterisation

* Few nuclides contributing to NDA observables at a fixed cooling time

* NDA observables are very sensitive to moderator temperature (density)

* Both deterministic and stochastic codes give consistent results for SNF

* Importance of nuclear data and neutron detection for SNF characterisation

* BU/irradiation time dependence of some nuclides described by simple
analytical functions
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5.8 Impact of Some 3-D Modelling Effects on the Spent Fuel
Characterization; 31th Spent Fuel Workshop; 19 — 21/10/2022

r 4

e U A by
European Joint Programme

on Radioactive Waste Management
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Impact of Some 3-D Modelling Effects on the Spent
Fuel Characterization

Marjan Kromar, Dusan Cali¢

,Jozef Stefan” Institute, Slovenia

315t Spent Fuel Workshop

Barcelona, October 19-21, 2022

2/21

Content

¢ Introduction/motivation

e 3-D case

e Impact of the fuel grids

e Fuel segmentation —real case
e Conclusions
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Introduction/motivation 3/21

e Spent fuel characterization:

» Reactor core simulators such as VERA-CS and
CASMO5/SIMULATE/SNF, where detail observables
distributions are obtained directly from the 3-D
reactor core depletion.

» Codes capable of specific 2-D or 3-D depletion on the
fuel assembly level, such as TRITON/NEWT from the
SCALE package or the Monte Carlo code Serpent2.

Introduction/motivation 4/21

e The first approach is more straightforward, but requires
significant computer resources.

e For industrial applications, the second approach is more
commonly used.

e In this approach, the fuel assemblies are divided into few
independent regions (domains), which leads to additional
uncertainties resulting from this process.

= Spectral end-effects are not accounted for.

* |n domains the average fuel input parameters such as the fuel
burnup, temperature, moderator density, etc. are used.

= However, characterization observables (decay heat) do not
depend linearly on the input parameters. Therefore, the
segmentation of the fuel has a noticeable effect on the accuracy
of the whole process.
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Introduction/motivation 5/21

NPP Krsko, Westinghouse 2-loop PWR, 16x16 fuel

10%

0%

-10%
-20% —&— Bu40
—&— Bu50
-30%
—&—AVER
-40%

-50%
0.001 0.01 0.1 1 10 100

Relative difference [%]

Cooling time [years]

Impact of the fuel burnup on the decay heat
(relative difference to the 60 MWd/kgU, averaging process)

Introduction/motivation 6/21

2.5%

2.0%

1.5%

1.0%

—0— AVER
0.5%

Relative difference [%]

0.0%

-0.5%
0.001 0.01 0.1 1 10 100

Cooling time [years]

Deficiency of the +10 MWd/kgU averaging process
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3-D case 7/21

Geometry (16x16, 12 axial layers)

3-D case 8/21

65

2]
o

w
w

Bu(x)

w
o

Ave

Burnup [MWd/kgU]

I
[

40
0 50 100 150 200

Core height [cm]

Burnup profile after irradiation of 60 MWd/kgU at averaged
HFP conditions
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3-D case 9/21

3D effect

0.5%

0.0%
—e—2D-1
-0.5% —e—2D-12

-1.0%
0.001 0.01 0.1 1 10 100

Relative difference [%)

Cooling time [years]

Decay heat relative difference (3-D vs. various 2-D)

3-D case 10/21

Layer near reflector

0%
-1%
-2%

-3%

Relative difference [%]

-4%
5%
6%

1 10 100
Cooling time [years]

Decay heat relative difference in the layer closest to the axial
reflector (3-D vs. 2-D)
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Grid impact 11/21

e The effect of the NPP Krsko Inconel-718 grids on the
decay heat was investigated

0.8

0.6

Relative power

0.4

0.2

0 50 100 150 200 250 300 350 400
Core height [cm]

Effect of the grids on the power distribution

Grid impact 12/21

Effect of the grids on the decay heat

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 508
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

Grid impact 13/21

e The total grid impact is less than 1 %.

e 2-D and 3-D approaches give very similar results
confirming suitability of the axial smearing
approximation.

e Impact of power feedback effects is negligible.

Fuel segmentation — real case 14721

e NPP Krsko fuel - —1400 fuel assemblies

e Operational database (Bu, T, P ...) available on 10
axial layers from CORD-2 simulator

- Relative thicknesses (1, 1, 2, 4, 4, 4, 4, 2, 1, 1),
where the unit is 15,24 cm (6 inch)

e The most accurate approach would be to take all 10
axial regions treated in FA database explicitly.

e However, such approach is time consuming. It would
take more than 3 years of the CPU time to calculate
1400 FAs with the TRITON/NEWT sequence. Even
ORIGAMI would require several days of calculation.

e Some kind of homogenization is therefore necessary.
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Fuel segmentation — real case 15721

= Fuel segmentation process should correctly represent
axial profiles.

= It seems natural to explore axial blankets first, since
there are large material heterogeneities and large
flux gradients present.

e To get a proper feeling, a few typical cases have been
evaluated:

» A — standard FA without axial blankets (cycles 1-7)
» B — FA with natural uranium axial blankets (cycles 7-16)

» C — FA with slightly enriched annular axial blankets (from
cycle 16 onward)

Fuel segmentation — real case 16/21

Impact of the homogenization on the decay heat — case A
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Fuel segmentation — real case 17/21

Impact of the homogenization on the decay heat — case B

Fuel segmentation — real case 18/21

Impact of the homogenization on the decay heat — case C
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Conclusion 19/21

e Differences between 3-D and 2-D computational
models were evaluated.

= Sufficiently fine fuel segmentation can preclude
discrepancies coming from the averaging process.

e To properly account spectral end-effects 3-D
approach is needed.

e Impact of the Inconel grids can be covered by the
material smearing in axial direction.

e A few FA cases based on the real data have been
analyzed to demonstrate reasonable  axial
discretization.
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5.9 Burnup credit application in CONSTOR SNF cask criticality
analysis for RBMK-1500 fuel; R. Plukiene, FTMC; 31th Spent
Fuel Workshop; 19 — 21/10/2022

r 5
e U = 3 -
int Programme

European Joi
on Radioactive Waste Management

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 514
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

Current status - Lithuania

Criticality safety and Burnup credit application

Modeling of RBMK fuel composition
CONSTOR RBMK-1500/M2 cask k.4 calculations

Results and burnup credit application possibilities

31st Spent Fuel Workshop | 19-21 October 2022
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https://am.Irv.It/uploads/am/documents/files/INPP%2BDecom%2B2021-04-12eng.pdf

31st Spent Fuel Workshop | 19-21 October 2022

* By now storage of SNF is realized at interim storage facility at
Ignalina NPP site for 50 years:

v #1 SNF storage contains 118 containers works from 1999;

v #2 SNF storage facility for ~200 containers started at 2020 (146
stored already).

31st Spent Fuel Workshop | 19-21 October 2022
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» 3 types of SNF storage casks (GNB
(Germany)) are used:

v/ CASTOR (metal)

v/ CONSTOR (reinforced concrete)

v New type CONSTOR RBMK-1500/M2
with 80% increased capacity for
RBMK-1500 SNF

3.43m
4.4m

S

MCNP model of CASTOR container: 102 half-assemblies bundles

31st Spent Fuel Workshop | 19-21 October 2022

» transport and storage container CONSTOR M2/RBMK-1500 consist of: cylindrical

basket 32M (stainless steal) and 454 mm thick ring basket (made of aluminum alloy)

Modeling of accident scenario: H,O in all cavities, FA standard (design) configuration.

SCALE 6.1 model of CONSTOR® RBMK-1500/M2 SNF cask

Page 517
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in case of burnout, the conservatism is a bit too high -> the cost of storage systems increases

» According to the Lithuanian national regulations the k.4 shall not
exceed 0.95 during normal operation and postulated accident scenarios.
* Goal : to ensure sub-criticality of system with fissile materials
(ko<0.95)

« Fissile isotopes — 23°U, 239Pu, 24Py, etc.

« Safety justifications are based on conservative assumption of fresh
fuel

* In case of different SNF burnup, the conservatism may be too high ->
the cost of storage systems increases

» Burn-up credit (BUC) approach calculations takes into account the
reduced SNF reactivity due to depletion of fissile isotopes and
accumulation of neutron absorbing isotopes during fuel burn-up

31st Spent Fuel Workshop | 19-21 October 2022

Reactivity Effect of Cooling Time (large time range)

0.98 Decrease in reactivity after Am-241 & Pu-240 decay
’ complietes and Pu-239 decay dominates the process
0.96 '
0.94 5 ] ’{\
~N
= 092 Decrease n reactivity due to decpy of /e\ //
% 0. -
o Pu-241(t1{2=14.4y) and buildup pf Am-241 * |
: and Gd-155 (from Ep-155, t1/2=4.7y) k/
8 0.90
— Increase in reagtivity due tp decay of
7] —~— |
© a8 R Am+241(t1/2=433vy) and Pu-240 (+1/2=6560y)
c
£
= B
_3 0.86 /ﬁ .\k\ /" 3
/ 100 hours
™ \k :://// /7—-\.“\
/ \ —— Actinide-Only
0.82 — Actinide + Fission Product
—Full
T

.80 ] | T RN TT R TTNY RS TET R
1.E-03 1E 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Cooling Time (y)

U.S. Department of Energy Increase in reactivity due to decay P e Sl S
Oak Ridge National Laboratory  of short-lived fission products T-BATTELLE
31st Spent Fuel Workshop | 19-21 October 2022 Ref. [NRC-2012-0100]
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+ SCALE6.1: STARBUCKS (ORIGEN-ARP, CENTRM, KENO VI, ENDF/B-VII.0 238
energy group data library),

* Mirror boundary conditions were applied for 2.64-2.64 4.52m cask surrounding
cuboid.

» Atriangular pitch of 125 mm between fuel bundles (centered in its position tube of
102 mm outer demeter with 2 mm thick wall).

¢ 2.0% and 2.8% 23U enrichment RBMK fuel mixture composition and 0 (fresh
fuel assumption) — 22.5 GWd/tU burn-up

» 5 years cooling time was used

» horizontal burn-up profile uniform but axial burn-up profile taken into account :
“end-effect” — slightly higher criticality for the upper fuel bundle profile due to water
density varying from 0.8 to 0.2 g/cm3.

« uniform water density distribution from 0.1 to 1.0 g/cm?3

» conservative uniform temperature of 100°C (conservative accident scenario)

Ref.[IAEA-TECDOC-1241]

31st Spent Fuel Workshop | 19-
21 October 2022
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* Actinide-only approach: fuel with most important
actinides (234-236U, 238 238-242pyy 241-243Am 237Np) were
included in keff calculation

 Fission product case for BUC additionally includes:
%Mo, PTc, 10'Ru, 193Rh, 109Ag, '33Cs, 43Nd, 145Nd,

147Sm’ 149-1528m’ 153EU,1556d and 166-168Er’ 170ET.

31st Spent Fuel Workshop | 19-21 October 2022

+ ~7 m length fuel assembly with 18 fuel elements
» 14 fuel assemblies and 2 control rods segment with infinitive lattice
approach
+ SCALE6.1:
» TRITON with NEWT ir ORIGEN-S
» ORIGEN-ARP (Automatic Rapid Processing)
= ENDF/B-VII nuclear data library

= One group cross-section libraries for
non-erbium fuel with 2 % enrichment
and 2.4 % (with 0.41 % mass of Er,05),
2.6 % (0.5 % Er,0;) and

2.8 % (0.6 % Er,0;) enrichment fuel
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Very few experimental data:

«  KORENKOV, A. G, et al. Destructive Analysis Determination of Neutron Emission from Spent
RBMK Fuel, Atomic Energy, 2002, Vol. 93, No. 4, p. 815-822 (only some of actinides present in 22 2%
of samples)

«  MAKAROVA, T. P, et al. Destructive Analysis of the Nuclide Composition of Spent Fuel of WWER-
440, WWER-1000, and RBMK-1000 Reactors, Radiochemistry, 2008, Vol. 50, No. 4, p. 414-426. (2%

enrichment fuel, only two burnup cases)

Modeling of RBMK fuel:

* Plukiené, R., et al., Numerical sensitivity study of irradiated nuclear fuel evolution in the RBMK
reactor, Lithuanian journal of physics. ISSN 1648-8504. Vol. 49, no. 4 (2009), p. 461-469

« Smaizys, A., et al. Numerical modelling of radionuclide inventory for RBMK irradiated nuclear fuel,
Nuclear Engineering and Design, 2014, Vol. 277, p. 28-35.

31st Spent Fuel Workshop | 19-21 October 2022

* The comparison shows an acceptable agreement between the values obtained using

created one-group cross-section libraries and experimental data as well as point depletion

calculations.

* The exception was observed only for 238Pu, which was caused by the initial composition of
nuclear fuel (most probably presence of 236U the parent nuclide of 22’Np which is obtained
through the activation)

31st Spent Fuel Workshop | 19-21 October 2022
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* Agreement of the experimental data and the calculated values is satisfactory for other plutonium
isotopes — the difference between the experimental and calculated values is 5-6% for 23°Pu, 5—
25% (the highest difference for low burn-up) for 24°Pu, 5-15% for 2*'Pu and 5-19% for 2*?Pu, as
well as for FP (137Cs).

* At the highest modelled burn-up (29 GWd/tU) the isotopic composition differences between 2
and 2.8% enrichment fuel burn-up for actinides important to BUC applications vary from 11 to

52%
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Neutron absorption rate (R) spectra inside
CONSTOR® RBMK-1500/M2 storage cask (2)

Neutron absorption rate (R ~®*c,, ) spectra inside SNF cask in case of 0.35 g/cm? water density for
2.8% and 2.0% enrichment fuel. Pu neutron absorption cross sections on the right for information.

Most critical conditions: low burn-up (0.45 GWd/tU) SNF.

31st Spent Fuel Workshop | 19-21 October 2022

Isotopic composition differences for 2% and 2.8% enrichment
SNF at CONSTOR® RBMK-1500/M2 storage cask (3)
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Years

* Criticality calculations of CONSTOR® RBMK-1500/M2 storage cask
were performed using pre-generated ORIGEN-ARP SNF libraries and
STARBUCKS BUC evaluation tool from SCALE 6.1 code package.

» Worst condition k4=0.924+0.003 (>0.95) with 2.8% 235U SNF
enrichment using actinides only approach at 0.45GWd/tU. In case of FP
and Er k. decreases due to "8’Er, which burns at higher burnups.

* k.~0.859 of 2.0% 235U SNF enrichment fresh fuel is due to less fissile
material.

* Non-uniform uranium depletion is responsible for end effect in RBMK-
1500 SNF whereas build-up of plutonium has no significant effect.

* Most critical conditions region is identified: 0-3 GWd/tU burn-up fuel and

0.3-0.5 g/cm3 water density inside SNF.
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Thank you for attention!
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6. Participation to an Event other than a Conference or a
Workshop

e Effect of modelling parameters on calculated PWR spent fuel observables; G. Zerovnik, JRC;
Serpent User Meeting 2020; 29/10/2020

e Fuel properties characterisation and related uncertainty analysis: overview, status and planning;
P. Schillebeeckx, JRC Geel; 1st research coordination meeting on the CRP on spent fuel
characterisation; 06 - 10/12/2021

¢ Neutron resonance analysis and applications to material characterisation; P. Schillebeeckx, JRC
Geel; LANL P/T Colloquium, April 2022; 28/04/2022

e Untersuchung des Radionuklidinventars und chemischer Wechselwirkungsprozesse an der
Grenzflache zwischen Kernbrennstoff und Zircaloy-Hillrohr von bestrahlten LWR-
Brennstoffproben; R. Dagan, T. Konig et al., KIT; BGZ Studierendentag; 05 — 06/05/2022

e SFC Task 2: Fuel properties characterisation and related uncertainty analysis (summary and
status); P. Schillebeeckx, JRC Geel; IAEA CRP spent fuel characterization ; 22 — 23/09/2022

e Performance assessment and uncertainty evaluation of the clab calorimeter; P. Schillebeeckx,
JRC Geel; WPNCS Subgroup 12 meeting; 01/12/2022

European Joint Programme
on Radioactive Waste Management
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6.1 Effect of modelling parameters on calculated PWR spent fuel
observables; G. Zerovnik, JRC; Serpent User Meeting 2020;

29/10/2020

r i

e U - 3 -
European Joint Programme

on Radioactive Waste Management
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Effect of modelling parameters on calculated PWR
spent fuel observables

G. Zerovnik, D. Cali¢, L. Fiorito, A. Hernandez Solis, B. Kos, M. Kromar, P. Romojaro, A.
Stankovskiy

EC-JRC Geel, Retieseweg 111, B-2440 Geel
SCKeCEN, Boeretang 200, B-2400 Mol
JoZef Stefan Institute, Jamova cesta 39, SI-1000 Ljubljana

sclk cen

Modelling uncertainties

* Modelling, computational, numerical?
* Uncertainties, biases, errors?
* Types of modelling uncertainties?

sclk cen
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Modelling uncertainties: Monte Carlo vs. deterministic

Monte Carlo n. transport Deterministic n. transport
» Continuous energy
» Continuous direction

« Continuous time (e.g. for n. kinetics)
» Space continuum (particle tracking)
»Exact” solution (except round-off)

sck cen

Modelling uncertainties: Monte Carlo vs. deterministic

Monte Carlo n. transport Deterministic n. transport
» Continuous energy
» Continuous direction

« Continuous time (e.g. for n. kinetics)
« Space continuum (particle tracking)
»Exact” solution (except round-off)

+ Apart from counting statistics, are there any other souces of numerical
error in continuous enegy MC particle transport codes?

sck cen
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Modelling uncertainties: Monte Carlo vs. deterministic

Monte Carlo n. transport Deterministic n. transport
» Continuous energy
« Continuous direction

« Continuous time (e.g. for n. kinetics)
» Space continuum (particle tracking)
»Exact” solution (except round-off)

+ Apart from counting statistics, are there any other souces of numerical
error in continuous enegy MC particle transport codes?

 YES:
— Discretization of thermal scattering data (e.g. Serpent 2.1.29 - fixed in 2.1.32)
— Ignoring Doppler Broadening Rejection Correction (DBRC) (e.g. MCNP)
— Energy release per fission proportional to atomic mass (e.g. Serpent before v. 2.1.31)
— etc.

sck cen

Modelling uncertainties: depletion vs. n. transport

MC neutron transport Material depletion by n. irradiation
« Continuous energy * Reaction rates from continous E
» Continuous direction * Not needed for depletion (41T int.)

« Continuous time (e.g. for n. kinetics)
« Space continuum (particle tracking)

Additional modelling uncertainties:

* Model simplifications (e.g. 2D)

* Physical approximations (e.g. no DBRC)

» Energy deposition model (fission; all n reactions; n+y)

sck cen
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Types of modelling uncertainties

* Counting statistics

* Discretization
— Independent variables
— Conditions (e.g. temperature, density)

* Physical approximations
* Simplifications (e.g. 3D->2D, boundary conditions)

* Round-off (negligible in double precision for well-conditioned
problems)

sclk cen

Discretization parameters

Independent variables:
* lrradiation time steps:
Depletion solver (i.e. mathematical method used to solve Bateman equations)
Implicit/explicit
Interpolation/extrapolation scheme
Substeps
* Depletion geometrical zones:
— Radial zones within pin (to model ,rim effect”)
— Pins grouped in separate zones (to account for asymmetry, e.g. due to boundary conditions)
— Axial zones (in 3D model or 2D slices with different irradiation conditions)
— Azimuthal regions within pin (not studied, probably negligible effect?)
Conditions:
» Fuel temperature profiles: radial, axial (negligible)

* Moderator axial density and temperature profiles

sclk cen
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SNF observables

Main studied observables:
— Decay heat rate ' H
— Neutron emission rate : S,

— 7y-ray emission rate 'S,
Possible to measure, but different difficulties...

= Determined/estimated by theoretical calculations
= Summation formula starting from nuclide vector

sclk cen

Decay heat of SNF: main contributing nuclides

Decay heat rate: H(t) = X; H;(t)
« 1a<t.<10a 1.0
_ 144Ca [ 144pf A
_ 106Ru / 106Rh o 08 |
_ 13Cg =
_ 90gr /%y & 137Cg/ 13TmBg O
§ 06F
+ 10a<t,<100a 2
— 0S¢ [VY & 19Cs [1mBa § :
— 8Py = 04F
~ s 3 e,
— 24Cm I . \‘
0.2 SN
*+ 100a<t.<1000 a . L
~ 1AM 0.0 e
— 23%py 1 10 100
— 239241py Cooling time, t / year
)
sck cen
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Neutron emission of SNF: main contributing nuclides

Contribution from SF dominating!

_ , - for cooling time < 100 a, (a,n) rate at
Sp(t) = ) Sp;(0) e
> least 10x lower than SF n. emission rate

Neutron emission rate:

S, (t) = sensitive to 2**Cm production

sclk cen

y-ray emission by SNF: main contributing nuclides

Photon emission rate energy density:
Hy(©) = ) Hy (0 = ) N© AEy,
J J
= Contribution of y-rays to decay heat

+ 1a<t.<10a

— 134Cg
— 137Cg / 137TmBg

— 106Ry / 196RhK
*+ 10a<t,<300a

— 137CS / 137mBa
— 154EYy
— 241Am

- 300a<t, <1000

— 241Am
— 137Csg [/ 187TmBg

sclk cen
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Definition of the study case

2D PWR 17x17, Zircaloy-4, 4% enriched UO, fuel, 4 x 300 d fuel cycles, cooling
periods 30 d. Fuel radius 4.095 mm, clad inner/outer radii 4.18/4.75 mm, rod
pitch 12.6 mm.

Simplified operating conditions:

* Power levels 50, 50, 40 and 30 MW/tHM during each cycle.
* Coolant density 0.655 kg/cm?3, constant boron level 800 ppm.
* Fuel density (95% theoretical density): 10.4 g/cm3.

* Constant T: fuel and gap: 900 K; coolant and cladding: 600 K.
Numerical approximations (ref. model):

* 4 equi-volume radial depletion zones

* Time steps percycle: 1d,10d,14d,3x25d,2x50d

* reflective boundary conditions

Code: Serpent (v2.1.29/30)

Nuclear data library: ENDF/B-VII.1

sclk cen

Counting statistics: nuclide vector at cooling time 5 a

No. of neutron histories: 2.5 x 108 (5000 n. in 500 active cycles)
Count. stat. unc.: estimated from 50 runs with different random seeds

Nuclide c,/(g/tHM) o./c, Nuclide c¢,/(g/tHM) o./c,

920Gy 678.56 (2) 0.003% 238Py 426.44 (18)  0.04%
133Cs 1621.7 (1)  0.01%  29Py 6747.4 (18)  0.03%
134Cs 43.86 (2)  0.04% 24Py 3065.2 (13)  0.04%
137Cs 1638.0 (0) 0.001% 24Py 1556.7 (6)  0.04%
148Nd 567.92 (6) 0.01%  2*?Pu 970.92 (30) 0.03%
235 7109.9 (14)  0.02%  24'Am  499.66 (17)  0.03%
23] 920116 (4) 0.0004% 24Cm 109.38 (8) 0.08%

sckcen
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Actinide production chains

Actinide production processes: R; = Y.; ¢ 07,V;
* Radioactive decay
— PB-decay

— Isomeric transition

242Cm _$%3Cm _2%Cm 2*Cm _$%Cm

— a-decay T T T
* Nuclear reactions: WIAmM 292Am 2B3AM_2%Am
N EC
— Neutron capture T l T
. 238pu9239PU—9240PU%241PU+242PU—)243PU

— Other reactions: T T T

+ (n2n) 137Np9233Npa239Np440Np

* (na) TB'

(ny)
+ (n,p) 235 — 236 237J—> 238J—> 239
. etc.

sclk cen

Irradiation time discretization

Reference model:

e Time steps percycle: 1d,10d,14d,3x25d,4x50d

* Depletion solver: CRAM order 14

* Predictor/corrector: linear extrapolation/linear interpolation

* Substeps: 10/10

Time step with longest time steps within 0.2% for 2**Cm:

e 1d,10d,14d,25d,50d,2x100d

The optimal time step scheme is problem dependent. The findings are only
valid for specific fuel type and power density range (only valid for PWR UO,

fuel and not valid e.g. for MOX fuel!).

EURAD (Deliverable 8.3)- Title: SFC Training materials
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Depletion zone discretization: pin level, radial

* Burn card: equi-volume
* Div card: equi-thickness
* Manual: 2 zones to study the ring effect

0.984 0.994 1 0.999 1.002 1.002 0.997
1.002 1.000 1 1.000 1.000 1.000 1.001
1.005 1.002 1 1.000 0.999 1.000 1.001

sck cen

Depletion zone discretization: assembly level; boundary conditions

Reference model:
* 17 x 17 pins
0 264 equal fuel pins
0 25 empty positions (for CR)
* All pins grouped in a single
depletion zone
* 4 radial (equi-volume) zones
* Reflective boundary conditions

Separate pin treatment study:

* As a function of boundary
conditions (1-group albedo)

* Optimal pin grouping?

* Effect on observables

sck cen
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Pin grouping: by , feeling”

SCCo0T00C800C0000 GEB65600608066500
200208008800 00000 20000CCC080088008
000000 00 IEO0Y @0006()00, 08 ICCO08
020 0B00CC0HC0CTOE 2ce 0800680660008
©0C00C000CC0CEC0Y 0080C0050008E000
220100, 80100 0 8800080000 08¢
oG o0800ECCEL0E0Y 0000800500650 500
CCCToOOTCOCOOOOCOCD ecocogoocgconooQCoe
4 O e coi0e 0000000 08 8 leeleadse veos 0e
0C6COC00ECOLO0ED0 SSE00L00828000500
CCCe000CRCC00000T 00000000008 C8000
ST e 0000 10008 e e eS 000 e
080080 0ECoHR0T0 0000800800600 500
626600068000 008 8860586800000 00
80080000 :C0IC300 S0000()00 0006000
00006000600 080080C C00000C00DOOEB000
C0COCDOCECCOTR0OT CO00CLOCOTTICETOD

12 16 39
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Pin burnup distributions

sck cen
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Pin grouping: by burnup, separated by 10 GWd/tHM

a=1 a=0.8

2 zones 4 zones
a=0.5 a=0

6 zones 10 zones

sclk cen

Separate pin treatment: results (decay heat rate at 5 a cooling)

sclk cen
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Separate pin treatment: results (2**Cm — n. emission)

sclk cen

Irradiation conditions: fuel temperature profile

T 4 equi-volume radial regions @ different T
Ref. case: T independent of radial position

Radial temperature profile

0.00

-0.05
2

® -0.10
(3]
f =
o
£

B -0.15
(0]
2
&
[]

= -0.20

parameter
—— decay heat rate
025 n-emission
—— y-emission
10° 10’ 10° 10°
cooling time / &
sckcen
AN
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Irradiation conditions: moderator density and temperature

Moderator temperature profile in a typical PWR:
* Bottom: ~560 K (p =0.752 g/cm® @ 15.5 MPa)
* Top: ~600 K (p=0.661g/cm®* @ 15.5 MPa)
* 2D slices at different conditions:

Nucl. c(600K)/c ¢ (560 K)/c Nucl. ¢ (600K)/c c(560K)/c

(580 K)-1 (580 K)- 1 (580 K)-1 (580 K)- 1
908y -0.73% 0.54%  238py 3.21% -2.51%
134Cs 2.24% 1.54%  29Py 5.09% -3.77%
137Cs 0.00% 0.00% 24Py 8.83% -5.82%
148N -0.05% 0.04% 24Py 2.49% -1.76%
1495 m 8.33% 5.28%  242Py 6.84% -4.72%
235 6.53% 480%  241Am 7.18% -4.94%

sck cen

Physical approximations: DBRC (on/off)

DBRC: used for 238U, 240.242py gnd 242 Am
No DBRC: ref. case
DBRC

parameter
06 decay heat rate
——— n-emission
—— y-emission

04

0.2

relative difference / %

00 =

10° 10 107 10°

sck cen
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Summary and conclusions

Analysis of modelling uncertainties/biases — case study:
* Calculations: neutron transport (MC, det.) + depletion
* Case: simplified PWR assembly
* ND library: ENDF/B-VII.1
* Observed quantities: Nuclide vector, decay heat, neutron and y-ray emission

Analysis of modelling uncertainties/biases — main results:
* Time discretization: optimal time step scheme is problem dependent.
* Spatial discretization of the depletion zones:
— Optimal pin grouping depends on boundary conditions
— For UO, fuel, 4 equi-volume radial depletion zones are sufficient (<0.1% bias for 24Cm);
2 regions with optimized border are almost sufficient
* Operational conditions:
— Axial moderator density important — non-linear effect (either 3D or 2D slices).
— Radial fuel temperature: small differences, 1 radial zone almost sufficient.
* DBRC causes <1% difference in observables (has to be studied in more detail).

sclk cen

= Detailed sensitivity studies

= Nuclear data

= Operational history

= Geometry & materials

= Model parameters (depletion time steps, depletion zones, nuclide vector, etc.)
= Experimental validation

= Decay heat measurements from from SNF (e.g. SKB-50, ,,Blind Test")

= Neutron emission measurements from SNF (JRC/SCK)

= SFCOMPO database

= Nuclear data measurements (decay energies, actinide cross sections, etc.)

sclk cen
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6.2 Fuel properties characterisation and related uncertainty
analysis: overview, status and planning; P. Schillebeeckx, JRC
Geel; 1st research coordination meeting on the CRP on spent
fuel characterisation; 06 - 10/12/2021

European Joi
on Radioactive Waste Management
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TASK 2
FUEL PROPERTIES CHARACTERISATION AND
RELATED UNCERTAINTY ANALYSIS

Summary and status

P. Schillebeeckx, D. Rochman, M. Verwerft, R. Dagan, M. Seidl

The project leading to this application has received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement n® 847593.

TASK 2: SNF CHARACTERISATION — SOURCE TERMS OF INTEREST

Main observables of SNF that are of interest for transport, handling, storage and disposal:
e Decay heat rate
¢ Neutron emission
* y-ray emission
¢ Reactivity (burnup credit, nuclides with high neutron absorption cross section)
* Fissile material (Safeguards, non-proliferation), i.e. 25u, 2%pu
» Specific long-lived radionuclides (Long term safety), e.g. 14C, 7°se, %*Nb, ®Tc, 1%, 22Ra

= requires knowledge of a complex inventory of nuclides with different characteristics

= a full characterisation can only be obtained by theoretical calculations
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THEORETICAL CALCULATIONS OF NUCLIDE INVENTORY

Burnup code: coupled neutron transport — nuclide depletion/creation calculations

Neutron transport

G—
Bateman equation |
dNy
T =Y Nf Cr @ + z xiNi + Z GjN]- [ (Xk + Gk,a(P)Nk
i j
Update nuclide vector
TASK 2: IMPROVE PERFORMANCE OF BURNUP CALCULATIONS
Nuclear data SNF input data

* Cross sections: (n,y), (n,f), ...

* Fuel properties
* Fission Yields

- design
* Decay data ﬁ h - terial data (IE
= Haﬁf—lives Burnup code . Opr:rzt?orfal P?isi(iry)
- Emission probabilities - burn-up (BU)

- Recoverable energy

- cooling time (CT)

Validate by experiment Source terms Verify experimentally
* Thermal power in industrial conditions
* Neutron emission
® y-ray
. 239pu
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TASK 2

e Subtask 2.1

co-ordinator
partners

* Subtask 2.2
co-ordinator
partners

* Subtask 2.3
co-ordinator
partners

e Subtask 2.4
co-ordinator
partners

: FUEL PROPERTIES CHARACTERISATION AND RELATED UNCERTAINTY ANALYSIS

“Theoretical study of SNF source terms” (Theory)

PSI (D. Rochman)
CIEMAT, JSI, JRC Geel, NAGRA, PSI, SCK CEN, VTT

“Develop, improve and demonstrate NDA methods/systems for SNF characterisation” (NDA)
SCK CEN (M. Verwerft)
CIEMAT, ENRESA (ENUSA), JRC Geel & Ispra, SCK CEN, SKB (UU)

“Calculate and determine experimentally the inventory of activation and FP in cladding” (Cladding)
KIT (R. Dagan)
CIEMAT, KIT, LEI, NAGRA, VTT, SURAO(CTU)

“Define and verify procedures to determine source terms of SNF with realistic confidence limits”
PEL (KIT) (M. Seidl)
CIEMAT, CPST, JRC Geel, ENRESA, JSI, PEL, SSTC NRS, KIT, SCK CEN, TUS, SKB (UU)

SUBTASK 2.1 THEORETICAL STUDY OF SNF SOURCE TERMS

« Cases to verify the performance of different codes and perform sensitivity and uncertainty analysis defined

* BWR

¢ Calculated case:

— Gundremmingen-7 sample (SFCOMPO) (sensitivity and uncertainty analysis)

(U0,, 25 MWd/kg, 4 cycles, 2.5 %) - S1.PWR (UO,, 51 MWD/kg, 4.0 %)

- ENRESA

* PWR

- SF95-5 from the Takahama-3 reactor (SFCOMPO)

— GU1 from ARIANE (public report)

(UO,, 41 MWd/kg, 3.95 %)

* Decay heat: PWR and BWR fuel assemblies
- SKB-2006

U0,, 30 Mwd/kg, 2 cycles, 4.1 %
(vo, & 2y ) - GE-Morris

U0,, 60 MWd/kg, 4 cycles, 3.5 %
2

— GU3 from ARIANE (public report)

(UO,, 52 MWd/kg, 4 cycles, 3.5 %)

— BM1 from ARIANE (public report)

(MOX, 45-47 MWd/kg, 5 cycles, 4.2 % fissile)

— NPP Kr3Ko

(UO,, 40 MWd/kg, 4.95 %)
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SUBTASK 2.1 THEORETICAL STUDY OF SNF SOURCE TERMS

* Cases to verify the performance of different codes and perform sensitivity and uncertainty analysis defined
* All results of calculations reported

Partner Code(s) Cases studied

CIEMAT MCNP/EVOLCODE, MCNP/CINDER SF95-5

ENRESA/ENUSA  POLARIS BWR(ENRESA)

JSI (JRC) SCALE (TRITON/NEWT, POLARIS), SERPENT2 S1.PWR, NPP Krsko, SF95-5, SKB-2006

SCK CEN MCNP/ALEPH2, SERPENT2 S1.PWR, SF95-5, SKB-2006

KIT MCNP/CINDER, Nucleonica SF95-5

NAGRA SCALE(TRITON, POLARIS) SF95-5, BM1, BWR(ENRESA), Gundremmingen-7 (B23),
GE-Morris, SKB-2006

PSI CASMO, CASMO/SIMULATE/SNF GU1, GU3, BM1, BWR(ENRESA), GE-Morris, SKB-2006

VTT SERPENT2 Gundremmingen-7 (B23)

+ in kind contribution from IRSN (FR) and Studsvik in the analysis of the data and preparation of final paper

SUBTASK 2.1: NUCLIDE INVENTORY

¢ C: calculated concentration
¢ E: experimentally determined
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SUBTASK 2.1: DECAY HEAT RATE

= More detailed study: Romojaro et al.,“On the use of decay heat measurements for code validation”

in Frontiers in Energy Research

SUBTASK 2.1 RECOMMENDATIONS

CLAB calorimeter

u8Nd  B7Cs 25y B%y  BU Decay
< heat rate
w Relative 4% 5% 4% 4% 5% > 4%
o uncertainty
x
S Relative -01%  -0.4%  0.2% 2.5% - See fig.
= difference

Cooling time / a
EPRI PIRT report +llas et al., Nucl. Eng. Des. 319 (2017) 176
BWR, BU = 37 MWd/kg and CT = 15.6 a
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UNCERTAINTY ANALYSIS (PHD AHMED SHAMA)

Data set Decay heat rate, C/E

Average  St. Deviation

CLAB, BWR (81) 1.010 0.051
CLAB, PWR (71) 1.015 0.023
CLAB (152) 1.012 0.041

Relative uncertainty, 100 x u,/P

Burnup / (MWd/kg)

BLIND TEST (NOT INCLUDED IN EURAD): PAPER PUBLISHED

* PWR assemblies

* Decay heat rate determined at CLAB

Assembly ID BU CcT IE Decay heat rate  Gamma-escape
BTO1 53 MWd/kg 45a 3.95 wt% 1662 W 58 W
BT02 55 MWd/kg 8.6a 3.95 wt% 1068 W 30 W
BTO3 50 MWd/kg 9.8a 3.95 wt% 895 W 21W
BTO4 51 Mwd/kg 13.5a 3.70 wt% 768 W 15W
BTO5 50 MWd/kg 214 a 3.60 wt% 663 W 12w
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BLIND TEST: CODES + LIBRARIES

BLIND TEST: RESULTS

Assembly ID cT 100 x (C-E)/E St. dev.
BTO1 45a 25 1.9
BT02 8.6a 23 1.8
BTO3 (+ Gd) 9.8a 33 1.9
BTO4 13.5a 0.6 2.3
BTO5 214a 2.1 2.1

EPRI report +llas et al., Nucl. Eng. Des. 319 (2017) 176

= Uncertainty of 1.3 % realistic?
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SUBTASK 2.2: DEVELOP AND IMPROVE NDA METHODS/SYSTEM

* Provide data to validate burnup codes
— Neutron emission rate of a SNF by NDA at SCK CEN
— Radiochemical analysis of BWR samples

— Performance assessment and uncertainty evaluation of CLAB calorimeter (MSc Thesis of J. Ekman, A. Mehic)

* Improve NDA methods to characterise SNF assemblies (PhD Thesis V. Solans)
— Gamma-ray scanning device at CLAB

— Differential Die-away Self-Interrogation (DDSI)

SUBTASK 2.2: DEVELOP AND IMPROVE NDA METHODS/SYSTEMS

* Neutron emission rate of a SNF by NDA at SCK CEN
— Experiments of REGAL sample at SCK CEN (finalised)

— Publication data book in progress
— Experiments finalised and reported (EUR30379 EN) (Journal paper in progress)
— Experiments with improved detection system (delayed: summer 2023)
— Design of improved transfer container finalised
— Construction: delayed due to administrative procedures

» Radiochemical analysis of a set of BWR samples (November 2022)
— Data book finalised and distributed (21/03/2022)
— Radiochemical analysis in progress (complications with radiochemical analysis: very instructive)

— problems with nuclide inventory determined by Laser ablation <> radiochemical analysis
— problems revealed by comparison with calculated data
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SUBTASK 2.2: CALORIMETER AT CLAB

AT 1K

« Improve analysis procedure for calorimeter at CLAB (Msc Thesis of J. Ekman, A. Mehic)
(ollaboration Vattenfall (SKB), JRC, JSI, SCK CEN)

— Analytical model to describe heat transfer (finalised) s
o 10000 20000 30000
Time /s
— Study of the y-ray escape from the calorimeter (ongoing)
— MCNP (y-ray transport ) + SNF (fuel depletion) : : : e
— SERPENT (y-ray transport ) + ALEPH2 (fuel depletion) oso " Lo monershE
=> Compare results with present approach ol . 4
(y-ray dosimeters combined with analytical expressions for the y-ray transport) o HEA 'i
S 070 - nt ]
— Uncertainty assessment (December 2022, journal paper in progress) % ¢ H i wee x "
065 ® e % —
— Calibration electrical heater °e°, L °
— Gamma-ray correction + correction for difference electrical heater — fuel assembly 060 [ -
— Least squares fit procedures 055 Lt ) .. ) )

L
200 300 400 500 600 700

Decay heat rate, Power / W

SUBTASK 2.2: DEVELOP AND IMPROVE NDA METHODS/SYSTEMS

* Improve analysis procedure for neutron and y-ray based NDA measurements at CLAB

(PhD Thesis of V. Solans, presentation at this meeting)
Details: presentation of V. Solans
— y-ray measurements: finalised (presentation at IAEA symposium, journal paper in preparation)
(intrinsic calibration for gamma-ray attenuation in assembly based
on well-known principle applied for enrichment determination)
— Differential Die away Self-Interrogation (DDSI): in progress
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SUBTASK 2.3: CALCULATE AND DETERMINE THE INVENTORY IN CLADDIN

Cladding composition: important to study fuel integrity (PhD Tobias Kéning, August 2022)

* Selection of Zircaloy samples irradiated in a PWR Gésgen (CH) (done) Pellet
(U02, 50.4 GWd/t, 4 cycles, 3.8%, 32 years cooling time)
- Zircaloy-4 of UO, fuel rod segment

- Zircaloy-4 plenum of UO, fuel rod segment
- UO fuel fragment

Cladding

« Experiments using various techniques at KIT
— Scanning Electron Microscopy (SEM)
— Wave Length X-ray spectroscopy (WDX)
— Energy Dispersive X-ray spectroscopy (EDX)
— X-ray Photo-electron spectroscopy (XPS)
- Radiochemical analysis (o.-spec,y-spec, LSC, HR-ICP-MS)

/

Fuel-cladding interaction layer

SUBTASK 2.3: CALCULATE AND DETERMINE THE INVENTORY IN CLADDING

Ba/gr Cladding at the pellets, U; Actinides: Np, Pu
Code validation o
o NAGRA-KENO

¢ Calculations (done) o o
- MCNP/EVOLCODE  CIEMAT, L e
- MCNP/CINDER KIT P -
- SCALE (TRITON) LEI N ||| I|I1 Ili 5 mm Em  mEm  Em
- SCALE (KENO) NAGRA ‘ |

adding!

Ba/e

—  SCALE (POLARIS 2D) NAGRA
- VIT SERPENT2

8

00001
U, Np, Pu vestor

* Interpretation of data (in progress)
- Good agreement for the cladding of the plenum and the cladding around the pellets
- Singular deviations are being checked for their origin (input issues, code deficiencies, source of uncertainties, ...)
- Comparison with experimental data used to assess how much fuel is adherent to the inner surface of the
cladding during manufacturing: important to estimate the risk of radiation damage during interim storage
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(PhD Tobias Kéning, August 2022)
INVENTORY OF 36Cl AND 129

129 i i
36C] activity in Zry-UOX, Zry — MOX oo | ' a;“‘“?/ (I'""ed”t"\’/l'&P INDER
Experimental and calculated (MCNP/CINDER) xperimental and calculated ( / )

Activity per amount of Zr / (Bq/t)
Activity per amount of U / (Bg/t)

* First ever analysis of 3¢Cl in PWR fuel rod components

* Calculations: 15 ppm 3°Cl in fuel and zircaloy
(Hakkinen, Impurities in LWR fuel and structural materials, Finland 2019)

SUBTASK 2.4: DEFINE AND VERIFY PROCEDURES TO DETERMINE SOURCE TERMS OF SNF WITH
REALISTIC CONFIDENCE LIMITS

Planning was reviewed to account for delays due to COVID and signing of agreements

Code Library (o,n) Si/(g'sY) S«/(gls?) Calculation/Experiment
Method Library Se San

SCALE ENDF/B-VIL.1 Y(a,n) 653 11.0 0.96 0.45

1. REGAL Sample from Task 2.2 (SCK CEN, JSI, JRC) (December 2022) . covevs  viom @ s or o
— Data book/report in preparation SERPENT(2) ENDF/B-VIL1  Y(a,n) 694 14.2 1.02 058

R . ENDF/B-VIILO Y(o,n) 691 141 101 0.57

— Neutron output: calculations with ALEPH2, SCALE, SERPENT2 JEFF-3.0.2 Y(n) 629 13.2 092 054

. R R JEFF-33 Y(a,n) 654 137 0.96 0.56

(journal paper in preparation) JEFF-4TO Yioun) 695 137 102 056

JENDL-4.0 719 145 1.05 0.59

- Report FEbruary 2023 ALEPH28 ENDF/B-VIILO Y(e,n) 662 13.1 0.97 0.53

2. BWR SNF sample from task 2.2 (ENRESA/ENUSA) (in progress) o SENDL ahFson 106 o
— Data book/report produced and distributed (March 2022) JEFE33 e renbLaos o i o o

— Calculations with MCNP/EVOLOCDE (CIEMAT), SCALE (PEL) olown)  JENDLAN/S00 105 043

— Report: December 2022

3. SKB-50 (in progress, December 2023) (details: presentation M. Seidl)
— Non-Disclosure agreements signed by all partners
— Analysis procedure defined
— Interaction with different partners to improve the data book (dedicated VC meetings)
— Report: December 2023
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TASK 2.4 SKB-50

e SKB50 data was received in Q2/22

* SKB50 data book is limited

* SKB50 pin data has been guessed by PEL's knowledge and/or published data

* SKB50 has been converted into standardized xml format to facilitate automation.

* SKB50 data has been distributed without measurement data to facilitate blind test
(with participants from PEL, CIEMAT, (JSI, NAGRA, KIT, PSI, SCK CEN)

TASK 2.4 SKB-50

* SKB50: 2 main PWR types and 4 main BWR types:
— 15x15 AFA/KWU, 17x17 F/HTP/AA/W
— SVEA96, SVEA100, AA 8*8-1, Atrium 10B

Cooling time / d

* Not all assemblies have :
decay heat rate & neutron & gamma-ray data

* First step: automatic SCALE runs by PEL and CIEMAT
Burnup / (MWd/kg)
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* PWRL1: 8 cases were created to study robustness of simulations

— CASMO5

— SCALE6.2, v7-238, addnux=4, 1 average fuel region, NEWT deterministic transport

— SCALE6.2, v7-252, addnux=4, 1 average fuel region, NEWT deterministic transport

— SCALE6.2,v7-56, addnux=4, 1 average fuel region, NEWT deterministic transport

— SCALE6.2, v7-238, addnux=0, 1 average fuel region, NEWT deterministic transport

— SCALE6.2, v7-238, addnux=1, 1 average fuel region, NEWT deterministic transport

— SCALE6.2, v7-238, addnux=1, 8 different fuel region, NEWT deterministic transport

— SCALE6.2, v7-238, addnux=4, 1 average fuel region, KENOVI Monte Carlo transport SCALE, addnux=0

SCALE6 addnux parameter: for depletion calculations trace quantities of certain nuclides are
added to the inventories of depletion materials in order to accurately track the nuclides’ impact
on cross section processing and transport calculations

CONTRIBUTION TO CRP TECDOC (JRC GEEL)

Overview NDA techniques for the characterisation of SNF

Missing:
* Active neutron interrogation

- Differential Die Away

- Detection delayed gamma (and neutron)
* References
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Keep in touch

EU Science Hub: ec.europa.eu/jrc
@EU_ScienceHub

EU Science Hub — Joint Research Centre
EU Science, Research and Innovation
EU Science Hub

EU science

Thank you

European Union 2021

Unless otherwise noted the reuse of this presentation is authorised under the CC BY 4.0 license. For any use or reproduction of elements that are not owned by the EU, permission
may need to be sought directly from the respective right holders.
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6.3 Neutron resonance analysis and applications to material
characterisation; P. Schillebeeckx, JRC Geel; LANL P/T
Colloquium, April 2022; 28/04/2022

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 557

Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

European
Commission

Neutron resonance
applications to materia

P. Schillebeeckx, H. PostmaT,

Joint Research Ce

Contents

* Neutron facilities at JRC Geel
* Basic principles of Neutron Resonance Analysis (NRA)

* Applications
- Cultural heritage and archaeology
- Nuclear waste

- Validation of nuclear data (resonance parameters)
* Analysis of complex samples

* Characterisation of SNF
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Joint Research Centre

Headquarters in Brussels
and research facilities located
in 5 Member States:

* Belgium (Geel)

* Germany (Karlsruhe)

* Italy (Ispra)

* The Netherlands (Petten)

* Spain (Seville)

JRC-Geel site

40 ha

14

major buildings

Around 230 staff

from 4 JRC Directorates
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Nuclear facilities at JRC - Geel

GELINA
neutron time-of-flight facility for high-resolution
neutron measurements

MONNET

tandem accelerator based fast neutron source

TARGET

nuclear target preparation laboratories

RADMET
laboratories for standardisation of radionuclide
activity

HADES

low-level gamma-spectrometry laboratory

METRO

nuclear reference material and measurement facility

Operated by JRC.G.2 Unit
* Nuclear data

e Radionuclide measurements

* Nuclear safeguards metrology

Nuclear data group: neutron induced interactions

GELINA

neutron measurements

MONNET

tandem accelerator based fast neutron source

Neutron induced interaction cross sections

=g +o + J—
ot = %o ¥ %y ¥ Oy O

10

Cross-section / barn

1,
10°  10° 10°  10°
Neutron Energy / eV
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Neutron facilities: GELINA and MONNET

GELINA

P N
w
o
C
+
>

Cross section / barn
3

White neutron source

+
Time-of-flight (TOF)

Neutron energy / eV

VdG,Tandem

Mono-energetic neutrons

(cp,n) reactions

GELINA - Experimental set-ups (see presentation C. Paradela)
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Transmission
— 10m,30m, 50 m

Capture
— 10 m, 30m, 60 m

Elastic, in-elastic scattering
— 30m

In-elastic scattering (n,n"y)
— 30m, 100 m

Fission, (n,p), (n,a),
— 10m
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Nuclear data libraries for nuclear applications

NEA/OECD High Priority Request List
IAEA Coordinated Research Projects

l

New needs
& Feedback

e

!

l

Z ¥\

EXFOR library of experimental data - CENDL, ENDF/B, JEFF, JENDL, ROSFOND

and NDS/IAEA (standards)

Applications

* Nuclear data for energy technology

— Safety of current systems

— Development of innovative systems (e.g. MYRRHA)

— Back-end: Spent Nuclear Fuel (Burn Up Credit, Decay heat, ...)
o Intermediate storage
o Transport of SNF
o Reprocessing facilities
o Final Disposal of SNF

* Nuclear physics

* Nuclear medicine: diagnostics and therapy
* Nucleosynthesis and nuclear astrophysics
* Detector development

* Materials research (NAA, PGAA, Neutron Resonance Analysis, ...

~
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Neutron Resonance Analysis (NRCA & NRTA)

10 f | e Resonances appear at energies that are specific for each nuclide
13‘; oot kil it ot i s 2]+ Position and amplitude of resonances can be used as fingerprints to
4 — identify and quantify nuclides
40° Fo ottt ol = — elemental & isotopic composition
10° i
4 * Neutron Resonance Capture and Transmission Analysis

1 i (NRCA & NRTA)
2 gk — Non-Destructive Analysis (NDA)
8 3
'g " — no sample preparation required
g ]82 — sensitive to almost all nuclides (except light)
g ) — requirements:

® TOF-measurements at a white neutron source

(e.g. GELINA, LANSCE, J-PARC, ISIS)

10°

10°

10°

10°

00 il il ul ul ul ul ul il

10° 10* 10" 10° 10 10° 10° 10 10° 10°
Neutron energy / eV
Cross section measurements
Total cross section Capture cross section
T;e_ sz(1_e—n%:).
Otot
Well-characterised (reference) samples
n: total number of atoms per unit area is well-known
accurate cross-sections can be determined
Schillebeeckx et al., Nuclear Data Sheets 113 (2012) 3054
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Neutron resonance analysis

NRTA NRCA

Tz e (w Y, ~ (1_e—@% )1

Gtot

Well-known cross sections

areal density can be determined

Schillebeeckx et al., Report EUR 26848-EN (2014)

Neutron Resonance Analysis

NRTA n: areal density
total number of nuclei per unit area
Cin

Too = 10

Resonance Shape Analysis: REFIT 5 08
K7}
_ R}

XZ(@): (Texp = Tt vTip (Texp — T (t.1) % 0.6

© 04
|_

Twi(t) = [R(t, E) T(E) dE 02

_o{n)otor(B) 0.0L— , : .
T(g)=e Qo 1000 2000 3000 4000 5000

Time-of-flight / s

Schillebeeckx et al., Report EUR 26848-EN (2014)
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NRTA and NRCA

SFC Training materials

— 6 —NRCA  ¥Cu
%) L
£
= 4r
=~ 3
n
E 2 116, Cu
5 B Sn
109 117,
8 - Angb Sn 7 eg,
8 ,_._Jg_u_l.L‘_‘L_AJ_AJL

1. WW
c
ie) 5
= _
E 05
C
5|

——NRTA
oo s sl METETERTIT | METETEETIT

1 10

100

1000

Neutron energy / eV

Transmission: areal density Cu: 0.55 (2) g/cm?

Element Isotope E/eV wt%
Cu 8Cu 579.0 77.76 (11)
55Cu 230.0
Sn 1250 94.8 20.85 (10)
1165 111.2
175n 38.8
1185 45.7
1195 222.6
1205 427.5
12450 62.0
Fe S°Fe 1147.4 077 (1)
As SAs 47.0 0.34 (1)
sb 121gh 62 020 (2)
1235 214
Ag Wag 16.3 0.09 (1)
1098g 5.2
In usly 146 0.0061 (3)

Uncertainties: only counting statistics

H. Postma and P. Schillebeeckx, in Neutron Methods for Archaeology and Cultural Heritage (Springer)

NRTA and NRCA

6
2
s 4
2
S 2
8

18
C
ie)
2
g 05}
g
g |

——NRTA

00— i

1 10

100

1000

Neutron energy / eV

Transmission: areal density Cu: 0.55 (2) g/cm?

Element Isotope E/eV wt%
Cu 83Cu 579.0 77.76 (11)
55Cu 230.0
Sn 125 94.8 20.85 (10)
1165 111.2
7sn 38.8
1185 45.7
1195 222.6
1205 427.5
12450 62.0
Fe SFe 1147.4 077 (1)
As SAs 47.0 0.34 (1)
Sb 2sh 6.2 020 (2)
1235 214
Ag 07Ag 16.3 0.09 (1)
09g 5.2
In Usin 146 0.0061 (3)

Uncertainties: only counting statistics

H. Postma and P. Schillebeeckx, in Neutron Methods for Archaeology and Cultural Heritage (Springer)
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NRCA < PGAA at continuous incident beam
6

"In: 61 (3) ppm

63Cu 0.06

700 750 800 850
*. Time-Of -Flight/ ps !

Counts

= detection of In is not hindered by
strong resonances of other elements
(e.g. Cu)

100 1000
Time - Of -Flight / us

Postma et al., Czech. J. Phys. 53 (2003) A233

NRA: which elements can be detected?

" A <toev D\ 1000 -10000ev He Energy region detection limit
k 10-100 eV B 10000 - 100000 eV l1eV< E“< 10 eV ~ 106 (ppm)
Li Be
b 100-1000ev PN KN [™]| |w0ev<E,<1000ev ~105-10%
lkeV<E, > 102 (%)
Lanthanides
(Rare Earth elements)
Actinides
H. Postma and P. Schillebeeckx, in Neutron Methods for Archaeology and Cultural Heritage (Springer)
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NRA for cultural heritage and archaeology

Started in 2000 by a collaboration between Univ. Delft and JRC Geel initiated by Prof. H. Postma

Journal papers T April 2021
Postma et al., J. Radioanal. Nucl. Chem. 248 (2001) 115

Postma et al., Czech. J. Phys. 53 (2003) A233 — A240

Postma et al., Archaeometry, 46 (2004) 635

Postma and Schillebeeckx, J. Radioanal. Nucl. Chem. 265 (2005) 297
Postma et al., Il Nuovo Cimento, 30C (2007) 105

Perego et al., J. Radioanal. Nucl. Chem. 271 (2007) 89

Postma et al., J. Radioanal. Nucl. Chem. 271 (2007) 95

Schut et al., J. Radioanal. Nucl. Chem. 278 (2008) 151

Postma et al., J. Radioanal. Nucl. Chem. 283 (2010) 641

Perelli et al., Nucl. Instr. Meth. Phys. Res. A 623 (2010) 693

Perelli et al;, J. Anal. At. Spectrom. 26 (2011) 992

Postma et al., J. Archaeol. Sci. 38 (2011) 1810

Schillebeeckx et al., J. Instrumentation, 7 (2012) C03009

Postma et al., Analecta Praehistorica Leidensia, 47 (2017) 37

NRA for cultural heritage and archaeology

Started in 2000 by a collaboration between Univ. Delft and JRC Geel initiated by Prof. H. Postma

Chapters in books T April 2021
H. Postma and P. Schillebeeckx, “Neutron resonance capture and transmission analysis”
In: Encyclopedia of analytical chemistry (chapter a9070) ,
R.A. Meyers (Ed.), John Wiley & Sons Ltd. (2009)
H. Postma and P. Schillebeeckx, “Neutron Resonance Analysis”
In: Neutron Methods for Archaeology and Cultural Heritage (chapter 12),
N. Kardjilovand G. Festa (Eds.), Springer International Publishing Switzerland (2017)
P. Schillebeeckx and H. Postma, “Neutron resonance analysis (NRA)”
In: The SAS Encyclopedia of Archaeological Sciences,
S.L. Lopez Varela (Ed.), Wiley —Blackwell (2018)
P. Schillebeeckx and H. Postma, “Neutron Resonance Analysis methods for archaeological and cultural heritage applications”
In: Handbook of Cultural Heritage Analysis (pp. 145 — 187)
S. D’Amico and V. Venuti (Eds.), Springer International Publishing Switzerland (2022)
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NRCA: Authenticity of Etruscan artefacts

E Trrrrrrrrr Trrrrrrrrr H
g
3
510° | ! 4
2 : 3 ]
8 § ]
s 410° R g =
~ 3oz ]
3 i 8 3 2 H 1
- = c P ™ N
= 510° FAS 8 8 2l N
g 2 S 22 ]
=] -
o
2 10° l \ l ]
1 Statuettes from a collection assembled in the
- famanet 18th century by count Corazzi of Cortona (It).
Now at the National Museum of Antiquities in
)| Leiden (NL).

200 250 300 35
neutron energy (in eV)

Postma et al., Archaeometry, 46 (2004) 635

NRCA: Authenticity of artefacts

O

NRCA measurements at a 12.5 m station of
O GELINA of a figurine that is supposed to

present the Greek god Pan.

Zn/Cu ratio: replica
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Roman water taps: NRCA combined with Neutron Diffraction (ND)

NRCA : material composition

Y~ ND :fabrication process
i v NRCA: 4.8 (5) g/cm? Cu
wjohen1 Cusarer - ‘ _ Element NRCA Neutron diffraction
or e e weight ratio  (GELINA) (1SIS)
P1 P2 P3
a0 ] Pb/Cu 0335 (34) 0.415 0.337 0.402
2 ‘ l Sn/Cu 0.0868 (25) 0.094 0.098 0.094
a
208 busos) cusa 1 porass) \ 1 Zn/Cu 0.0036 (3)
t | ) ! Sb/Cu 0.00167 (3)
200 ] Fe/Cu 0.0012 (3)
As/Cu 0.00098 (3)
Shon Eie0 00 w00 A0 S0 3800 G700 Ag/Cu 0.00096 (3)
Meutron energy, eV
Schut et al., J. Radioanal. Nucl. Chem. 278 (2008) 151
Characterisation of Pbl, by NRTA at GELINA
* JRC Geel target preparation group extracted:
— 150 g lodine (powder) from 210 liter from reprocessed waste (Le Hague)
— (1.3 g/l lodine and 40 MBq/I)
¢ Sample characterisation: by mass spectrometry, NAA and NRTA
Electron Concrete
beam wall
moderators — T |
- T
arget Sample & Dummy Black filter  Paraffin
23.78m |
49.34m
Noguere et al., Nucl. Instr. Meth. Phys. Res. A 575 (2007) 476
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Characterisation of Pbl, by NRTA at GELINA

om0 | :
i AR
an| 2Nz o

ot

TM(tm N ): -[R(tm , E) e’"“tot(E)dE

XZ( @ ) = (Texp - TM(tm !n))T V'F:xp (Texp - TM(tm vn))

0
22 24 26 28 30 32 34
Energy (keV)

|
R
L

206pp
0as

Transmission

850 950

050 1150 1250

Energy (kel)

20 2 254
Energy (kaV)

55 258

0
3.0 390 400 410 420 430 440 450
Energy (keV)

t
\f

|
208pp w

E—
5

160

f
f
f

\
‘
|
|
|

\/
¥

sy et
1

00 M5 7O 75 w0 725
Enargy (xoV)

040
2000 200 4000 500 8000 700.0

Energy (keV)

Transmission

0.7

REFIT =

M

0.6}
0.5

0.4t

0.3

100 120
Neutron energy / keV

80

NRTA compared with NAA and ICP-MS

Element NRTA NAA Mass NRTA <> NAA, ICPMS :
spectrometry * more elements analysed
(PSI) . isotopi e
- pic composition of Pb
lodine total 20.24 (41) 19.75 (61) 19.86 (41)
127 3.44 (5) 3.35 (10) 3.36 (8)
129 16.80 (40) 16.40 (60) 16.50 (40)
Lead Total 52.3 (17) 51.1 (1.8)
206pp, 12.8 (5)
207pp 11.5 (1)
208pp, 27.1 (17)
Sulfur 5.44 (3)
Sodium 0.72 (2) 1.0 (2)
Oxygen 13.92 (5) 14.5 (15)
Hydrogen <0.13 0.020 (2)
Nitrogen 1.2 (4)

EURAD (Deliverable 8.3)- Title: SFC Training materials

Dissemination level: Public

Date of issue of this report: 17/05/2024

Page 570



EURAD Deliverable 8.3 SFC Training materials

NRTA of W sample: validation of resonance parameters

* Sample: metallic disc of "™*'W (1 mm thick)
- homogeneous sample
- areal density n : from weight and area
= u,/n<0.2%

Transmission

INR! - T, (GELINA 25m) [ .
00 MV 7 e | Transmission : absolute measurement
T 4F ' ' ' - absolute measurement
% 0 - methodology well understood (background, dead time correction,...)
['4 4 ) ) . Nuclear Data Sheets 113 (2012) 3054 — 3100
45 50 55 60 = Ur, [Tep <0.3%
Neutron energy / eV
= NRTA: one of the most accurate benchmark experiments to validate resonance parameters
NRTA of W sample: validation of resonance parameters
1.0
Reference __ _E=4626ev_ _  E=4780eV_ _ _ NnrTA/ NReF
.é 0.8 I'n/ meV T, / meV I'n/mev T,/meV
(%}
g 06 Lynn et al. 2002 162 (1) 72 126 (2) 72 0.983 (10)
c 04
2 02 Mughabghab 1984 140 (4) 77(8) 108 (10)  78(10) 1.198 (34)
- . T, (GELNA25m) Mughabghab 2006 162 (2) 77(8) 122 (2) 78 (10) 0.992 (14)
0.0 —T, (REFIT&JEFF-32)
5 4 L L JEFF-3.2 163.4 75.3 120.8 61.5 1.002 (5)
3 0 JENDL-3.3 154.0 46.0 119.0 81.0 1.113(5)
§ ENDF/B-VII.1 154.0(8)  46.0(21) 119.0(12) 81.0(51) 1.113 (11)
‘4 1 1 1

45 50 55 60
Neutron energy / eV

= Parameters in ENDF/B-VII.1 (JENDL-3.3) strongly biased and covariance data not reliable
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NRTA of PuO, sample: validation of resonance parameters

Transmission

1 5600 000
2550 000 0900 60 00 600000

006000

[RsRaRess2e:

10 15
Neutron energy / eV

CBNM - 271

240 mm__

4
WELDING < -

Puliy PELLET ——
WINDOW

TRANSPORT
PROTECTION (PVC)

NRTA of PuO, sample (pressed pellet) at GELINA (CBNM - 271)

£

ST
06 _TM
C
K]
2 04l
&
2
©
F o2l
0.0 W
0

5

10 15 20
Neutron energy / eV
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NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

06 F —Tu

Transmission

py
py
20py,
2
242Pu
241 Am

2y

0 5 10 15 20
Neutron energy / eV

NRTA of PuO, sample (pressed pellet) at GELINA (CBNM - 271)

06 F —'m

Transmission

8py

—2py

#0py,
241 PU
242Pu
241 Am

2y

To 5 10 15 20
Neutron energy / eV
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NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

TSXP ZBpy
239,
- P
06 — TM _240P3
| 21py,
242,
5 3 241::::1
= o o
g ] ]
= ooz ]
0.0 | 1 1 : | W 1 | |
0 5 10 15 20

Neutron energy / eV

NRTA of PuO, sample (pressed pellet) at GELINA (CBNM - 271)

Texp 8py
T py
0.6 - M 200,
| _241Pu
c 242Pu
ke 2170
&
@ L
= i
02| |
0.0 Lk b
0 5 10 15 20
Neutron energy / eV
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NRTA of PuO, sample (pressed pellet) at GELINA (CBNM —271)

T “py
e 289
06 —Tu miz
21py,
i v a2
8 241F’u
D 04 L a2 lal o\ LA \ Am
n "1 i N 3 1 g %
c F PR Y% 1 1 f%
g LR iTYERINL
|_ 0-2 | “ g ‘
Fo
0.0 WL L R AR E' L L
0 5 10 15 20

Neutron energy / eV

NRTA of PuO, sample (pressed pellet) at GELINA (CBNM - 271)

T Zpy
S Py
06 |- Ty 200,
g
c i 242
) 241F’u
2 04 o
0 : 4y
&
@ L
=
0.2 -
0.0 | ] Hi |
0 5 10 15 20
Neutron energy / eV
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NRTA of PuO, sample (pressed pellet) at GELINA (CBNM — 271)

Texp 238F’U
239
06 F —Tu miz
241Pu
c I #2py
.% 04 | N 241Am
a8 U i, T
& 1R
C r : 4 1
g | &
=02} |l f !
-4 i g 1
0.0 LA ! | B !
0 5 10 15 20

Neutron energy / eV

NRTA of PuO, sample: validation of resonance parameters

Ny/Np,
Nuclide NRer e NRTA ] et/ MRee
ENDF/B-VIILO JEFF-3.2 ENDF/B-VIILO JEFF-3.2
228py,  0.009514 (20)  0.00783 (70) 0.00898 (70 0.823  (74) 0.944
2%, 0.62603 (28)  0.62154 (90) 0.61530 (95 0.9928 (14) 0.9829
20py, 025273 (24)  0.25699 (36) 0.26240 (32 1.0169 (14) 1.0383

( ) (

( ) (

( ) (
2py  0.015697 (20)  0.01574 (10) 0.01577 (10) 1.0028 (64) 1.0045  (65)

( ) (

( ) (

( ) (

()]

242py 0.041489 (60) 0.04334 (10) 0.04300 (10 1.0447 (25) 1.0365
21Am  0.06290 (63) 0.07236 (21) 0.06059 (20 1.1503  (33) 0.9633
234 0.002918 (10) 0.00289 (10) 0.00287 (10 0.989  (34) 0.982

n: atomic abundance relative to total Pu
RP in ENDF/B-VIII.O for 2*2Am are strongly biased: NRTA uncertainties only due to counting statistics

a(n,y) underestimated

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 576
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

NRTA: characterisation of melted fuel

For particle- and rock- like debris of melted fuel the
Lambert — Beer law is not directly applicable

Transmission is a non-linear function of n

+ Homogeneous sample : T=g~ " Otot

* Heterogeneoussample: <T>=<e " Ctot >x@” <N> Ctot
Levermore-Pomraning model (. math. phys. 27, 2526, (1986)) -

— widely used for other problems dealing with radiation transport through stochastic media,
e.g. scattering of sunlight in clouds

— starts from microscopic properties of the sample such as grain size

— in particular applicable for powder samples

implemented in REFIT and validated by experiments at GELINA

Becker et al., Eur. Phys. J. Plus 129 (2014) 58

PuO, mixed with carbon powder: NRTA at GELINA

242py areal density : 2.51 10 at/b T (tm, 1) = jR(tm’E) T(En)dE
k
- 2.0 St (E)

1.0 bes 77K TE.ny )—e i j Otot,j
& 08
A 5
g 06 Suppose homogeneous
s T without holes
8 5

04

- Model Areal density **Pu
»
§ Homogeneous 1.65 107 at/b
24 25 26 27 2.8 29 ]
Underestimated by 35 %
Neutron energy / eV
Kopecky et al., ND2007, Nice, 2007
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PuO, mixed with carbon powder: NRTA at GELINA

Transmission

Residuals

1.0

242py areal density : 2.51 10 at/b

Tu(tm, N ):IR(tm,E)T(E,n)dE

77K

K o,
- 2 NkOotk (E)

TE,n)= j e 1 p(x)dx |(1-fyy)+ i

o8 }xp(inhom) o 1
06| . KR exp[f
04l
- Model Areal density ***Pu
Homogeneous 1.65 107 at/b

Inhomogeneous 2.50 107 at/b

24 25 26 27
Neutron energy / eV
Model developed, implemented and validated at JRC Geel (S. Kopecky)

NRTA model for pellet samples

_
_
—>O
_
_
_—

1
TE) =+ -6
0

X

V1 —x?

e~ POwt(E) X 4y

Transmission

REFIT -

x :track length (divided by 2R)

f,, - holes fraction
p : volume number density
R : radius

Transmission through a pure Ag pellet sample
1.0

0.8

0.6

0.4

0.2

0.0

29
= bias < 1%

Only f, adjusted: f, =0.45

0 5 10 15 20 25 30 35

Neutron energy / eV

Model developed, implemented and validated at JRC Geel (S. Kopecky)

Fei Ma et al., J. Anal. At. Spectrom. 35 (2020) 478
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NRTA: MINERVE samples

Collaboration with CEA Cadarche

* NRTA of irradiated MINERVE pellet samples at GELINA
(part of MAESRTRO)

- Identification and quantification of impurities

- Validation of resonance parameters of fission products 103Rh
107,109

* Important for criticality safety studies based on Burn Up Credit (BUC) mAg

Cs

* New transmission station (L = 10 m) constructed at GELINA 143,145 ¢

147,149,152Gm
’
151,153y

161,162,163,164 Dy

168,170Er
180Hf
NRTA: MINERVE samples
* NRTA of irradiated MINERVE pellet samples at GELINA
(part of MAESRTRO)
- ldentification and quantification of impurities
- Validation of resonance parameters of fission products
* Important for criticality safety studies based on Burn Up Credit (BUC) 1097g
c
kel
8 Note:
£ :
& RP used result from a new evaluation for
= 107,1097g based on capture and transmission
experiments at GELINA
»
s
% Salamon et al., Nucl. Instr. Meth. B 446 (2019) 19
&
Incident neutron energy / eV
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NRTA: MINERVE samples

* NRTA of irradiated MINERVE pellet samples at GELINA
(part of MAESRTRO)

- ldentification and quantification of impurities
- Validation of resonance parameters of fission products

e Important for criticality safety studies based on Burn Up Credit (BUC) 1097

Transmission

Residuals

Incident neutron energy / eV

NRTA: MINERVE samples

* NRTA of irradiated MINERVE pellet samples at GELINA
(part of MAESRTRO)

- ldentification and quantification of impurities
- Validation of resonance parameters of fission products

e Important for criticality safety studies based on Burn Up Credit (BUC) 1097

Transmission

Residuals
AN o »

Incident neutron energy / eV
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NRTA: MINERVE samples

SFC Training materials

* NRTA of irradiated MINERVE pellet samples at GELINA
(part of MAESRTRO)

- ldentification and quantification of impurities

- Validation of resonance parameters of fission products

e Important for criticality safety studies based on Burn Up Credit (BUC)

Transmission

Residuals

Incident neutron energy / eV

NRTA: MINERVE samples

* NRTA of irradiated MINERVE pellet samples at GELINA
(part of MAESRTRO)

- ldentification and quantification of impurities

- Validation of resonance parameters of fission products

e Important for criticality safety studies based on Burn Up Credit (BUC)

This work

This work

109Ag

235U

238U

182W
183W
186W

6.30 (8) x 10
8.31 (10) x 10°
1.119 (14) x 10?

6.03 (2)x10*
8.35 (20) x 10°
1.126 (5)x 102
130 (4)x10°
6.6 (2)x10°
136 (1)x10°

6.82 (8)x10°
8.39 (10)x10°
1.129 (14) x 10’2

6.54 (2)x10°
8.45 (20)x 10°
1.136 (5)x 1072
6.1 (3)x10°
3.1 (2)x10°
6.11 (3)x10°

Salamon et al., J. Radioanal. Nucl. Chem. 321 (2019) 519

EURAD (Deliverable 8.3)- Title: SFC Training materials
Dissemination level: Public
Date of issue of this report: 17/05/2024

109 Ag

109 Ag

Page 581



EURAD Deliverable 8.3 SFC Training materials

Back-end of the fuel cycle: spent fuel characterisation (SFC)

A safe, secure, ecological and economic handling, transport, intermediate storage and final
disposal requires that Spent Nuclear Fuel (SNF) is characterised for the main observables or
source terms of interest:

Source: Vattenfall.com

e Decay heat

* Neutron emission

* y-ray emission

e Reactivity (BurnUp Credit)

(i.e. Fission Product (FP), actinides )
e Fissile material (Nuclear Safeguards, i.e. 235U, 23°Pu)

e Specific nuclides (Long term safety)
i.e. 14C, 36C|, 7958, 94Nb, 99TC, 129'1 ZZGRa, Z37Np

= requires knowledge of a complex nuclide inventory

= can only be determined by theoretical calculations

Burnup calculations: e.g. SCALE, MCNP/CINDER, MCNP/ALEPH?2, ...

Coupled neutron transport — nuclide depletion/production

T =Y Nf Of ¢ + Z }"iNi + Z GjN]— ¢ — (kk + Gk,a(P)Nk
i—k j—k

Update nuclide vector

Training material
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Burnup calculations need to be validated

Nuclear data SNF input data
* Cross sections: (n,y), (n,f), ... * Fuel properties
* Fission Yields - design

* Decay data q Burnup code h - material data (IE)

- Half-lives * Operational history
- Emission probabilities - burn-up (BU)
- Recoverable energy - cooling time (CT)

One of the objectives of SFC Source terms
e thermal power

Validate by NDA experiment R
* NRTA: nuclide inventory
* Neutron emission

* y-ray emission
* inventory specific nuclides
.

Validation of depletion codes: neutron emission rate of SNF

NDA method to determine the neutron output of a SNF sample under

standard controlled area conditions
Collaboration SCK CEN

Hot cell facility at SCK CEN Standard
controlled area
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EURAD: Validation of depletion codes

Irradiation history of the SNF (a) —— Result of y-ray measurements
3000
— Segment (~ 50 mm) from rod DO5 of FT1X57 (PWR)
— PWR Assembly (15 x 15): £ 2000
188 UO, rod (4.5 wt% #3°U/U) and 16 (U,Gd)O, rods 3 sanping
8 amping zon
— Irradiated at Tihange 1 1000
— Rod used for other international project
(First-Nuclides, REGAL, WETFUEL & AGAF, SF-ALE) 0 L L L
0 1000 2000 3000 4000
SNF segment sample by NDA o Position / mm
Part of a set of 4 samples (REGAL project) ® Grid affected zone
— Radiochemical analysis (BU)
2500
— Microstructural analysis 2
>
— Leach tests (low O,) 3
2000 | — Neutron measurements
— Leach tests (high O,) T Nerosracura maye
Leach tests (low O,)
—— Leach tests (high O,)
1500 - - - -
1700 1800 1900 2000 2100
Position / mm
Results of radiochemical analysis
BU indicator Date of analysis Nuclide inventory Cumulative fission yield Burnup
ma/g (x 100) GWd/t
B7Cs 10/21/2013 1.288 (28) 6.334 526 (11
1Nd + 1*Nd 02/05/2014 3.029 (32) 10.158 53.95 (56)
145Nd + 4Nd 02/05/2014 1962 (21) 6.479 53.05 (56)
148Nd 02/05/2014 0.534 (12) 1724 533 (12)
"Nd. ......02005/2014 0257 (1) 0836 ____...522 (23)
Average: 52.78 (37)
3000
(b) Grid affected zone
2500
2
c
3
o
)
2000 |- — Neutron measurements
—— Radiochemical analysis (BU analysis)
—— Microstructural Analysis
Leach tests (low Oj)
—— Leach tests (high O,)
1500 - - - -
1700 1800 1900 2000 2100

Position / mm

Schillebeeckx et al., JRC Technical Reports, EUR 30379 EN (2020)
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Absolute neutron output of SNF segment sample: results

* SNF segment sample: characteristics

Parameter Value

Length 52.01 (4) mm
Segment weight 42.616 (1) g
Cladding weight 6.71(4) g
Net fuel weight 3591 (4) g

* Neutron emission rate (exp) cr1sa
S, = 24505 (375) st
Sun/ Sy = 0.036 (15)
p(Sy, ) =-0.972

Note: neutron emission rate reflects 24*Cm inventory

radiochemical analysis uncertainty > 3%

Schillebeeckx et al., JRC Technical Reports, EUR 30379 EN (2020)

Neutron correlation analysis: Hage’s point model
Hage and Cifarelli, Nucl. Instr. Meth. A236 (1985) 165

Detector calibrated with certified 252Cf(sf) sources (mn bath)

Absolute neutron output of SNF segment sample: code validation

Code tibrary —  (en)  Ss/(g'") S«/(g's?) _Calculation/Experiment
Method Library Ssf San
SCALE ENDF/B-VII.1 Y(a,n) 653 11.0 0.96 0.45
SERPENT(1) ENDF/B-VIL1  Y(a,n) 689 14.3 1.01 0.58
SERPENT(2) ENDF/B-VIL1  Y(o,n) 694 14.2 1.02 0.58
ENDF/B-VIILO  Y(o,n) 691 14.1 1.01 0.57
JEFF-3.1.2 Y(a,n) 629 13.2 0.92 0.54
JEFF-3.3 Y(a,n) 654 13.7 0.96 0.56
JEFF-4TO Y(o,n) 695 13.7 1.02 0.56
JENDL-4.0 719 14.5 1.05 0.59
ALEPH28 ENDF/B-VIII.O Y(a,n) 662 131 0.97 0.53
o(a,n) TENDL2015 12.6 0.51
o(a,n)  JENDL_AN/500 10.6 0.43
JEFF-3.3 Y(o,n 641 129 0.94 0.53
ola,n)  TENDL2015 12.7 0.52
o(a,n)  JENDL_AN/500 105 0.43
All data normalised to 8Nd inventory
S =682 (10) gts?t = influence

Sen/ Sy = 0.036 (15)
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nuclear data
burnup code

Neutron emission rate:

244Cm inventory
Nuclear data: 2*'Pu(n,y) & 23 Am(n, y)
Very sensitive to BU

EIEN
Bum up / (GNN)
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NRTA on irradiated pellet = nuclide vector

* NRTA on spent fuel pellet at GELINA
= Nuclide vector by NDA avoiding chemical analysis

* Analytical models already implemented in REFIT and 10f
validated at GELINA g os)
5 04+
g o2f
0.0
* Construct a transfer container fulfilling NRTA o1
measurement requirements at GELINA g ! ”ﬂ i W ™
€ ! il
10 2 30405060 70 80 90100

Neutron energy / eV

SNF: complex transmission spectrum, Priesmeyer et al.

S ] STDO W0 > ) S
e £ & a £2238o5o ¢ X 52 S 4
g o o S T N8y 8 K s & R 3 8
N ¥ 3 N N - - & 2 9« m: - Q N N
c &
2
n
R
£
n
c
©
S
=
1 2 4 6 8 10 20 40
A : centre of fuel pin
B : end of fuel pin
H.G. Priesmeyer and U. Harz, Atomenergy 25 (1975) 109
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Summary

* The use of NRCA & NRTA as NDA techniques for the characterisation of material and objects was

presented
* Can be applied for a wide range of applications scientific reports
.
- Archaeology and cultural heritage 0PEN 3D isotope density measurements
- Validation of nuclear data by energy-resolved neutron
imaging
- Nuclear waste A Lo Coget
- Imaging in case of high intense pulsed neutron beams (LANSCE, J-PARC)
e Use of NDA techniques important for SNF characterisation
- Absolute determination of the neutron emission rate important to validate burnup codes:
estimation of the 2*4Cm inventory
- NRTA: determine nuclide inventory (scheduled 2024...)
Keep in touch
EU Science Hub: ec.europa.eul/jrc
a @EU_ScienceHub
ﬂ EU Science Hub — Joint Research Centre
EU Science, Research and Innovation
° EU Science Hub
EU science
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Thank you

© European Union 2022

Unless otherwise noted the reuse of this presentation is authorised under the CC BY 4.0 license. For any use or reproduction of elements that are not owned by the
EU, permission may need to be sought directly from the respective right holders.

EURAD (Deliverable 8.3)- Title: SFC Training materials Page 588
Dissemination level: Public
Date of issue of this report: 17/05/2024



EURAD Deliverable 8.3 SFC Training materials

6.4 Untersuchung des Radionuklidinventars und chemischer
Wechselwirkungsprozesse an der Grenzflache zwischen
Kernbrennstoff und Zircaloy-Hiillrohr von bestrahiten LWR-
Brennstoffproben; R. Dagan, T. Konig et al., KIT; BGZ
Studierendentag; 05 — 06/05/2022

5

o

e U . 3 -
European Joint Programme

on Radioactive

Waste Management
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Untersuchung des Radionuklidinventars und chemischer
Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und
Zircaloy-Hiillrohr von bestrahiten Leichtwasserreaktor-Brennstoffproben

T. Konig, R. Dagan, K. Dardenne, M. Herm, V. Metz, T. PriiBmann, J. Rothe, D. Schild, A. Walschburger und H. Geckeis
Karlsruher Institut fiir Technologie (KIT) - Institut fiir Nukleare Entsorgung (INE), 76344 Eggenstein-Leopoldshafen, Deutschland

KIT — Die Forschungsuniversitat in der Helmholtz-Gemeinschaft WWW. kit-ed u

Vorstellung: Das Institut fur Nukleare Entsorgung

HeiRe Zellen

® Wer sind wir?

KIT Campus Nord

O

Institut fiir Nukleare ' | Synchrotron Beamlines
Entsorgung

=) ~90 Mitarbeiter und viele
Studenten, Praktikanten,

Radiochemische Analytik ‘ auslindische Gaste etc.
T. Kénig et al. — U des Radi idi tars und chemisch
2 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fiir Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von Lei or-Br foroben
Page 590
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Gliederung

Einleitung:
Kernbrennstoff — Vom Reaktor ins Endlager
Experimentelles:
Untersuchte Kernbrennstoffe — UO, und MOX Brennstoff
Radionuklidanalyse — Inventarbestimmung von abgebrannten Kernbrennstoffen
Spektroskopische Analysen — Wechselwirkungsschicht zwischen Brennstoff und Hlillrohr
Modellsysteme — Experimente zur Bildung von Agglomeraten und Korrosion an der Reaktionsschicht

Zusammenfassung

Ein- & Ausblicke — Weitere Forschungsfelder am KIT-INE zu Zwischen- und Endlagerung

T. Konig et al. — Untersuchung des Radionuklidinventars und ischer
3 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fur Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spelg;oasll;gg:‘sche

Kernspaltung in Leichtwasserreaktoren

Neutroneninduzierte Fission von spaltbarem Material (23U, 23°Pu, etc.):

m Freisetzung von Neutronen =) Aufrechterhaltung der Kettenreaktion.

u Generierung von Spaltprodukten =» 2 — 3 Spaltfragmente pro Kernspaltung.

®u Neutroneneinfangsreaktionen m» Aufbau von Transuranen (Np, Pu, Am, etc.) & Aktivierungsprodukten ('“C, 36Cl).

Brennstoffnutzung wird als Abbrand beschrieben:

m==) Produzierte Energie pro Masse initialem Schwermetall [GWd/tg,,].

2
S
5}
9
2}
3
S
g
(%)
Massenzahl
T. Kbnig et al. — Unter h des Radio idlir tars und g
4 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von Leic reaktor-Bre foroben
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Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spelg;oasll;gg:‘sche

Abgebrannter Kernbrennstoff (KBS)

Zusammensetzung von abgebranntem KBS (4,0% 2%U, 52 GWd/tg,,) in einem Leichtwasserreaktor:
® 93,4% UO, Matrix:
92% 238U, < 1% 2*°U, < 0,5% 2*°U
® 1,2% Transurane / Actinide:
1% 239py, 240py, 241py, B7Np > 244Cm > 241Am, etc.
u 5,4% Spaltprodukte:
1,7% 08, 135 137Cs,etc.
1,6% Lanthaniden
1,3% €-Phasen (¥Tc, '°Pd, etc.)
0,8% Spaltgase (Krypton, Xenon)

u  Aktivierungsprodukte:

2.B.1C, 93Zr, —) ==) Heterogene Verteilung der Radionuklide.

Quelle: Hippler, Reaktorchemie, Leibniz Universitat Hannover

T. Kénig et al. — Untersuchung des Radiol tars und ischer
5 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fur Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von Leic reaktor-Bre foroben

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spelg;oasll;gg:‘sche

Wechselwirkungsschicht zwischen KBS und Hullrohr

Querschnitt einer Kernbrennstofftablette:

// Pellet: Radiale Rissbildung durch Temperaturgradienten wahrend der Bestrahlung;

// Migrationspfade fiir Radionuklide in der KBS Tablette.
_
“ “ " Hiillrohr: Aufbau einer duReren ZrO, Schicht durch Korrosion auf Grund des
Primarkreislaufwassers; diinne ZrO, Schicht auf der Innenseite durch Zr / UO,
Reaktionen.
Ringspalt: Schliet sich bei Abbréanden > 40 GWd/tg,; Ausbildung einer
10,75 mm

Wechselwirkungsschicht.

Moglichkeit des Transports volatiler Spalt- und Aktivierungsprodukten zum Hillrohr wahrend
der Bestrahlung und nachfolgende chemische Reaktionen zwischen KBS und Hiillrohr!

T. Kbnig et al. — Unter h des Radio idlir tars und g
6 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von Leic reaktor-Bre foroben
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Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spel;\t:]c;sll;;)sésche

Zwischenlagerung in Deutschland

Trockene Zwischenlagerung ausgedienter
Brennelemente in Transport-Lagerbehaltern (TLB).
u TLB garantiert Abschirmung der Strahlung, sowie

einen temporaren, sicheren Einschluss der
Radionuklide.

~ 4000 mm

Zwischenlagerung bestrahlter Brennelemente ist -

lediglich fiir 40 Jahre genehmigt.

® Endlager voraussichtlich erst 2050 verfiigbar und
Einlagerung der letzten Brennelemente erst einige

Jahrzehnte spéater méglich!

=) Notwendigkeit einer verldngerten Zwischenlagerung von

65 — 100 Jahren sowie Umlagerung (Konditionierung) von Druckwasserreaktor
TLB in Endlagerbehilter! Brennelement
T. Konig et al. — Untersuchung des Radiol i tars und ch

7 06.05.2022 Wechselwirkungsprozesse an der Grenzfldche zwischen Kernbrennstoff und
Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Transp
Lagerbehalter

=105t

5530 mm

Quellen: GNS,

v CASTOR®V/52,
Nuclear Engineering
International (2003)

Institut fur Nukleare Entsorgung (INE)

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spelx:]%sll;sosgsche

Zwischenlagerung in Deutschland

Verschiedene Effekte beeinflussen die Integritat des

Hullrohrs wahrend der Zwischenlagerung:

® Erhohung des Hiillrohrinnendrucks durch

Schwellen der Pellets und a-Zerfélle.

B o-Strahlungsinduzierte Schadigung des Hiillrohrs.

B Rissbildung durch Hydrid Re-Orientierung.

Zr+2H,0 —> ZrO, + 2 H,

m Korrosion des Hiillrohrs durch Spalt- und

Aktivierungsprodukte.

8 06.05.2022

=== Bildung von Agglomeraten an Hiillrohrinnenseite durch
thermischen Gradienten im KBS und somit Méglichkeit

einer halogeninduzierten Spannungsrisskorrosion.
T. Kénig et al. — Untersuchung des Radio idlir tars und ct
Wechselwirkungsprozesse an der Gr & zwischen Ker off und
Zircaloy-Hlillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Institut fiir Nukleare Entsorgung (INE)
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Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse SpekAtLoaslggé);sche

Endlagerung in Deutschland

Quelle:
https://www_.einblicke.de/fileadmin/ima
Tiefengeo|ogische End|agerung: ges/magazin/Einblicke_6/Kriterien_zur
_Endlagersuche.jpg (aufgerufen am
Lo . 04.04.2022)
® 3 unterschiedliche Gesteinsarten (Ton-, Salz- und
Kristallingestein) werden in Betracht gezogen.
u Sicherer Einschluss iiber langen Zeitraum muss e e oo oo on of
. . Assessment of Deep Geological Repository,
gewahrt werden (1 Million Jahre). AIP Conference Proceedings 1996, 020009
(2018).
l — 15,7 Ma
8
; O
E, 0,3 Ma O
Sicherheitsbewertung erfordert grundlegende 2
Kenntnisse liber das Vorkommen und chemisches §
Verhalten von langlebigen und dosisrelevanten £
Radionukliden (z. B.3¢Cl, '29], 135Cs) £
Zeit [a]
T. Konig et al. — Unter g des Radionuklidi und
9 06.05.2022 Wechselwirkungsprozesse an der Grenzfléche zwischen Kernbrennstoff und Institut fiir Nukleare Entsorgung (INE)

Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse SpeIXLoasIgss;sche

Fragestellung

Wenn nach langerer Zeit (geo-) technische Barrieren den Zutritt von Wasser nicht mehr vollstandig
verhindern, werden 3Cl und 291 in Kernbrennstoff relativ wenig zuriickgehalten! In welcher Konzentration
und in welcher Form liegen 36Cl und 291 in Brennstaben vor?

® Quantifizierung und Lokalisierung von den unter Endlagerbedingungen relativ mobilen Radionukliden 3¢CI

und 2| in Kernbrennstoff und Hullrohr.

u Vergleich experimentell bestimmter Radionuklidkonzentrationen mit berechneten Inventardaten aus

(neutronen-) physikalischen Modellierungen.
In welchem Zustand ist die Brennstoff-Hullrohr-Grenzflache wahrend der Zwischenlagerung?
® In welcher Form liegen eventuell hiillrohrschadigende Elemente wie Chlor oder lod in KBS und Hiillrohr vor?

m |Ist eine halogeninduzierte LochfraBkorrosion auch bei Zwischenlagerungstemperaturen moéglich?

T. Kénig et al. — Unter g des Radionuklidii und i
10 06.05.2022 Wechselwirkungsprozesse an der Grenzfléache zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)
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Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spel;t[:;slly(gg;sche

Kernbrennstoffproben
Brennstabsegment N0204, bestrahlt im Brennstab 5810, bestrahlt im Druckwasserreaktor,
Druckwasserreaktor, DWR Gosgen: DWR Obrigheim:
Brennstofftyp: UOy mit 3,8% 235U Anreicherung. ® Brennstofftyp: MOX mit 3,2% Pug, Anreicherung.

® Hdllrohr: Zircaloy-4. m Hdallrohr: Zircaloy-4.

u Volllasttage: 1226 Tage in 4 Zyklen. m Volllasttage: 1157 Tage in 4 Zyklen.

® Durchschnittliche lineare Leistung: 260 W/cm. B Durchschnittliche lineare Leistung: 200 W/cm.

® Durchschnittlicher Abbrand: 50,4 GWd/tgy,. ® Durchschnittlicher Abbrand: 38,0 GWd/tgy,.

®  Abklingzeit: ~ 32 Jahre. m  Abklingzeit: ~ 35 Jahre.

T. Konig et al. — Untersuchung des Radionuklidinventars und chemischer
1 06.05.2022 Wechselwirkungsprozesse an der Grenzfléche zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spel;t;c;slly(gg;sche

Praparation der Brennstoffproben

Zuschneiden der Brennstoffproben in speziell ausgestatteten Laboren (HeiBe Zellen) auf Grund der

enormen Dosisleistung!

Selektive Probennahme zur Analyse lokaler Radionuklidanreicherungen:

® Fragmente aus zentraler Position (,,CORE*).

Selektive
®  Fragmente aus peripherer Position (,RIM“). :::;T:ﬁ‘fg
®  Zircaloy-Hiillrohrsegmente. Zircaloy Segmente

HeiRe Zellen des INE Sége in heiBer Zelle

Brennstofffragmente

T. Kdnig et al. — Untersuchung des Radionuklidinventars und chemischer
12 06.05.2022 irkungsprozesse an der Gr Gche zwischen Kernbrennstoff und Institut fiir Nukleare Entsorgung (INE)
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Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spel;t[:;slly(gg;sche

Radiochemische Analytik & numerische Berechnungen

Saurer und alkalischer Aufschluss von Zircaloy- und Brennstoffproben in HF / H,SO,, HNO, / HCI oder
(NH,),CO5/ H,0,:

®  y-Spektrometrie: 24'/Am, 134 157Cs, 125gp, 154 155Ey, 60Co, 129],

Aufschluss in Autoklaven fiir
Spaltgasbestimmungen

u Fliissigszintillationsmessung: 2°1, 36CI, ®°Sy. ) Sehr hohe Reinheit der Proben erforderlich!
"] ICP_MS 235,238U 237Np 239, 240Pu 241Am 244Cm.
®  Gas-MS: Kr- und Xe-Isotope.

u Berechnungen des Radionuklidinventars mittels MCNP Code fiir Neutronenfluss
und CINDER Modul fiir Abbrand-Berechnungen:

u  Numerische Berechnungen fir die jeweiligen Brennstoffanordnungen, Reaktortypen
und Bestrahlungsbedingungen.

®  Radionuklidkonzentrationen im zentralen und Randbereich des Pellets.

Simulationen der
Brennstoffanordnungen

T. Konig et al. — Untersuchung des Radionuklidinventars und chemischer
13 06.05.2022 Wechselwirkungsprozesse an der Grenzfléche zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spel;t;c;slly(gg;sche

Spektroskopische Messungen

Préaparation von Brennstofffragmenten und Zircaloy-Segmenten fir Analysen mittels SEM-EDX/-WDX, XPS
und XAS an der KIT Light Source. = Enorme StrahlenschutzmaBnahmen erforderlich!

®  Proben fir Bestimmung der chemischen Zusammensetzung.

®  Proben fir Speziationsmessungen. ‘ XAS Messungen fiir Cl und | ‘

Speziation

SEM-EDX/-WDX / XPS Messungen | Karlsruhe Research Accelerator (KARA)

T. Kdnig et al. — Untersuchung des Radionuklidinventars und chemischer
14 06.05.2022 irkungsprozesse an der Gr Gche zwischen Kernbrennstoff und Institut fiir Nukleare Entsorgung (INE)
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Radionuklidanalyse — Trennungsgang 3¢Cl / 129

Hochradioaktive Abfallprobe

Saurer / alkalischer Aufschluss

Auslaugung der Probe

:

Org. Phase
129) Flssig-Fliissig Extraktion __Org. Fhase _

129 haltige Phase

Wsrg. Phase
134137Cs Abtrennung mit AMP Riickextraktion Césiumabtrennung mit AMP ‘
| lod Extraktion in Toluol |
HeiRe Zelle
Abzug
i = 0,
Fallung von %1 Chemische Ausbeute Chlor = 94+2%
als Ag**CI .
Waschen Chemische Ausbeute lod = 93t3%
;: w:ﬂ,_wog Dekontamination der ‘
wassrigen Phase mit AMP
Aufl des Nied hl: P
arih et Gute Ausbeuten trotz komplizierten
Matrices und Arbeiten in
Ay mit LSC Analyse mit LSC oder Chlorfillung mit AgNO, \ hochkontaminierten Bereichen!
Gamma-Spektrometrie
T. Konig et al. — Untersuchung des Radionuklidinventars und chemischer
15 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fur Nukleare Entsorgung (INE)

Zircaloy-Hiillrohr von L aktor-Bre foroben

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse el;\t:]oas‘ssogn che

Radionuklidanalyse — 3¢Cl in KBS und Zircaloy

3Cl Inventare Zircaloy-Hiillrohr 35Cl (n,y) 3¢Cl

e ----
vemats e ----

mm=) Numerische Berechnungen auf Grundlage ,,expert judgement“ 15 ppm 33Cl Precursor in KBS und Hiillrohr [HAK19].

===) Experimentelle Aktivititsinventare sind in Einklang mit Berechnungen.

[HAKIS]S, Hakinen, Impuriies in LR fuel and siveturel . Erstmalige Analyse von *°Cl in DWR Brennstoffkomponenten!
T. Kénig et al. — Unt hung des Radio idlir und i
16 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von Leic aktor-Bre foroben
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Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spelx:‘%sll;;)sésche

Radionuklidanalyse — Spaltprodukte

®  Bestimmung des Spaltproduktinventars von KBS Fragmenten aus der Vergleich MOX und UOy KBS [Ba/tgy]
Wechselwirkungsschicht und Vergleich mit MCNP Berechnungen.
1.00E+16
u  Keine signifikanten Unterschiede zwischen UOy (50,4 GWd/tg,) und MOX 1.00E+15
1.00E+14
(38,0 GWd/tgy) Brennstoff. 1.00E+13
1.00E+12
H 129 . 137, 1.00E+11
Vergleich des 'l Inventars Vergleich des "°’Cs Inventars 1.00E+10
[Baltsul [Baltsu] 1.00E+09
1129 Cs-137 Eu-154
2.80E+09 4.50E+15 EMOX-RIM = UOX-RIM
2.60E+09 4.00E+15
2.40E+09
2.20E+09 3.50E+15
200E+09 B00E1S ‘ Erhéhte '°l und ¥7Cs Aktivitat durch einen
1.80E+09 2.50E+15 Anreicherungseffekt an der
:j::::: 2.00E+15 Hiillrohrgrenzfliche auf Grund des héheren
1205409 1.50E+15 lokalen Abbrands und dem Transport von lod
1.00E+09 1.00E+15 entlang eines thermischen Gradienten im
UOX-RIM MCNP CORE MCNP RIM UOX-RIM MCNP CORE MCNP RIM Pellet.
T. Konig et al. — Untersuchung des Radiol i tars und ch
17 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)

Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spelx:‘zsll;sosgsche

Radionuklidanalyse — Actiniden

®  Experimentelle und berechnete Inventardaten der Actiniden fir Vergleich des Actinideninventars [Bq/tgy]
verschiedene Regionen im Pellet in UOy KBS. 1.00E+15
®  MOX Brennstoff zeigt im Vergleich zu UOy Brennstoff eine erhéhte 1.00E+14
o . - L L 1.00E+13
Aktivitdt von minoren Actiniden auf Grund des erhdhten initialen
1.00E+12
Pu Gehalts. 1.00E+11
1.00E+10
Vergleich MOX und UOy [Bq/tsy] 1.008+09
1.00E+08
1.00E+15 U-235 uU-238 Np-237 Pu-239 Pu-240 Am-241 Cm-244
1.00E+14 HUOX-RIM  MCNP-CORE ®MCNP-RIM
1.00E+13
1.00E+12
1.00E+11
1.00E+10
1.00E+09 Inventarkenntnisse der Transurane sind wichtig fiir
1.00E+08 . . g
1.00E407 Berechnungen zu a-Strahlungsinduzierter Schadigung
U235 U238 Np-237 Pu239 Pu240 Am-241 Cm-244 des Hiillrohrs wahrend der Zwischenlagerung.
mUOX-RIM = MOX-RIM
T. Konig et al. — Untersuchung des Radio idlir tars und ct
18 06.05.2022 Wechselwirkungsprozesse an der Gr dche zwischen Ker off und Institut fiir Nukleare Entsorgung (INE)
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Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse SpekAt;oasI;Sos;sche

SFC Training materials

Spektroskopische Analysen — SEM-EDX

Zircaloy in Kontakt mit abgebranntem UO, / MOX KBS:

m SEM-EDX: Cl, Te, |, Cs, Fe, Zr, Ba, U.

m XPS: Cl, Te, Cs, Fe, Zr, Ba, U.

19 06.05.2022

Intensitét [a.u.]

Intensitat [a.u.]

Bindungsenergie [keV]

mmmm) Agglomerate auf der Zircaloy Oberfliche bestehen aus
U-O-Zr-Cs-Cl-l haltigen Phasen.

T. Kénig et al. — Untersuchung des Radionuklidinventars und chemischer

Wechselwirkungsprozesse an der Grenzflédche zwischen Kernbrennstoff und

Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstofforoben

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Speb(At;ofisI;Sos;sche

Spektroskopische Analysen — XAS

SEM-EDX
Analyse
Zry-UOy

SEM-EDX
Analyse
Zry-MOX

Bindungsenergie [keV]

Institut fir Nukleare Entsorgung (INE)

®  Kenntnisse zur Konzentration und zur Speziation von Chlor (und lod) in KBS und Zircaloy sind mit groRen Unsicherheiten verbunden.

®  Annahmen zur maximalen Chlor-Verunreinigung beziehen sich auf bis zu 25 ppm Cl im KBS und 20 ppm Cl in Zircaloy-Hdllrohren.

u  Erstmalige XAS Messungen fiir lod und Chlor Speziation in KBS und Zircaloy. === Komplexe Mischphasen!

0,8

0,6

norm. Abs. [a.u.]

04

0,24

0,0 &

| K-XANES

—MOX
Csl Ref.
——— Zry-MOX

-0,2

. T T T T T T T T
33100 33125 33150 33175 33200 33225 33250 33275 33300 33325

Energie [eV]
mmm) Chemische Speziation dhnelt der von Csl.

T. Kdnig et al. — Untersuchung des Radionuklidinventars und chemischer

08

0,6 4

norm. Abs. [a.u.]

044

0.2

0,0

Cl K-XANES

204

norm. Abs. [a.u.]
s

054

00+

CsCl Referenz|

2 T T T T T T T T T
2800 2810 2820 2830 2840 2850 2860 2870 2880 2890 2900
Energie [eV]

2800

2820

2840 2860 2880 2900

Energie [eV]

===) Noch unbekannte Chlorspezies. Keine Ahnlichkeit zu CsCI.

20 06.05.2022

irkungsprozesse an der Gr

zwischen Kernbrennstoff und

Zircaloy-Htillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben
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Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse SpekAt;oasI;Sog;sche

Spektroskopische Analysen — Modellsystem

Laborexperimente zur Ausbildung von Agglomeraten und LochfralRkorrosion unter simulierten

Zwischenlagerbedingungen: [ induzierte L rosion

u Ciasiumhalogenide in Kontakt mit Zircaloy und UO, Pellet unter Ar Atmosphére.
u  Temperaturreduktion iiber 3 Monate von 400°C auf Raumtemperatur.

®  AnschlieRende Analyse mit SEM-EDX und XPS.

Intensitét [a.u.]

Bindungsenergie [keV]

‘ Bestéatigung der Mischphasenbildung und

LochfraBkorrosion bei T < 400°C! Ausbildung halogenreicher
Agglomerate

T. Konig et al. — Untersuchung des Radionuklidinventars und chemischer
21 06.05.2022 Wechselwirkungsprozesse an der Grenzfléche zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Vom Reaktor ins Endlager Materialien und Methoden Radionuklidanalyse Spel;t;c;slly(gg;sche

Zusammenfassung

Radionuklidanalyse:

®  Abtrennungsmethode fiir *Cl und ?°l aus hochradioaktiven Proben entwickelt.

Erstmalige Analyse des *¢Cl Inventars in Druckwasserreaktor-Brennstoffkomponenten.

® Nachweis von lod-reichen Anreicherungen in der Wechselwirkungsschicht zwischen KBS und Zircaloy-Hdllrohr.
® Gute Ubereinstimmung zwischen Berechnungen und experimentell bestimmten Radionuklid-Inventardaten.
Spektroskopische Analysen:

u Erstmalige Cl K- und | K-Kanten Messungen an hochradioaktivem Material (KBS und Zircaloy).

Agglomerate in der Wechselwirkungsschicht bestehen unter anderem aus halogenreichen Mischphasen
(Cl und 1), sowie Cs, Te, Ba, U und Pu.

m Bestatigung der ausgebildeten Agglomerate und Lochfralkorrosion bei T < 400°C unter Laborbedingungen.

T. Kdnig et al. — Untersuchung des Radionuklidinventars und chemischer
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Ein- & Ausblicke — (Nano-)mechanische Priifverfahren

. Vorti
Experimente zur Untersuchung der strukturellen 7 el

. ) SEDS 2022 @
Integrltat von Hillrohren nach Bestrahlung. Laser-Scan-Mikrometer mit Kamera in heiier Zelle GRS Garching

‘ Anschwellen der KBS-Tablette.

Bestimmung des Hiillrohrdurchmessers und
Berechnung von Umfangsspannungen vor und ‘

nach Entfernen des Brennstoffs.

mmm) |INE-Beitrag zu BMWK SPIZWURZ.

Bestrahlung

T. Kénig et al. — Untersuchung des Radionuklidinventars und chemischer

23 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)

Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Ein- & Ausblicke — Strahlungsschaden

Untersuchungen von Strahlungsschaden verursacht durch Actiniden an der Hillrohr-KBS-Grenzflache.

Akkumulierte Schadigung wahrend der Zwischenlagerung kann mittels Monte Carlo basierten Codes

(z.B. FLUKA) und / oder Messungen der Defekte mittels XRD / TEM bestimmt werden.

Untersuchung der Korrelation zwischen mechanischen Eigenschaften des Hillrohrs bei

Raumtemperatur und Strahlungsschaden, zusammen mit Hydridgehalt und Hydrid-Morphologie.

- -
Pu Verteilung entlang des Radius _

einer UO, Tablette.
Durchschn. Abbrand: 102 GWd/ty,,

Walker et al. J. Nucl. Mater 345, 2005.

T. Kdnig et al. — Untersuchung des Radionuklidinventars und chemischer
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Ein- & Ausblicke — ,,Neues” Equipment am INE

Raman-Sonden (532 und 633 nm) in heil3en Zellen.
Kalt-Einbettpresse (VACUMET 52).

Schleif- und Poliermaschinen (Biihler MiniMet 1000 und VibroMet 2).
Nano-Indenter (Femto-Indenter FT-104).

C. In heiBBer Zelle! J C; In Handschuhboxen g)

T. Kdnig et al. — Untersuchung des Radionuklidinventars und chemischer
25 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und Institut fir Nukleare Entsorgung (INE)
Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

BMWK KEK geforderte Doktorandenstelle

Untersuchung von Hiillrohr-Degradationsprozessen, insbesondere den kombinierten Einfluss von
Hydriden, lokalen Spannungen und der Rolle von Strahlungsschiaden wahrend der trockenen
Zwischenlagerung von abgebranntem KBS.

Doktorarbeit ist in drei Arbeitspakete (AP) unterteilt:

AP1: Probenpraparation und Charakterisierung; Hydridgehalt und Hydrid-Morphologie, Dicke der Oxidschicht und
Material-Mikrostrukturanalysen mittels SEM, EBSD und Synchrotron XRD.

®  AP2: Evolution von mechanischen Eigenschaften des Hillrohrs: Lokale Elastizitdtsmodule, Harte wird mit Nano-

Indentierung untersucht.

® AP3: Untersuchung des Einflusses von Strahlungsschéaden auf das Hullrohr mit Modellen (z.B. FLUKA, PHITS).

=) Bei Interesse: Einfach anfragen, anschreiben oder anrufen!

T. Kdnig et al. — Untersuchung des Radionuklidinventars und chemischer
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Ein- & Ausblicke — KBS Korrosionsexperimente

® Langzeituntersuchungen (~ 4 Jahre) zum
Freisetzungsverhalten von Radionukliden
aus abgebranntem KBS in z.B. simulierten
Grundwasserlésungen.

u Korrosionsexperimente in Autoklaven
unter Endlagerbedingungen (pH, red.
Bedingungen, etc.) und Analyse der

Gasphase / Losung.

KBS Segmente

Alterationsprozesse von KBS bei

Grundwasserzutritt
Autoklaven

T. Konig et al. — Untersuchung des Radionuklidinventars und chemischer
27 06.05.2022 Wechselwirkungsprozesse an der Grenzflache zwischen Kernbrennstoff und
Zircaloy-Hiillrohr von bestrahlten Leichtwasserreaktor-Brennstoffproben

Institut fir Nukleare Entsorgung (INE)

This project has received funding
from the European Union’s
Horizon 2020 research and
innovation programme under
grant agreement N°847593

Danke fur lhre Aufmerksamkeit.

T. Kdnig et al. — Untersuchung des Radionuklidinventars und chemischer
28 06.05.2022 irkungsprozesse an der Gr Gche zwischen Kernbrennstoff und Institut fiir Nukleare Entsorgung (INE)
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6.5 SFC Task 2: Fuel properties characterisation and related
uncertainty analysis (summary and status); P. Schillebeeckx,
JRC Geel; IAEA CRP spent fuel characterization ; 22 —
23/09/2022

i 5
e U = 3 -
European Joint Programme

on Radioactive Waste Management
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Task 2: Fuel properties characterisation and
related uncertainty analysis

Ron Dagan KIT
Dimitri Rochman PSI
Peter Schillebeeckx  JRC Geel (co-ordinator)
Marcus Seidl PEL
Marc Verwerft SCKeCEN
Partners:

CIEMAT, CPST, CTU (SURAO), ENRESA, ENUSA, JRC, JSI, KIT,
LEI, NAGRA, PEL, PSI, SCKeCEN, SKB, SSTC NRS, TUS, VTT, UU

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Spent Nuclear Fuel (SNF) intermediate storage or final disposal

A safe, secure, economic and ecological transport, storage and final disposal
requires that SNF is characterised for the main source terms of interest:

* Decay heat
* Neutron emission
* y-ray emission

* Reactivity (burnup credit)
nuclides with high neutron absorption cross section)

* Fissile material (Safeguards)

i.e. 235U, 239y
* Specific long-lived radionuclides (Long term safety)

e.g. 14C1 7958, 94Nb, 99TC, 129|' 226Ra

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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SFC Training materials

Neutron emission by SNF

Sn(t) = z Sn,k(t)
k

* S,k(t) : contribution of radionuclide k

Sn,k(t) = (sz,k + som,k) Nk(t)

— Ny(t) : number of nuclei of nuclide k

n

Neutron emission rate, S _/ (s'1 cm'3)

-
o
w

PWR UO, pellet
B5Y/U=4.8%

(58)

burnup = 44 GWd/t

attime t

- Sgk specific neutron emission rate of 2

' . 10" E

nuclide k due to sf

— Sek specific neutron emission rate of
nuclide k due to (a,n) reactions 10' o T

1 10 100 100(
Cooling time, t/ year
ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
Neutron emission by SNF
PWR UO, pellet (5 g)

Sa(8) = ) (5usc* SunsdNi(®)
k

1.0

n

0.8

0.6

0.4

Relative sf rate, sz/ S

0.2

0.0

1 10 100
Cooling time / a

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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n

o

Relative (a,n) rate, S /S

1.0

0.8

0.6

0.4

0.2

0.0

B5U/U=4.8%

burnup = 44 GWd/t

238,
Pu

239, B
Pu

240,
Pu

241
Am

Cm
2440m

242

Cooling time / a
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Gamma-ray emission by SNF

PWR UO, pellet (5 g)

Sy(t) - z SY:k(EY' t) 23SU/U =4.8%
" burnup = 44 GWd/t

10" - —
E mc: —CT= 1a
SNb 35.0d ol -
957y 64.0d y 10 | e
144Ce [144py 284.9d e B Tz vy g, Cs
106Ry /106Rh 1.02 a ;’\ 10° L ‘ J“E.l TsL |
134Cs 2.06a e i ‘
158gy 8.8a o M )
137Cs/137mBa 30.0a 10°
107 | l' ‘“ L I R
0

5 1.0 1.5 2.0 2.5
Gamma-ray energy, EY / MeV

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Gamma-ray emission by SNF

PWR UO, pellet (5 g)

5109 = 2 S1alEp.9 =48
" burnup = 44 GWd/t

1011? WS e CT= 1a
o — CT=10a
%5Nb 35.0d ol
957r 64.0d W O OES I
144Ce/144pr 2849d e R "R g, O
106Ru/1%Rh 1.02a ST I L‘“Eu% e
134Cs 2.06 a N S R
154y 8.8a e
137Cg [137mBg 30.0a
1 PRI N ENR VA O A R BRI S

1.0 1.5 2.0 2.5
Gamma-ray energy, Ey / MeV

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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Gamma-ray emission by SNF

Sy(t) = z Syx(Ey,t)
k

»Nb 35.0d
357r 64.0d
144Ce /144py 2849d
106Ry/106RN 1.02 a
134Cs 2.06 a
154gy 8.8a
137Cg [137mBg 30.0a

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

PWR UO, pellet (5 g)
235J/U=4.8%
burnup = 44 GWd/t

E ., e CT= 1a
: ——CT=20a
E_ >Ey
E |
L Eu
3 ' ?
S IR SR
0.5 1.0 1.5 2.0 2.5

Gamma-ray emission by SNF

Gamma-ray energy, EY / MeV

Sy(t) = z Syx(Ey,t)
k

3Nb 35.0d
357r 64.0d
144Ce/144py 2849d
106Ry/106RN 1.02 a
134Cs 2.06 a
154Ey 8.8a
137Cg [137mBg 30.0a

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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PWR UO, pellet (5 g)
235J/U=4.8%
burnup = 44 GWd/t

E ., e CT= 1a
i ——CT=30a
E_ ; *Ey
E !
L Eu
Eu .
1 Vo +
il IR AR R BN S
0.5 1.0 1.5 2.0 2.5
Gamma-ray energy, EY / MeV
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Characterisation of SNF

Main source terms of interest:

— Decay heat :H

— Neutron emission S,

— y-ray emission :S,

— Reactivity : 235y, 239py, 241Am, Fission Products (BUC)
— Fissile material : 235y, 239py

— Long-term safety :e.g. 14C, 73Se, %*Nb, 9°Tc, 12, 225Ra

Contributions of nuclides with different characteristics
Difficult to be measured directly, in particular during industrial operation

e.g. decay heat by calorimetry at CLAB: accurate but long measurement times

= Estimated by theoretical calculations using a burnup code

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

(N (to), k=1, ...,n): by theoretical calculations

Coupled neutron transport — nuclide depletion/creation calculation

Neutron transport

Bateman equation

dNy

i j

Update nuclide vector

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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SFC —Task 2 (structure)

[ 2.1 Theory ]

-~

2.4

=

Define/recommend validated procedures to estimate
SNF source terms in industrial conditions with
realistic confidence limits based on:

— Best practice industrial code

~

— Realistic NDA measurements (time, industrial environment)

)

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

SFC- Task 2: Code comparison

[ 2.2 NDA ] [ 2.3 Cladding ]

* CIEMAT :  EVOLCODE (MCNP)
* JRC Geel : SERPENT, SCALE

e JSI : SCALE, DRAGON

* KIT :  MCNP-CINDER

* NAGRA . SCALE

* PSI : CASMO

* SCKCEN :  ALEPH-2 (MCNP)

* VIT : SERPENT

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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Sensitivity and Uncertainty (S/U) analysis

* Input data:

— Nuclear Data (ND) — Fuel History (FH)
« Cross sections (neutron interactions) + Fuel properties (design, composition)

+ Fission yields e.g. Initial enrichment (IE)

« Reactor operation and irradiation conditions

* Neutron emission probabilities
e.g. Burnup (BU)

» Decay data
+ Cooling time (CT)

BurnUp (BU):
time integrated power per mass of initial fuel (MWd/kg)
actotal number of fission x energy per fission event

* Computational
— Method: stochastic/deterministic
— Model (2D/3D, boundary conditions, ...)
— Numerical approximations (depletion time steps, depletion zones, ...)

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

S/U analysis: 244Cm production

de - b
W=YNfo(p+Z7\,iNi+ZGij(p—(7\.k+(5k'a(p)Nk N =aBU
7 j b=6 for BU <20 GWd/t
R Soa—
F——N=aBU b=6.0

1005_ _________ N=aBW b=40 T w7

Cm concentration / (g/cm®)

244

I " " " 1 " 1 " 1
0 10 20 30 40 50 60
Burn up / (GWd/tU)

= 2%Cm : burnup indicator

= Neutron emission rate : burnup indicator

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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S/U analysis: estimation of 244Cm inventory

244Cm inventory prediction production
— uncertainty due to nuclear data : ~10%

— due to 2*2Pu(n,y), **Am(n,y)

= Systematic study for key nuclides

= Improve nuclear data
— Input HPRL NEA/OECD
— Input to SANDA (DG-RTD)

https://cordis.europa.eu/project/id/847552
Supplying Accurate Nuclear Data for energy

dN,
F =Y Nf (ey ()] + Z 7\'iNi + Z G]N] o — (7\.1( + Gk,a(p)Nk
i j
Ref. Library Reactor Fuel BU IE 2cm
GWd/t wt%
Rochman ENDF/B-VII.O PWR uo, 10 4.1 18.7 %
ENDF/B-VII.O PWR uo, 20 4.1 16.9%
ENDF/B-VII.O PWR uo, 30 4.1 15.5%
ENDF/B-VII.O PWR uo, 40 4.1 14.1%
Zwermann SCALE-6.1 PWR uo, 40 4.1 85%
Leary ENDF/B-VII.1 PWR uo, 54 3.4 9.6 %
Rochman ENDF/B-VII.1 PWR uo, 54 3.4 9.1%
Rochman ENDF/B-VII.1 PWR uo, 40 4.1 9.7%

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

and non-energy Applications

Innovative NDA methods/systems for SNF characterisation

* Innovative NDA methods to characterise pin segments

— Validate codes (alternative to radiochemical analysis)

— Production of a reference pellet

* NDA methods to characterise fuel assemblies (SKB-50)

— Improve theoretical source term predictions during industrial routine operation

— Validate codes

* Study new detectors

- CLYC, CVD

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Improve fuel history data: e.g. BU

EURAD (Deliverable 8.3)- Title: SFC Training materials
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NDA methods to characterise pin segments

* Neutron emission rate of a SNF pin segment
(collaboration SCK CEN — JRC Geel, Ispra)

— Non-destructive method to determine 24*Cm content

— Measurements in conventional controlled area conditions
Hage's point model, JRC Ispra (B. Pedersen)

* Nuclide vector of SNF pin segment by NRTA

(collaboration SCK CEN — JRC Geel)
— Non-destructive; no chemical analysis
— Absolute measurement (no calibration)
— Measurements at GELINA facility of JRC Geel

10f -

0 20 30 40 50 60 70 8090100
Neutron energy / eV

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Experiments at CLAB: SKB-50

Installed systems
* Calorimeter
* Gamma-ray spectroscopic scanner

Testing of advanced systems (LANL)
* Differential Die-Away Self-Interrogation (DDSI)
* Differential Die-Away (DDA)

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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Calorimeter at CLAB

= Target value uncertainty < 2%
= Reference instrument for decay heat of SNF

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Gamma-ray spectroscopic scanning system at CLAB

134CS, 137(:5, 154Eu

Vaccaro et al. NIMA 830 (2016) 325
Il CT=52a

.....

PWR Y
‘ CT=40.4a

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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Fuel assemblies: DDSI and DDA at CLAB
(LANL development, NGSI)

 Differential Die Away Self-Interrogation (DDSI, passive)
A.C. Trahan, LA-UR_16_20026  Kaplan et al., NIMA 764 (2014) 347 - 351

= Optimise data analysis procedures
for source term determination

* Differential Die Away (DDA, active) (not only safeguards)
V. Henzl, LANL-UR-123025

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

Fuel assemblies: Finland

* Passive Neutron Albedo Reactivity (PNAR, NGSI) Tobin et al., ESARDA bulletin 56 (2018) 12 - 18
LANL development, Tobin et al., NIMA 897 (2018) 32 - 37

* Passive Gamma Ray Emission Tomography (PGET)
IAEA development, Honkamaa et al., Symp. Int. Safeguards, IAEA Vienna 2014

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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EURAD-SFC (4 years project)

Define/recommend validated procedures to estimate SNF source terms

(including fissile material) in industrial conditions with realistic confidence

limits based on:

* Best practice industrial code

* Realistic NDA measurements (time, industrial environment)

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)

* EURAD project (SNF characterisation)
— https://www.ejp-eurad.eu/about-eurad
— NUGENIA, http://nugenia.org/call-for-mobility-grants-open/

* ARIEL
support for open access, scientific visits, training early researchers, ...

— www.ariel-h2020.eu

* JRC Geel open access
— https://ec.europa.eu/jrc/en/research-facility/open-access

ESARDA, 6 - 7 february 2020, SCK CEN Mol (BE)
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6.6 Performance assessment and uncertainty evaluation of the
clab calorimeter; P. Schillebeeckx, JRC Geel; WPNCS Subgroup

12 meeting; 01/12/2022

- A
UL 3 -

European Joint Programme
on Radioactive Waste Management
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i

PERFORMANCE ASSESSMENT AND UNCERTAINTY EVALUATION OF THE CLAB CALORIMETER

Work part of EURAD/SFC/Task2
P. Schillebeeckx,

European Commission, Joint Research Centre (JRC), Geel, Belgium

Contributors:

JRC Geel, SKB (Vattenfall), SCK CEN and JSI

Sp

i

OVERVIEW OF DATA AT CLAB: PWR
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i

OVERVIEW OF DATA AT CLAB: BWR

2001 2004 2006 2009 2012 . 2001

Date

al

2004 2006 2009 2012
Date

PERFORMANCE ASSESSMENT AND UNCERTAINTY EVALUATION OF THE CLAB CALORIMETER

04}

o L ]
~ 00 Fal
5 | f
04| __."
08 ._....-l-

1 1 1 1 1 1 1
2000 3000 4000 5000 6000
Time, t/s
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Determine dAT/dt for AT=0
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i

PERFORMANCE ASSESSMENT AND UNCERTAINTY EVALUATION OF THE CLAB CALORIMETER

Calibration with an electrical heater

P=a +a, dAT/dt

1000 | a,=89.90(50) ¢ Determine AT =T —T,vs time
a, = 1727800 (3400)
= p(a,a,) =-0.90 e Determine dAT/dt for AT =0
g * Fitto data: P = a, +a, dAT/dt
L 500 |-

0 1 1 1 1 1 1
00000 00002 00004  0.0006
(dAT/dt) / (°Cls)

al

PERFORMANCE ASSESSMENT AND UNCERTAINTY EVALUATION OF THE CLAB CALORIMETER

Spent nuclear fuel assembly Calibration with an electrical heater
* Determine AT =T_-T,vs time * Determine AT =T —T,vs time
* Determine dAT/dt when AT =0 e Determine dAT/dt for AT=0
* Q=ay+a; KdAT/dt * Fitto data: P = a, +a; dAT/dt
* P=Q+P,

— K : correction factor due to thermal capacity
difference between electrical heater and
fuel assembly

— P,: heatloss due to y-rays escaping from
the calorimeter
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i

DATA ANALYSIS AND UNCERTAINTY EVALUATION

Define metrological parameters of the full measurement process and identify/quantify related
uncertainty components

* Calibration of the heater

¢ Impact cables: loss due to cable length outside the calorimeter

* Define optimum fit procedure to determine the temperature gradient
¢ Uncertainty of temperature gradient

e Quality of calibration curve

* Verify repeatability over a long time period

* Correction factor: difference electrical heater — assembly

e Correction factor: loss of gamma-ray energy emitted by assembly

al

CALIBRATION ELECTRICAL HEATER

Electrical heater (ION 7600) was calibrated for its power output by a reference instrument
+  06/10/2008 ZERATPZ 303
+  10/06/2020  ZERA MT3000

= data show that the output of the electrical heater has to be corrected to avoid bias effects.

1} 1.002 |

ol . 1000 . Average ratio & st.dev. of ratio
i E . ‘ . . * 06/10/2008 0.9961 0.0018
g A P E§ 0.998 - B e 10/06/2020 0.9972  0.0025
§ 2t § 0.99% |- . . '
i «

°r - oesr . < 06/10/2008]

00 oo 100 oo
Pret/ W Pt/ W

ref

» Data taken between 2008 and 2020 have to be increased by 0.37%
and an uncertainty of 0.2% has to be added due to the calibration
* Future: regular (yearly) calibration!
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i

ENERGY LOSS DUE TO CABLES

e There is a power loss of the power provided by the calibration unit due to cables outside the calorimeter
* The heat loss is estimated from the length and electrical resistance per unit length
— Outside
— Length:2x 20 m
— Resistance per unit length: 0.012 Q/m
— Inside (heating cable in calorimeter)
— Length: 261 m
— Resistance per unit length: 0.1 Q/m
= Power loss fraction: 26.1/(26.1 + 0.48) = 0.982

« Difficult to evaluate an uncertainty since the data are given with without uncertainty,
in addition with a limited significant digits!

¢ Future: provide traceable data!

]

DEFINE OPTIMUM PROCEDURE TO DETERMINE TEMPERATURE GRADIENT

To be done : Should be 0
* Define best temperature sensors

 Define optimum time region to fit!
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i

SFC Training materials

DEFINE OPTIMUM PROCEDURE TO DETERMINE TEMPERATURE GRADIENT

To be done :

Define best temperature sensors
Define optimum time region to fit!

al

= no clear difference

Should be 0

DEFINE OPTIMUM PROCEDURE: WHICH SENSOR, FUNCTION AND FIT REGION

Sensor 1
0.000238 B S — — 0.00090
0.000236 |0 14/01/2014 300 W ]
n E 0.00085
0.000234 | _ =
- I i 2
> 0000232 |- i ©  0.00080
s - ] =
= 0000230 |- 7] 3 0.00075
2 r 1 =
E 0000228 |- _ =
© i A <t < (t + 1 0.00070
0.000226 |- . (to-At) <t<(t +At) ]
- i
0.000224 - o AT=agran - 0.00065
L B L |
0.000222 |- tOAT=ag+at+at ||
L  AT=cy ot - | 0.00060
0.000220 | -
" 1 " 1 1 " 1 " 1

2000

3000 4000

Time window, At/ s

5000
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o+

18/04/2017 1000 W

AT(t;) =0
(to -At) < t < (t, +At)

O AT =a,+at

+ AT=ay+at+at |
AT = ¢y + c4(1 - &)

i
] B e R na e e e e B ]

2000

3000 4000 5000

Time window, At/ s
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i

EVALUATE THE UNCERTAINTY OF THE GRADIENT (VARIANCE ANALYSIS)

Variance, o/ °C

To be done

* Compare uncertainty with uncertainty of temperature output (assumed uncertainty is 0.01 °C)
* Propagate the uncertainty to the uncertainty of the slope value!

al

FIT DATA + REPEATIBILITY

P=a, +a, dAT/dt
1000 |- a,=89.90 (50)

a, = 1727800 (3400)
p(a,a,) =-0.90

Power / W

500 |-

0 1 1 1 1 1 1
00000 00002  0.0004  0.0006
(dAT/dt) / (°Cls)
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Electrical heater
Uncertainty evaluation based on variance
analysis: green line

SNF assemblies
Repeated measurements

5
Random component
—— Electrical heater
= PWR
4 0 BWR
—FIT (BWR + PWR)

100xu, /P

0 200 400 600 800
Power, P/ Watt
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J P, =a,+a; KdAT/dt

P=P, +P,

ENERGY LOSS DUE TO GAMMA-RAYS

Correction P.: heat loss due to y-rays escaping from calorimeter
* Present correction factor: based on dose rate measurements

* y-ray transport calculations using SERPENT (JSI) and MCNP(SKB)

* To be done: impact of density change with BU

al

CORRECTION: HEATER - ASSEMBLY

AT /K

Define correction factor K Py =20+ 2, KdAT/dt

* Develop heat transfer model (done) wsc Thesis: J. Ekman (10/12/2021)
‘%" = ~a,(Tyn = Tw) + Om " s
CWd:_r/ =a; (T, — Tw) — ax(Ty — Ts) — as(Tyw — Tp) + Quw +ac(Ty — T¢)

C"l

dTs
CSE= ax(Tw — Ts) — as(Ts — Tp) b

¢,/ (ki kg K)

[—o0.0s MPa
418 0.101325 MPa|
260 280 300 320 340 360 380
Temperarure / K
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- |

CALORIMETER AT CLAB — DATA ANALYSIS AND UNCERTAINTY EVALUATION

MSc Thesis: J. Ekman (10/12/2021)
Correction factor K: difference between electrical heater and assembly P = 3o +a, KdAT/dt
* Present correction factor based on total heat capacity: P=P_ +P,

ratio of total heat capacity of calorimeter with fuel assembly and with electrical heater

* Use analytical model: ratio of the slope dAT/dt with fuel assembly and with electrical heater

= negligible difference
= uncertainty evaluation in progress
= Requires specifics of the materials

Correction factor, K

€
C, / (ki/°C)
Keep in touch

EU Science Hub: ec.europa.eu/jrc

a @EU_ScienceHub

ﬂ EU Science Hub — Joint Research Centre
EU Science, Research and Innovation
EU Science Hub
EU science
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