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Challenges associated to Decay Heat

= Safety/Radiation protection
= Economic interests for the complete cycle (Gen Il, Gen lll)

= Key issue for new concepts: Gen IV, innovative reactor design, innovative fuels,
most of the concepts with fast neutrons => not so many data, limited reactor

operation feedback

= I[mportant design parameter for a spent fuel repository

Industrial stakes Cooling time

Safety systems of cooling 0.1s to 8 days
Unloading of assemblies 5 to 25 days
from core
Spent Fuel transport 1 to 10 years
Reprocessing, vitrification, 4 to 300 years
storage
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Disposal 50 to 300 000 years ?» (i}\"\\
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Challenges associated to Decay Heat

: r : : . : U0, and MOX fuel
- Different applications => different main contrlbutors\} 10 -

- Large time range : few seconds -> 10° years i

Decay heat (Watt

Dependency:
- cooling time,
: UO;2 3.6 %, 45 MWd/kgU (case 1) —- ™~
- studied Concept’ 101 1 MOX50% (fis), 52 MWd/kgU (case 3) —
- irradiation hlStOry o D. Rochman et al., EPJN 10 9 (2024)
1073 1071 10! 10 10°

Cooling time (years)

- Increasing will of safety authorities => better understanding of uncertainty sources :
technological, operation, calculation methods & nuclear data

Industrial interest: improved control of uncertainty calculations & safety margins
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Calculations with evaluated codes (experimental measurements, other codes)
Identifying biases in calculations (ex: nuclear data) for improvement




Decay heaft calculations

® Summation method N; : Number of nuclei i at cooling t;

= ;- Decay constant

DH(to) = fity) = X Ni(t) % E,

E; : Mean decay energy of nucleus i

B Atomic Densities N, : solving Bateman’s equations
Transport and depletion calculations : reactor model + neutronic code

TEZ 03+ (0 NW (2 + @0)NO

production & disappearance per radioactive decays & nuclear reactions

~ 40 000 nuclear data: &, E, Branching Ratio, A, Fission Yields, v

=> Complex calculation (reactor model + depletion)
=> Quality of the code but also of the input data !



Decay heaft calculations

n S
B Summation method DH(t.) = f(t.) = 2. Ni(t.) A E,

o E, usually divided in 3 parts in evaluated librairies(e.g ENDF, JEFF, JENDL) :

E;p = @ L Eﬂ+ +E,- +--- Light particles component
Eguy = @ Ex_my + E gpnirad. + + -+ Electromagnetic component

EHP = Ea -+ ESF JL Ep + En i R Heavy particules component

B E; measurements & Pandemonium effect
Before the 90s, conventional detection techniques: high resolution y-ray spectroscopy

Excellent resolution but efficiency which strongly decreases with increasing energy

Risk of overlooking the existence of B~ feeding into the high energy nuclear levels of daughter
nuclei

Incomplete decay schemes: overestimate Ey,,, underestimate E 1,

=> Most suitable technique to re-measure key nuclei:
Total Absorption Gamma Spectroscopy using 4r detectors (ex: Nal, LaBr3)



Decay Heat [/ Fission pulses

- Decay heat fission pulses measurements:

EEM Decay Heat MeV/fission
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No need of XS for short irradiation fimes

To disentangle FY vs DD data impact (ex JENDL5 FY) Jm;‘,’,";‘

To identify Pandemonium FP to re-measure
To develop/test uncertainty propagation calc.
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Fig.2 Conceptual View of Decay Heat Measurement System

Y. Ohkawachi et al., JNST 39 (2002)

A. Nichols et al., EPJ A 59 2023
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JEFF 3.3 Decay Data
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Decay Heat [/ Fission pulses

CoNDERC IAEA Database

- Decay heat fission pulses measurements:

@ No need of XS for short irradiation fimes , ot
To disentangle FY vs DD data impact (ex JENDL5 FY
To identify Pandemonium FP to re-measure

To develop/test uncertainty propagation calc. - rr
233 B,y 19-2410°s  3.2%-7.5% 19822002 Ohh:::"’ﬁ
@ Limited set of data, uncertainty ... T o e
neutrons 28 LY 0.4-2.410°s 1.-8%-5.3% 1997, 1998 I.owell
. . B27h 19-2.410°s  3.7%-9.2% 1997  Akiyama
» Extra fission pulses measurements needed ! — T T T
0.9 T A | N | N | T """I. A |
A. Nichols et al., EPJ A 59 2023 e | 0.6[— A. Nichols et al., EPJ A 59 2023 = Tobias
s 0.8 END':?,E\,!IE?:%" el 5 — JEFF 2.2 (1992)
k% ozl JENDL'S FY —— | 3 o5 —— JEFF 3.1 (2005)
> ° JEFF 33D Dat N — JEFF 3.1.1 (2009)
%) 0.6 F ] ecay bata i %) B — JEFF 3.3 (2017)
: = 04—
o o I
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S 03¢t > " _
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Published TAGS measurements so far ...

TAS Collaboration : IFIC Valencia, Univ. of Surrey, Subatech/SEN team
4 measurement campaigns (2007, 2009, 2014, 2022) @Jyvaskyla

Isotope

35-Br-861*
35-Br-871*
35-Br-881*
36-Kr-897
36-Kr-907
37-Rb-90m
37-Rb-921*
38-Sr-89
38-Sr-97
39-Y-967
40-Zr-997
40-Zr-1007
41-Nb-981*

Isotope

"‘ : also important for 232Th/233U cycle

41-Nb-997
41-Nb-1007*

41-Nb-1017*

41-Nb-102™

43-Tec-105"
43-Tec-106"
43-Tec-107"

[sotope

A. Algora et al., EPJA 57 (2021)

52-Te-1351
53-1-1361
53-1-136m
53-1-1371*
54-Xe-1371
54-Xe-1391
54-Xe-1401
55-Cs-142*
56-Ba-145
57-La-143
57-La-145

EEM DH (MeV/fission)

Parent nuclides identified per WPEC-25 for
TAGS meas. for 23°U/23%Pu reactors, (NEA,

T. Yoshida/ A. Nichols, 2007)

Algora et al., TAGS PRL 2010
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Published TAGS measurements so far ...

TAS Collaboration : IFIC Valencia, Univ. of Surrey, Subatech/SEN team
4 measurement campaigns (2007, 2009, 2014, 2022) @Jyvaskyla

Isotope Isotope Isotope Parent nuclides identified per WPEC-25 for
35 Br-861* 41-Nb-991 59-Te-135" TAGS meas. for 23°U/23%Pu reactors, (NEA,
35-Br-87t* 41-Nb-1007* 53-1-1361 T. Yoshida/A. NiChO/S, 2007)

35 Br-88i* 53-1-136m!

36-Kr-897 41-Nb-1027* 53-1-137*

37-Rb-90m 54-Xe-1391

37-Rb-927* m 54-Xe-1401

38-Sr-89 43-Tc-103T* 55-Cs-142* + 91,94,95Rp 100m,102mN [ 96my
38-Sr-97 43-Tec-104T* 56-Ba-145 ’ ’
39-Y-961 43-Te-105* 57-La-143

40-Zr-997 43-Tc-106* 57-La-145

40-Zr-1007 43-Tc-107*

41-Nb-981*

"‘ : also important for 232Th/233U cycle

A. Algora et al., EPJA 57 (2021)




Published TAGS measurements so far ...

TAS Collaboration : IFIC Valencia, Univ. of Surrey, Subatech/SEN team
4 measurement campaigns (2007, 2009, 2014, 2022) @Jyvaskyla

MTAS Collaboration : Univ. of Warsaw, ORNL, Univ of Tennessee
Experiences @ Argonne National Laboratory’s CARIBU facility

Isotope Isotope [sotope
41-Nb-99 52-Te-135
35-Br-871* 41-Nb-1007* 53-1-1361
35-Br-881* 53-1-136m’

- Rr-80 41-Nb-1027*

42-Vio-10 >

43-Tc-1021* 54-Xe-140
38-Sr-89 43-Tc-1037*
38-Sr-97 43-Tc-1047* 56-Ba-145
43-Tec-105* 57-La-143
40-7Zr-99 43-Tc-106* 57-La-145
40-Zr-1007 43-Tec-107*
41-Nb-981*

"‘ : also important for 232Th/233U cycle

A. Algora et al., EPJA 57 (2021)

Parent nuclides identified per WPEC-25 for
TAGS meas. for 23°U/23%Pu reactors, (NEA,
T. Yoshida/ A. Nichols, 2007)

Algora et al., TAGS PRL 2010

+ 91,9495Rp 100m,102mNH 96mYy

End 2022 : 29 published nuclei



Impact of TAGS data on Decay heat calculations

Selected examples

- Review paper coordinated per IAEA (Nichols et al., EPJ A 59 2023)

Table 1 Irradiated fuel inventories and decay-heat calcula-

tions [381[391/40].

thermal neutron pulse [23°U [238py [239Py [240Py,
(0.0253 V) 241py, ) 242py. 341 A, 242m A,
243 A1 2430, 245Cm

fast neutron pulse faapy 290y 288y, 23N
(400 keV or 500 keV)

Systems chosen to compare to FISPACT-II
DH calc. with classical libraries (ENDF/B-
Vil.1, JEFF3.1.1, JENDL4-0)

M. Fleming, J. C. Sublet, 2015, CCFE-R15-28

DH experimental meas. available
in IAEA CONDERC database

3 sets of DH calculations combining the same FY library each time with :

- Decay Data

Decay Data
Decay Data

Serpent2 used for DH with JEFF libraries

But also used for cross-checks on DH with ENDF (FISPACT-II/P. Dimitriou)

& JENDL (OYAK98/ T. Yoshida & F. Minato)



Impact of TAGS data on Decay heat calculations

Selected examples

09 —r——T———————— DIl e — R

~ Dickens —=— " Dickens —=—i
239py,, Tobias —8—i 235U, Tobias —=—
0.8 Lowell —=— 0.8 - Lowell —=— _
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Same conclusions with ENDF library

A. Nichols et al., EPJ A 59 2023 9



Impact of TAGS data on Decay heat calculations

Selected examples
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Exchanges with TAS collaboration: SEN team@Subatech, IFIC Valencia, University of Surrey 10



Impact of TAGS data on Decay heat calculations

Selected examples

+ TAGS 2021 : improved agreement of EEM component for 233U, 238U¢., 232Thy,,

for cooling time below 100s

Akiyama +—=—
JEFF3.1.1 ——
+TAGS 2010 ——
dill +TAGS 2021 — |
232
0.8 Thfast

0.6

Heat (MeV/fission/s) x time

04

0.2 232Th fast - electromagnetic decay heat

1000 10000 100000

T | N saaaal PR RS | N
1 10 100
Time after irradiation (s)

But also need of new DH
fission pulse experiments ©

A. Nichols et al., EPJ A 59 2023

Heat (MeV/fission/s) x time
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Akiyama —®—
JEFF3.1.1 ——
+ TAGS 2010 —— _

+ TAGS 2021 —

233 fast - electromagnetic decay heat

1 1

| M | PR | P |

1 10 100 1000 10000 100000
Time after irradiation (s)

Need to investigate key FPs for
cooling range > 100s
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Decay heat for the U/Pu industrial cycle

- « Validation of the existing codes with measured SNF decay heat is currently considered as
a necessity by most of existing national and international regulations » *

IAEA Safety Standards IAEA Safety Standards P apuidy: M CALRCRCRC RO iy neemEE
asn, e ey paShy
Design of the Design of the Reactor
Reactor Core for Coolant System and SRR,
. u t Jel
Nuclear Power Plants Associated Systems for FEE
: démonstration de stireté nucléaire
Nuclear Power Plants Conception des
réacteurs a eau sous pression
Specific Safety Guide Specific Safety Guide
No. SSG-52 No. SSG-56 o
PInstitut dc’radiopmtec(
et de stireté nuclé:
@ !!leélllnEnllﬁmltEne Agen: {%@;) !.énnEmﬁmlcEm Agenc

Validation => Code + given nuclear data library

*: An infroduction fo Spent Nuclear Fuel decay heat for Light Water Reactors: a review from
the NEA WPNCS, D. Rochman et al., EPJN 10 9 (2024), Review paper of the NEA/SG12 on

decay heat
12



Decay heat measurements for the U/Pu cycle

Avdadilable decay heat measurements

CLAB Blind Benchmark
5 assemblies PWR/BWR

New CLAB : 161 new measurements (2024)

| | | | | | | | >
! | | ! ! ! | | |
03s 1day 1.5 years2 years 4.5 years 11 years 21 years 27 years 37 years Cooling Time
AIEA/CONDERC NEA/SFCOMPO
Limits : New measurements :
- max.Burnup: 51 GWd/t, low enrichment - Calorimeter @CLAB still operating, unique
- Missing cooling time ranges - 161 new Decay Heat measurements
- Uncertainty measurements : EPRI report (Electric Power Research
HEDL: 10%, GE-Morris : 3-4%, CLAB : 1-2% Institute), October 2024

- No measurements for MOX assemblies
- New calorimeter NAGRA, Gosgen powerpla%lt

H. Akkurt EPRI Report 2024



Decay heat Blind benchmark

Objectives

=
(4]
9
=
EEm BTO1
_4 T . BTOZ Identification | BU (GWd/tU) CT (a) IE (%)
_g || =-—BT03 ] B0 s g6 | 203
m BT04 Mean uncertainty of the measurements:| % i o | B
BTO05 50 21.4 3.60

_g| W BTOS 4 549

123456 7 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
Calculation id

Fig. 8. Relative difference between measured (E) and calculated (C) decay heat rate values for the five different assemblies
studied.

- First exercise at the international level |
- Importance of open source measurements & with lower uncertainties |

Blind benchmark exercise for spent nuclear fuel decay heat, P. Jansson et al., Nucl. Sc. & Eng., 2022 14



Uncertainty propagation

Nuclear data

Model Parameter | &

Covariance M
Matrices o

S/U Approach Stochastic approach
One N calculations
calculation
needed
[ neutronic codes => quantity R
- OR /6 -
Sensitivit = — /==
ensitivity SR, N R/ . Uncertainty
Uncertainty | = S M, ST Sensitivity | S
R, o
Perturbation theory Monte-Carlo approach

Cost of mathematical development More flexibility vs computing capacities
15



DD/FY inputs for uncertainty propagation

Decay Data

JEFF3.3
100 100

801 r80

60 1

r60

40 r40

Percentage of isotopes with decay data [%]
Percentage of zero uncertainty [%]

201 r20

o

Half Life

- Almost half of decay energies without
uncertainty values

- Correlation matrices not available

Number of isotopes / bin

Number of isotopes / bin

ELP Decay energies

1750 { == 1e+06-

3 le+05-

= le+04 -
15001 == 1e+00-

‘=3 0e+00-

9e+06
le+06
le+05
le+04
1e+00

102 102 o> T0r 30t 10° 10
JEFF33 Mean Decay Energy ELP [eV]

Electromagnetic Decay Energies

400

= 3e+06-
= 2e406-
= 1e+06-
800 | == 1e+05-
= let04-
= 1e+03-
= le+02-
600 | =3 0e+00-

9e+06
3e+06
2e+06
le+06
le+05
le+04
le+03
le+02

100 10!

102 10° 104 105 10
JEFF33 Mean Decay Energy EEM [eV]

-100

80

60

40

~

Isotopes with zero uncertainty / bin [%

Isotopes with zero uncertainty / bin [%]

16



DD/FY inputs for uncertainty propagation

JEFF3.3 Complete correlation matrices are very scarce

100 100
In evaluated libraries => mean values & std,
but not correlation matrices !

- JEFF 4-0:

CEA 2024: New FY evaluation
235, & 237Puy, with correlation matrices

801 r80

60 1 r60

40 r40

- NEA/WPEC SG17 and after :

CEA:
FY covariances using Bayesian GLS, JEFF-3.1.1 data
N. Terranova et al., Nuc. Data Sheets 123 2015

Half Life  © GEF code:
derived from semi empirical model with parameters

K. H. Schmidt et al., Nuc. Data Sheets 131 2016

Percentage of zero uncertainty [%]

201 r20

Percentage of isotopes with decay data [%]

- Almost half of decay energies without

. PSI:
uncertainty values Combination of Bayesian and Monte Carlo

D. Rochman et al., Annals of Nuc. Ener. 95 2016

SCK-CEN.:
Covariances generated from JEFF-3.1.1 FY unc.

& Bayesian process integrating physical constraints
L. Fiorito et al., Annals of Nuc. Ener. 88 2016

- Correlation matrices not available

17



Uncertainty propagation: codes development at CNRS

. S
Subsiech | COCODRILO LP=C COCONUST
- Sampling of DD/FY : - Sampling of XS from covariance matrices
data with no-uncertainty (NJOY or others)
=> 0 vs 100%std to calc. impact - Coupled to SERPENT?2 or OpenMC codes

- Coupled to SERPENT?2 code - First application to dosimetry :

- First application to fission pulses : PETALE program @CROCUS, EPFL
cov FY on-going

239Pyy, Decay heat

15 10 4

1071 cocobriLO
102 4

E
g S B
Y S
o 2
a ——+ Mean ENDF/B-VIILO g 10-2
—-—- Mean ENDF/B-VII.1 O
~10 1 H [ ENDF/B-VIILO (uncertainty)
v X/Emea” Sampl"_qg ENDF/B-VIL.1 (uncertainty)
+ zero uncertainty treatment T oickens pata 107
-15 T T T T
ot 10 10’ 10* A. Laureau et al, EPIN 9, 25 (2025
107 T T T T T T T T T T T
Y. Molla PhD, Subatech, 2025 o ev kev MeVv

Energy

18



Uncertainty propagation: codes development at CNRS

gubotech

COCODRILO

- Sampling of DD/FY :

data with no-uncertainty
=> () vs 100%std to calc. impact

- Coupled to SERPENT?2 code

- First application to fission pulses :
cov FY on-going

239Pyy, Decay heat

15

1071 cocobriLO

9
2 0
y
9]
o —-—- Mean ENDF/B-VIIL.O
—— Mean ENDF/B-VIL1
~10 4 H [0 ENDF/B-VIIL.O (uncertainty)
X/Emea” Samp“ng ENDF/B-VII.1 (uncertainty)

+ zero uncertainty treatment I Dpickens pata

10! 102 103 10*

Y. Molla PhD, Subatech, 2025

COCONUST

-PC

- Sampling of XS from covariance matrices
(NJOY or others)

- Coupled to SERPENT?2 or OpenMC codes

- First application to dosimetry :
PETALE program @CROCUS, EPFL

A. Laureau et al., EPIN 9, 25 (2023)

1000 A Sampling 235U, 238U

Gfission, Ocaptures Otots Viot

800 -
T
(%]
2 600 -
3 b
s s B
5 400 - /\% - —
v fucl pin A A
U taaay Aas
2001 | NS s
A H. I Park (2017)
o4 L. Giot, A. Laureau, SANDA — COCONUST
0 10 20 30 40 50 60

Burnup [MWd/kgU] 3 19



Molten Salt Reactors

unité de traitement des
gaz

Multiple interests but also with R&D challenges

Pompe

- Versatile applications, Advantages for safety & operation

Echangeur de chaleur

Combustible
ouverture fertile

- Decay heat needs/issues

-- different localisations, barriers 2, EPUR systems
-- DH values for scenarii

--Gen IV
=> Feedback ¢
=> Nuclear data needs for depletion calc.
=> Pandemonium nuclei ¢

Fuel Depletion calculations

N (t coE
I ( ) =Z (bj—>i}\lj + (Gj—>i (I))) NJC(t) - ( }\'i + (G (I)) ) N|C(t) = }LTreat. N(t)'
ot j#i C#E
75 —C N(t)E material supply Fuel freament (Chemistry & off-gaz systems )
+E £C reeding | (Eutectic control, criticality control

per composition adjustment ...)

- Dedicated depletion codes : REM (CNRS),
Python code + existing depletion codes : CEREIS (CNRS), EQLOD (PSI), MOSARELA (CEA), PYMS (EDF)
New developments : SCALE 6.3 or industrial codes based on OpenMC for example.. 20



Molten Salt Reactors & Modeling/nuclear data e

Selectfed example: branching rafio to isomeric stafes

(n,2n), (n,g) reactions can lead to gs or isomeric states
BR(m) = 107 |
. . . . . Typ =141
=> jsomeric branching ratio of >*' Am(n,g) impact on Am, Pu 241 Am(n,y) ’ - 262Cm | Py |
and Cm inventories BR ) 83.2%
R *oAm
=> important for core physics and fuel cycle calculations Tiz=16h 468y,
Bt/e
Reactivity, spent-fuel (neutron, gamma activities, decay heat) | 22Pu_

JEFF-3.1.1, Thermal data

H PAY N 1 2 41 ' ' " JEFF-311 ——
;" A”'E;éﬂo'/ ¥ Am(n ,y) ENDF/B-Vill.0 —»—
e | PETALS! N Y S S |

08t ’
Thermal reactor ,

Fast reactor

Branching ratio (BR) depends on the neutron energy
Most of the reactor codes use a single BR ratio

0.7

0.6

Usually thermal data are used per default

Branching ratio to 242Am ground state

05 | | d | 1 |
10 102 100 102 10t 106 108

Time (years) 21



Molten Salt Reactors & Modeling/nuclear data e

Selected example: Fission yields depend on the neufron energy

Neutron spectrum 235 (n,fission)

101 : i IO-D‘: T L I T I L) T
] —— Chloride MSFR .
0 1 = Fluoride MSFR
10 i— PWR
g 10-1 1.oE
2
NE 10—2 E
X
5 -3 % |
' !r N, | @Argonne
104 4 I ! Neutro}n
3 — A . f’ \ [/ Generatpr
‘ H. Pitois, PhD Thesis, CNRS-LPSC I 1.0 / Facilith -
10'5 : ' , T ' r ' r ; ' THERMAL Vi y\
10 10-2 10-! 10° 10! 102 10° 10° 105 105 107 0.0l . -. ! L~ . .
énergie [eV] 70 B8O 90 100 m:.g; HUESER 130 |4l:l- Iﬁﬂ 160
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Molten Salt Reactors & Modeling/nuclear data e

Selected example: Fission yields depend on the neufron energy
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On- going work with GANIL
FY from D. Ramos et al., Phys. Rev. Lett 123 (2019)
F. Hervy' internship, Subatech, 2024
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Conclusions & Outlooks

- Validation of Code + nuclear data library mandatory at the industrial level

L Decay heat calculations needed at “different system sizes”
fission pulses, SNF assemblies, core level ...

new type of measurements to disenfangle the effects of nuclear dafa ¢

Increasing demand to assess uncertainties
tools and methods under development, needs of extra inputs for nuclear data

R&D drive for new reactors concepts & associated fuels open new needs
nuclear data, new decay heat measurements

¥

Importance of enhancing exchanges between the communities
(experimentalists, evaluators, reactor physicists & industrials)
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3 sets of DH calculations combining the same FY library each time with :

- Decay Data
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3 sets of DH calculations combining the same FY library each time with :
- Decay Data

Decay Data

Decay Data

+ TAGS 2010 : improved agreement for 2°Puy,, 24'Puy, & 238U,
small impact for 232Th,,, & 233U;,;
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3 sets of DH calculations combining the same FY library each time with :

- Decay Data
Decay Data
Decay Data

+ TAGS 2010 : improved agreement for 2°Puy,, 24'Puy, & 238U,
small impact for 232Th,,, & 233U;,;
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235Uth

+ TAGS 2010 : no impact on ELP component
+ TAGS 2021 : ELP slightly improved in 10-400s but underestimation in 400-1000s

Hard to say on EEM wrt differences between the 3 experimental sets !
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+ TAGS 2021 : improved agreement of EEM component for 233U, 238U¢., 232Thy,,
for cooling time below 100s
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+ TAGS 2021 : small under estimation of ELP component for 235Uy, 23°Puy,, 241Puy,,,
233, & 238U, at cooling times ranging from 30s to 1000s
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Decay heat measurements for the U/Pu cycle
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Figure 12. Cooling time versus measured decay heat for published and unpublished Clab decay heat measurements

Figure 1. Decay heat measurement uncertainty for the available data sets [1]
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