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Decay heat and uncertainties

Decay heat importance

Decay heat can be defined as the recoverable energy released from
the decay of radionuclides after the reactor shutdown. It constitutes
an important source of power over a wide time scale.

Decay heat is a fundamental safety function for the fuel cycle
back-end.
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Uncertainty propagation

Safety authorities require not only the decay heat value, but also
the associated uncertainty.

M

d]\;t(t) = Z [Nj (1) (bj—n‘)\j + Z op(1) <0p,j—>i>> — Ni(t) <)‘i + Z 210 <Jp’i_>j>>]

JFi

Studies of Subatech (Nantes) and LPSC (Grenoble): develop flexible
codes for MSR simulation with uncertainty propagation from
nuclear data.

COCODRILO
Sampling FY, A, Emean

F. Esposito, Y. Molla s Safety
CEREIS parameters
MSR modeling Inventory
J. Halwani? D heat
ecay hea

Sampling XS, v, ..
A. Laureau?

COCONUST ] -

IA. Laureau et al. Uncertainty propagation for the design study of the PETALE experimental programme in the
CROCUS reactor (2020)

2J. Halwani, Decay Heat Calculations and Application of the Lines of Defence Method to Chloride Molten Salt
Reactor ARAMIS-A (2025)




WONDER 2026

Monte Carlo method for uncertainty propagation
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Monte Carlo method for uncertainty propagation
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Monte Carlo method for uncertainty propagation

Fission Yield (%)
o - N w Sy w ()] ~ o

U235 IFY - 0.0253 eV - JEFF-4.0 +

8‘0 1(‘]0 12’0
Mass of product

140

160

)

Input parameters and
associated uncertainties

X = (:Ela X9, XT3, "'7xn)T

0-3717 0-33270-5537 ) Uw

n

:’ Covariance information
: (if present)

E Oxi2oy Oxi20s Oxy20s o) Oz 2y
: O‘ZEQCEE}? O-LEQI4) ] O-ZEQIn

1 eee

\
~

v

/ Sampling process /

v

N perturbed input vectors
of the type: /

T \\
X* = (aF, x5, 25, ..., x) w \_

n

___________ _I____________a,

e e e e e e — -

WONDER 2026
Francesco Esposito
02 /07 /2026

400

800

0.100

0.075

25Uy, - JEFFF-4.0

o
>
]
3

uonea.io)

o
S
S
&

0.000

=0.025

-0.050

—-0.075

—-0.100
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Fission pulse decay heat

Decay heat [MeV/fission]
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Fission pulse decay heat

* Large availability of experimental data for
thermal cases

* Disentangle fission yields and decay data
contribution from that of cross sections
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Code-to-code comparisons
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\ Belfiore': Monte Carlo approach (SANDY code) J Tsilanizara?: S/U approach
Fission Pulse from 2%°Uy, - JEFF-3.3. 200 samples with Normal Fission Pulse from 2*°Uy, - JEFF-3.1.1. Differences may be
sampling, symmetric cut-off. Differences may be explained by explained by the different approach for uncertainties
the small number of samples. propagation.
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'E. Belfiore. “Sensitivity and Uncertainty Analysis for Nuclear Data of Relevance in Spent Nuclear Fuel 2A, Tsilanizara and T. Huynh. “New feature of DARWIN/PEPIN2 inventory code: Propagation of nuclear data

)

Characterization”, Master Thesis, (2023) uncertainties to decay heat and nuclide density”. In: Annals of Nuclear Energy 164 (2021)



Influence of the sampling distribution

Different choices are possible on the sampling 95 144 70
distribution and on the treatment of negative values. N b PI’ CU
Example with 2000 samples, 2°*Uy,, JEFF-4.0 o/ =0.34 o/ =0.58 o/ =1.59

Normal sampling,
zero cut-off

Normal sampling,
symmetric cut-off

Lognormal sampling
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Influence of the sampling distribution

Does the choice have an impact on the final decay heat uncertainty?
Test case: 2*°Uy, - JEFF-4.0 fission yields - 2000 samples

Without covariance matrix for fission yields With covariance matrix for fission yields
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JEFF-4.0 results

02 /07 / 2026
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Results using CEA's Fission Yields files

02 /07 /2026
Results directly using samples generated by CEA®: JEFF-4.0 files made available in April 2026 within APRENDE for ‘%\\\«\é
. . . o . . . . . Z A\
Independent Fission Yields on 4 thermal systems. They are 10’000 samples with restrain on Cumulative Fission Yields. N
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l Max difference: ~0.35% for both cases

IG. Kessedjian et al., “Monte Carlo Fission Yield files for the 4 major fissile nuclei”, Nuclear Data Week - JEFF meeting / APRENDE, 13-17 April 2026



WONDER 2026

Impact of new TAGS Data in JEFF-4.0 decay data library [t

JEFF-4.0 new mean decay energies : °Rb, 76gsm99Y  103108Tc 99Y 138 142(Cg
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More complex cases

Longer irradiation cases: Friesenhahn et al. decay heat experiments?? (1976-1979)

WONDER 2026
Francesco Esposito
02 /07 /2026

Experimental data available for 2°°U (1'000s, 20'000s, 24h, 35d) and %*?Pu (1'000s, 24h) samples.

Results obtained sampling all FYs of JEFF-3.3 at all energies, with Normal, symmetric cut-off, no covariance matrix, 100 samples.
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Possibilities to explore: influence of sampling only one or more specific nuclides, at one or more specific energies.

1S, J Friesenhahn et al., 235U Fission Product Decay Heat from 1 to 105 seconds, EPRI report (1976).

2S. J Friesenhahn et al., Measurement of 239Pu and 235U Fission Product Decay Power From 1 to 105 Seconds, EPRI report (1979).




Conclusions and Outlooks

‘. 0

* Agreement with both MC and S/U approaches for Fission Pulses

Development of Cocodrilo code with studies on FY samplings

* First application to the new JEFF-4.0 library release and covariance matrices

* Very small impact of the chosen sampling distribution on fission pulse calculations

- /
/Outlooks: \

* Separate systematic uncertainty from statistical uncertainty

* Decay data sampling

* Effect of sampling distributions in more complex cases than fission pulses

K Extension of the code to more complex cases (assemblies and core concepts) /
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Backup - Effect of the number of samples

Convergence of mean value and of relative uncertainty at fixed cooling times
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Backup - Effect of the number of samples

Correspondence of converged relative uncertainty on the full profile
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Backup - Effect of the number of samples

Evolution of relative uncertainty curve at different number of samples
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Backup - Effect of the number of samples

02 /07 /2026
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Backup - Distribution of output values
After 2000 samples:

235Uth

Thermal fission pulse
JEFF-4.0, no CovMat

t=1e2s

300

250 A

Frequency
= N
U o
o o
1 1

=

o

o
I

50 A

t=1eds

1.30 1.35 1.40 1.45 1.50 1.55 1.60
Decay heat [MeV/fission]

Frequency

100 A

50 A

4.85

4,90
Decay heat [MeV/fission]

4.95

5.00
le-5

Distribution of output values

t=1s

300 A

250 A

200 A

150 A

Frequency

100 A

50 A

0.70

0.72 0.74

0.76

Decay heat [MeV/fission]

t=1eb6s

0.78

250 A

200

150 A

Frequency

100 A

50 A

1.54
Decay heat [MeV/fission]

1.56

1.58

1.60
le—7

300

WONDER 2026
Francesco Esposito
02 /07 /2026

t=1le2s

250 A

200 ~

150 4

Frequency

100 4

50 A

0.0104 0.0106 0.0108 0.0110

Decay heat [MeV/fission]
t=1e8s

250 A

200 A

=

wu

o
1

Frequency

100 4

50 4

2.20
Decay heat [MeV/fission]

2.22
le-10

212 214 216 2.18




WONDER 2026
Francesco Esposito

Backup - Distribution of output values - KS statistic

20 samples - Mean: 0.15 2000 samples - Mean: 0.014

Mean: 0.014153140058316463

Mean: 0.1449475507152886

200 samples - Mean: 0.042

Mean: 0.0426093080799735

Kolmogorov-Smirnov
statistic

235Uth

Thermal fission pulse
JEFF-4.0, no CovMat
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Backup - Procedure used by CEA for sampling FY

SetZero LogNormal iterative
adjustment

=2

- _ Vi 2
G(Y;y;Z) and 62 = I;; ¥ =log [ ——— (in)z = log (1 " %)
Joi +¥f Yi

L ]

Cholesky decomposition

. ot ¥
spectral decomposition EL = log (1 = U}) Find L : Covy = LLT
E=p-D-P = Samplin
+ Regularization piing
« Sampling S - N(0,1,)
=y+L-S
S ->N(0,1,) / \_ Y =)
Arg >0 Ara < 0 » Regularization
yo=y+P-DV2.§ 9
Zij = |ysl
E:Qg e LGN LGN Yo:='1¥s
* Regularization . - eiepetal ¥ :
Sampling Corry; k Iterative process
, N =p.p.pPT
if 50 <0; ¥5;, =0 yk' _ (ykfl _ ykfl) ] O + 7,
yiN =3 4 p.DV2. S 0= | ) g S+
S - N(0,1,)

ysi = exp(ys}

£=20 G. Kessedjian et al. - Nuclear Data Week - JEFF meeting / APRENDE, 13-17 April 2026

Slide taken from: S. M. Cheikh, A. Chebboubi, G. Kessedjian, O. Serot, D. Bernard, Monte Carlo Fission Yield files for the 4 major
fissile nuclei, Nuclear Data Week - JEFF meeting / APRENDE, 13-17 April 2026




Backup - Statistical uncertainty
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* Friesenhahn setup
* 2Puy, 24h irradiation
* Cocodrilo code

* Uncertainties from fission yields
only

* 100 samples

* Sampling method: normal with
symmetric cut-off, no
covariance matrix

* JEFF-3.1.1

* Statistical uncertainty
calculated with 100 fixed
samples (“virtual samples”)

2 2
\/(7 tot — Ostat

O sys
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Backup - Contribution of nuclides to uncertainty
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Other JEFF-4.0 results

Total decay heat Light particles component Electromagnetic component
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Influence of the sampling distribution

With more samples, the effect of the sampling distribution is even smaller

Test case: 2%°Uy - JEFF-4.0 fission yields - 10’000 samples

Without covariance matrix for fission yields With covariance matrix for fission yields
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To be compared with slide 7
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Backup - Indicators for samples quality

How many nuclides are affected by such distorted distributions?
* Application of indicators found in literature

* Development of new indicators to have a clearer view

1 1 o= |ms(N) 1 1 si(V)
AME(N) = MZMEE-(N) — MZ - 1‘ AVE(N) = MZVE%-(N) = MZ -1
i=1 i=1 * =1 =1 !

/ Example with 2000 samples from JEFF-4.0, fission yields of 2?Pusw, Normal symmetric cut-off: \

AME and contributions of selected nuclides AVE and contributions of selected nuclides
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More details in: F. Esposito, Fission yield uncertainty propagation with Monte Carlo method for decay heat calculation, Master Thesis, 2025




Backup - Pandemonium effect

Efficiency of Ge detectors decreases
as the energy of gamma ray increases
— underestimation of mean gamma
energy and overestimation of mean
beta energy
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Level N

Level 3
Level 2

Apparent Feeding Level 1

Daughter I Ground

M. Fleming and J.-C. Sublet. “Validation
of FISPACT-Il Decay Heat and Inventory

Predictions for Fission Events”. June 2015.
doi: 10.13140/RG. 2.1.1003.8168
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