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= Evaluation program on FY@CEA/DES

= From experimental data to evaluation; e.g. from mass to chain in JEFF-4.0
= Pre-neutron mass yields : Limit of resolution ; e.g. 23°U(n,,, f) Y(4")

= Prompt Neutron emission per mass : e.g. 235U(n,, f) v(4")

= Conclusion & Perspectives:
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Context: methodology of FY Evaluation

Theoretically o Experimentally “ Application

Y(A*,Z,E",]™) Y(A,Z,Ex, 1) Y(A,Z,m) Independent Yields
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Pre-neutron Mass, charge, excitation energy Mass  Charge Kinetic Isomeric l

e ' ' Energy C(A) Chain Yields
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Fission models I

Fuel Cycle applications
Reactivity losses (BU)
PIE (BU) : Post-Irradiated Experiment
CFE
Decay Heat
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Context: methodology of FY Evaluation

Theoretically

o Experimentally > Application
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Context: methodology of FY Evaluation

Theoretically o Experimentally “ Application
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Context: methodology of FY Evaluation

Theoretically

Experimentally
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Application

Y(A,Z,m) Independent Yields

)

C(A,Z,m) Cumulative Yields

)

C(A) Chain Yields

|

Fuel Cycle applications

Reactivity losses (BU)

PIE (BU) : Post-Irradiated Experiment
CFE

Decay Heat

— N. Teixeira Rua’s PhD (2025-2028)

Uncertainty sources :
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JEFF-4.0 — New methodology : complete and consistent

IAEA/CRP FY 2020-2024

S-M. Cheikh, PhD thesis (2023)
S.-M. Cheikh et al., Eur. Phys. J. A, 60 11 (2024) 222

* Previous FY evaluations :

- Independent and Cumulative FY evaluations are two different evaluations
: only mean values follow conservation laws

- Driven by the cumulative data

- Uncertainties of Ind. FY are overestimated due to the lack of correlation
matrix as by-product of the analysis

- Covariance/correlation matrix of Ind FY is extrapolated assuming the C.

Devillers methodology : Assumption Corr (C, C’) = |

« JEFF-4.0 Evaluation

- Independent and Cumulative FY come from a unique evaluation

- Take into account the experimental correlation matrix available or
deduced from literature

- Complete description of the fission yield observables

- Consistent according to the conservation laws for :

mean values, uncertainties and correlation matrices
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235U(ny,,f) : Raw datasets from EXFOR

S-M. Cheikh, PhD thesis (2023)
S.-M. Cheikh et al., Eur. Phys. J. A, 60 11 (2024) 222
IAEA/CRP FY 2020-2024
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Test and sorting of available experimental data S-M. Cheikh, PhD thesis (2023)
S.-M. Cheikh et al., Eur. Phys. J. A, 60 11 (2024) 222

for the 4 main fissile nuclei IAEA/CRP FY 2020-2024

Integrating several cumulative yields = chain yields
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FY & applications dependency to Decay data

S-M. Cheikh, PhD thesis (2023)
S.-M. Cheikh et al., Eur. Phys. J. A, 60 11 (2024) 222
IAEA/CRP FY 2020-2024
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Intercomparison of Y(A)’s : 233U(ny,,f) - 23U(ny,,f) - 2°Pu(ny,,f) - 24*Pu(ny,,f)

Fission Yields (w/o unit)
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= Pre-neutron mass yields : Limit of resolution ; e.g. 23°U(n,,, f) Y(4")
= Prompt Neutron emission per mass : e.g. 235U(n,, f) v(4")

= Perspectives & Conclusion : 235U(n,,, f) C(A|En)
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Pre-neutron mass yields : Limit of resolution ; e.g. 235U(n,,,f) Y(A%) s Jofdocadss

— A. Regonesi’'s PhD (2024-2027)

Experimental Data (EXFOR database): 2E & (2Ex1v)? methods

Experimental data Selected data
Name Year Method  v(A) Unc. Sym.  Mass Range  Pou(%) Region (FY > z2%) 0444(%) FWIHM (amu) P (%) = 0.3% (30)
[Geltenbort (1) 1085 2E2v  No  Yes Yes 77 150 100 0% 00  200£056 100 E?%g:'ionnc‘iier;i'ggg tboy
Derengowski( ) 1970 2E-2v No Yes No 78109, 127 154 14 0% 0.0 231026 685 | JEFpF p P
Hambsc 1989 215 Apalin Yes Nn H1-168 1% 1.0 2.09 4+ .23 11.1
Al-Adili {4) 2020 Wahl 66 167 n n 1% 2.5 5.65£012 3.6
homano ashin 0 . 2.0 . Yo
Simon (6) 1989 28 Cold [rag. No Nn 79 110, 12& 5700 0% 3.0 367£016 496
Zeynalov (7) 2006 2K Apalin Yes  No 118-160 0.0 1% 5.0 4.07£0.19 2.2
Zeynalov S1 (8) 2017 25 measuwred v No  No 79-157 0.0 1% 6.0 ASNRARRARRRRRRRRSRRRRRY ®  FY(A)_Geltenbort
Zeynalov 82 (9) 2017 2B Apalin -~ No No 79-157 0.0 1% 5.0 7:_ ;3 © o] 9 FY(A)ALAil
6; ‘*+++I——I— FY(A)_Geltenbort_Cony
2 . i ]
[ 9 series of data symmetrised, recalibrated (based on post-n FY when available) 5. fg.* % =
and normalised to 200% _ R ? =
: . . . = ] —
O Generalised )(5 tests using correlations on two-by-two series = L ' .
. . [ v —]
** Geltenbort et Derengowski (2e2v) : Y(A*) and Y(A) available data, SE . . i
mass resolution determined in comparison to JEFF4.0 Y(A) o . .- =
Geltenbort’s data recalibrated to JEFF4.0 Y(A) - " '5 .
+ 2E data mass resolutions = Compatibility test with 2E-2v measurements E e results 'g_ E
O: .07||||||||||||||||||||||||T!'_I._E
120 125 130 135 140 145 150 155 160
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Pre-neutron mass yields : Limit of resolution ; e.g. 235U(n,,,f) Y(A%)

— A. Regonesi et al. ND2025
— A. Regonesi’s PhD (2024-2027)
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Prompt Neutron emission per mass : e.g. 233U(n,,.f) v(4*)
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Prompt Neutron emission per mass : e.g. 233U(n,,.f) v(4*)
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Prompt Neutron emission per mass : e.g. 233U(n,,.f) v(4*)
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Prompt Neutron emission per mass : e.g. 233U(n,,.f) v(4*)
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Post-neutron mass yields : consistency test e.g. 235U(n,,,f) Y(A)
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Fickel1959 Chain yields

FICKEL AND TOMLINSON: LIGHT MASS FRAGMENTS 923
TABLE IX
Mass spectrometric and isotope dilution data for Cs'* produced in the thermal neutron TABLE XIII .
e i Cumulative fission yields of the light fragments in the thermal neutron fission of Pu®?

- ' normalized to the 6.90%, Cs'® yield
No. of atoms

of isotope Calculated . ~ 2
Ratio before adc}eg per g Ratio after fission yield, Lsotonic Sample 3 Sample 8 Sample 9 Average
isot . isot t 10t soto - - - g
Sample Isotope cfl??u?i%?l o>(ll(])" (ll??u?il:x * omls)uxm o masl:; Atoms X101 T, yield  Atoms X101 9 yield AtomsX10* % yield % yield
9 133 1.000 5.938 1.000 16.01 72-82 0.59*
137 0.9329-+:0.0089 — 0.14210.0008 - K8 g.%g
8 .
8 133 1.000 7.853 1.000 18.35 Koss (Kew) 1.460  0.5456  1.262  0.5251 0.535
137 0.93224-0.0089 —_ 0.17654-0.0010 - Koo 0.75
87 2.487 0.9291 0.2150 0.8942 0.912
: 3o 0235200135 -y 0.02144 00(? 00028 L2 gﬁa 0.2387 1.438 3.819 1.440 3.164 1.368 1.43
et - - Gl = P 0. 2868 1.728 4.589 1.726 3.802 1.639 1.71
St 0.3656 2.203 5.849 2.199 4.846 2.089 ggg
Zr .
ziu 3.12
Zpn 3.94
. y 95 (Zree 13.37 5.025 11. .991 4.
TABLE X e (Zr) 513
Mass spectrometric and isotope dilution data for Sr* produced in the thermal neutron Mo 14.07 5.630 12.97 5.590 b5.61
fission of Pu%? Mo*s 15.60 5.861 13.50 5.818 2.84‘
9 .44
No. of atoms ?“OIW 1.882 7.072 1.629 7.020 7.05
: of isotope . Calculated Rutot 13.60 5.860 5.86
Ratio before added per g Ratio after fission yield, Rute 13.78 5.939  5.94
isotope of Pu?, isotope atoms X 101/g Ru'® 13.06 5.626 5.63
Sample Isotope dilution X101 dilution Pu Rut® 13.64 5.877 5.88
-
9 88 0.65954-0.0062 1.274 3.30740.022 — 105 5.50
90 1.000 i 1.000 4.846 ?0‘1;" 1051 1550 g:ig*
8 88 0.6599::0.0062 1.122 2.59340.011 — 108 2.44*
90 1.000 = 1.000 5.849 109 é?gl
110 .
3 88 1.191£0.012  0.6678 1.975:£0.035 — 11 0.271
90 1.000 = 1.000 0.3656 112 0.10
113 0.080*
114 0.060*
115 0.041*
116-118 0.122*
Cs!s2 1.45 6.90 18.35 6.90 16.01 6.90
Total % yield 100.12

*[nterpolated values.
tRadiochemical yields.
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Example of re-interpretation of experimental data: reproducibility

Fickel1959 Chain yields REFAIRE

TABLEAU
s o PROPRE

84 0.47 131 3.8 3.73 3.77 0.0495 2.4%
85 0.5456 0.5251 0.53535 0.0145 4.9%[ 132 5.3 5.21 5.26 0.0636 2.2%
86 0.75 133 6.96 6.83 6.90 0.0919 2.4%
87 0.9291 0.8942 0.91165 0.0247 4.9% 134 7.52 7.39 7.46 0.0919 2.2%
88 1.438 1.44 1.368| 1.41533333 0.0580 135 7.32 7.17 7.25 0.1061 2.7%
89 1.728 1.726 1.639| 1.69766667 0.0719 136 6.69 6.56 6.63 0.0919 2.5%
90 2.203 2.199 2.089| 2.16366667 0.0915 137 6.5 6.42 6.48 0.0849 2.4%

91 2.59 v 4
9 312 138 0 6.25 6.25 3.0%
93 3.94 140 5.5 5.66 5.58 0.1131 3.7%
94 4.45 142 4.9 5.03 4.97 0.0919 3.4%
95 5.025 4.991 5.008 0.0240 0.9%[ 143 4.5 4.61 4.56 0.0778 3.1%
:g géz s 1 0028 % 144 3.78 3.89 3.84 0.0778 3.7%

. . . . . 0 0,
98 5.861 5.818 5.8395 0.0304 0.9% 145 3.08 3.16 3.12 0.0566 33?
100 7.072 7.02 7.046 0.0368 0.9% 146 2.53 2.6 2.57 0.0495 3.5%
101 5.86 147 2.02 1.96 1.99 0.0424 3.9%
102 5.94 148 1.69 1.73 1.71 0.0283 3.0%
103 5.63 149 1.32 1.28 1.30 0.0283 4.0%
104 5.88 150 1 1.03 1.02 0.0212 3.8%
igg 4'153 151 0.814 0.79 0.80 0.0170 3.8%
11 0 2'7 152 0.625 0.606 0.62 0.0134 4.0%
112 6'1 154 0.297 0.289 0.29 0.0057 3.5%
133 6.9
Mean Student Unc. 3.2%
Mean Student Unc. 3.34% Min Student Unc. 2.2%
Min Student Unc. 0.9%
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Example of re-interpretation of experimental data:

experimental correlation matrix

Lowest possible
estimation of the
correlation matrix

Fickel1959 a

0.064
0.044
0.064
0.044
0.041
0.039
0.039
0.064
0.064

Fickel1959 b

0.131
0.113
0.118
0.124
0.101
0.084

0.081

0.141
0.121
0.127
0.134
0.109
0.090

0.081

0.130

0.111

0.123

0.117 0.493

0.131
0.141

0.113
0.121

0.118
0.127

0.130 0.111 0.117

0.119

0.132

0.119

0.108
0.113

0.100/0:802 0.092

0.076 0.080 0.084 0.068 0.669

0.082

0.088

0.493
0.108

0.119
0.615

0.064
0.064
0.179
0.064
0.175
0.172
0.171
0.064
0.064
0.064

0.124 0.101 0.084 0.091 0.098 0.083 0.093
0.134 0.109 0.090 0.098 0.105 0.090 0.100
0.123 0.100 0.082 0.090 0.097 0.082 0.092
0.132/0:802 0.088 0.09% 0.104 0.088 0.098
0.113 0.092 0.076 0.083 0.089 0.076 0.084
0.119/0.615 0.080 0.087 0.093 0.080 0.088
0.084 0.093
0.068 0.076

0.102

0.084
0.068

0.098

0.102 0.080

0.091

0.098

0.090

0.096

0.083

0.087

0.091 0.074

0.098
0.083
0.093
0.087
0.080
0.101
0.078
0.081
0.080
0.078
0.087

0.105
0.090
0.100
0.094
0.086
0.108
0.084
0.087
0.086
0.084
0.094

0.097
0.082
0.092
0.086
0.079

0.104
0.088
0.008
0.092
0.084

0.100 0.107

0.077

0.083

0.080 0.086

0.079
0.077
0.086

0.085
0.082
0.092

0.089

0.076 0.080 0.084 0.068

0.084
0.080
0.072
0.092
0.071
0.074
0.073
0.071
0.079

0.093

0.088
0.083
0.076
0.096
0.074
0.077
0.076
0.074
0.083

0.098 0.080 0.669

0.093 0.076
0.088 0.071
0.080
0.101
0.078
0.081 0.066
0.080
0.078
0.088 0.071

0.082

0.064

0.044
0.064
0.044
0.041
0.039
0.039
0.064
0.064
0.064
0.064
0.179
0.064
0.175
0.172
0171
0.064
0.064
0.064

0.087
0.094
0.086
0.092
0.080
0.083
0.088
0.071

0.616 0.566
.0.515 0.570

0.566 0.570

0.068 0.074 0.682 0.533 0.537 0.494

0.581 0.585 0.538

0.044
0.044

0.044

0.028
0.027
0.027
0.044
0.044
0.044
0.044
0.123
0.044
0.120
0.118
0.118
0.044
0.044
0.044

0.080
0.086
0.079
0.084
0.072
0.076
0.080

0.064
0.064
0.044

0.044
0.041
0.038
0.038
0.064
0.064
0.064
0.064
0.179
0.064
0.175
0.172
0.171
0.064
0.064
0.064

0.044
0.044

0.044

0.028
0.027
0.027
0.044
0.044
0.044
0.044
0.123
0.044
0120
0118
0118
0.044
0.044
0.044

0.082
0.068
0.074
0.682
0.533
0.537
0.494

0.367

0.410

0506

0.316 0.071 0.567

0.041
0.041
0.028
0.041
0.028

0.612

0.041
0.041
0.041
0.041
0.113
0.041
0.110
0.109
0.108
0.041
0.041
0.041

0.101 0.078
0.108 0.084
0.100 0.077
0.107 0.083
0.092 0.071
0.096 0.074
0.101 0.078

0.520]

0.039
0.038
0.027
0.038
0.027
0.612

0.038
0.039
0.038
0.039
0.110
0.039
0.107
0.105
0.105
0.038
0.039
0.038

0.039
0.039
0.027
0.039
0.027

0.039
0.039
0.039
0.039
0.110
0.039
0.107
0.105
0.105
0.039
0.039
0.039

0.064 0.064 0.064
0.064 0.064 0.064
0.044 0.044 0.044
0.064 0.064 0.064
0.044 0.044 0.044
0.041 0.041 0.041
0.035 0.039 0.039
0.039 0.039 0.039
0.344
0.344 0.482
0.482
0.482 0.326 0.677
0.446 0.302 0.626

0.064
0.064
0.044
0.064
0.044
0.041
0.039
0.039
0.482
0.326
0.677

0.423

0.508 0.344 0.713 0.482

0.175 0.175 0.175
0.172 0.172 0.172
0.171 0.171 0.171
0.064 0.064 0.064
0.064 0.064 0.064
0.064 0.064 0.064

4

0.081 0.080 0.078 0.087 "

4

0.087 0.086 0.084 0.094 ,
0.080 0.079 0.077 0.086 4
0.086 0.085 0.082 0.0923
0.074 0.073 0.071 0.079
0.077 0.076 0.074 0.083

0.081 0.080 0.078

0.066

0.581
0.585

0.538

0.567

0.088
0.071

0.367 0.410 0.316

0.071

0.521 0.401
0.448

0.448

0.175
0.472
0171
0.064
0.064
0.064
0.064
0.064
0.064
0.064
0.064

0.179
0.179
0.123
0.179
0.123
0.113
0.110
0.110
0.446
0.302
0.626
0.423

0.345
0.488
0.241
0.411
0.179
0.179
0.179
0.179
0.179
0.179
0.179
0.179

0.064
0.064
0.044
0.064
0.044
0.041
0.039
0.039
0.508
0.344

0.482
0.345

0.175
0.348
0.595
0.064
0.064
0.064
0.064
0.064
0.064
0.064
0.064

0.175 0.172
0.175 0.172
0.120 0.118
0.175 0.172
0.120 0.118
0.110 0.109
0.107 0.105
0.107 0.105
0.175 0.172
0.175 0.172
0.175 0.172
0.175 0.172
0.488 0.241
0.175 0.348
0.467
0.467
0.467 0.586
0.175 0.172
0.175 0.172
0.175 0.172
0.175 0.172
0.175 0.172
0.175 0.172
0.175 0.172
0.175 0.172

0.253/0.707 0.253/0.690 0.678

0171
0171
0.118
0171
0.118
0.108
0.105
0.105
0171
0171
0171
0171
0.411
0.595
0.467

0171
0171
0171
0.677

0.064 0.064 0.064 0.064 0.064
0.064 0.064 0.064 0.064 0.064
0.044 0.044 0.044 0.044 0.044
0.064 0.064 0.064 0.064 0.064
0.044 0.044 0.044 0.044 0.044
0.041 0.041 0.041 0.041 0.041
0.039 0.035 0.039 0.039 0.039
0.039 0.039 0.039 0.039 0.039
0.064 0.064 0.064 0.064 0.064
0.064 0.064 0.064 0.064 0.064
0.064 0.064 0.064 0.064 0.064
0.064 0.064 0.064 0.064 0.064
0.179 0.179 0.179 0.179 0.179
0.064 0.064 0.064 0.064 0.064
0.175 0.175 0.175 0.175 0.175
0.172 0.172 0.172 0.172 0.172
0.171 0.171 0.171 0.171 0.171
0.363
0.557 0.489 0.254
0.557 0.554 0.288
0.489 0.554 0.253
0.363 0.254 0.288 0.253
0.064 0.064 0.064 0.064 0.064
0.064 0.064 0.064 0.064 0.064
0.064 0.064 0.064 0.064 0.064
0.253 0.253 0.253 0.253 0.253

0.064 0.064 0.064 0.253
0.064 0.064 0.064 0.253
0.044 0.044 0.044 0.175
0.064 0.064 0.064 0.253
0.044 0.044 0.044 0.175
0.041 0.041 0.041 0.160
0.039 0.03% 0.039 0.155
0.035 0.03% 0.039 0.155
0.064 0.064 0.064 0.253
0.064 0.064 0.064 0.253
0.064 0.064 0.064 0.253
0.064 0.064 0.064 0.253

0.179 0.179 0.179/0.707

0.064 0.064 0.064 0.253
0.175 0.175 0.175 0.690
0472 0.172 0.172 0.678
0171 0.171 0.171 0.677
0.064 0.064 0.064 0.253
0.064 0.064 0.064 0.253
0.064 0.064 0.064 0.253
0.064 0.064 0.064 0.253
0.064 0.064 0.064 0.253
0.064 0.064 0.253
0.064 0.253
0.253

0.064
0.064 0.064
0.253 0.253 0.253

0.6
0.5
04
0.3
0.2
0.1

-0.1
-0.2
-0.3
-0.4
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Intercomparison of Y(A)’s : 233U(ny,,f) - 23U(ny,,f) - 2°Pu(ny,,f) - 24*Pu(ny,,f)
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Attempt to Y(A) fit assuming deformed shell closure structures : Z2°Pu(ny,,f)
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MCMC calculations; but are they validated ?
Best fit with Cea_Model 142, 5000 Step, Chi2 95.02 — P-value ~ 6. 107
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Attempt to Y(A) fit assuming deformed shell closure structures : Z2°Pu(ny,,f)

239py(ny, ) >SPu(ng,f)

I'ITI-I-I-ITI-I-I-ITI-I-I-ITI-I-I-ITI-I-I-ITI-I-
10_1 = | 10—1
: @@gggagg 5 8
- BTy y e
- f ne g%gé Preliminary Preliminary
= | "5 results 2 10° results
c _» [ @ S X
2 10°F v B - o
S B : — 5
@ [ s g . g 10° A
% i ¥ g i © é
> o A >C-
c -3 A (o] i
S 107F 0§ «B ¥ —= e
&8 Foatey a3 @ 107
iC - A R L - —— JEFF4.0 ¥
- — JEFF'4O a - : —a— Brosa T
A —=— Brosa A - —=— Brosa-P
—=— Brosa-P & 1{;‘|‘5 —u— CEA ii
1074 —=— CEA =
= E i
120 1""“"""‘“"""‘““""‘““"J'LL“'I'“""'I'“""'I'“""25 130 135 140 145 150 155 160 120 125 130 135 140 145 150 155 160 165

Pre-mn Mass Number Ppst-in Mass Number

MCMC calculation — Best fit with Cea_Model 142, 5000 Step, Chi2 = 95.02 — P-value ~ 6. 10° — validated ?
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Attempt to Y(A) fit assuming deformed shell closure structures : 23°U(ny,,f)
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Attempt to Y(A) fit assuming deformed shell closure structures
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235U(ny,,f) calculations — Structures are not precisely reproduced

— Symmetry and far heavy tail show nice trends comparing our evaluation of experimental data
L> Used at least for extrapolation in the next generation of evaluation (replacing JEFF-3 extrapolation
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155Gd

> Quite more wod | med | siGd
complex actually
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Figure 10. Charge distributions for
a given mass
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