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Mass Yields

Interpretation of integral
experiments on:

- decay heat
[ @ neutron @ proton ___ ~~~- photon « électron | - depletion/inventory
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Compound Fragments Prompt Y prompt and B decay (delayed

Nufleus Deformation Scission acceleration Neutrons conversion e~ nandY)

[t~10-2s] [t~10-20s] [t~10-8/10-4s] [t~10-4[10-%s] [t210-2s]

PIAU, Valentin. Prédiction par calcul des observables de fission a partir d'expériences dédiées. 2022. These de doctorat. Université Grenoble Alpes

Fission Yields (FY) = production rate of nuclei generated by a fission event, more
precisely, by mass yields we mean the probability of formation of a nucleus with
a certain mass from the fission of the initial compound nucleus.
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Context: Methodology of (n,,.f) FY evaluation

— S.-M. Cheikh ’s PhD thesis (2023)

Y(A,Z,m) Independent Yields
C(A,Z,m) Cu1lnu]ative Yields
C(A) Cbi;in Yields
A pp]itation

|

Fuel Cycle applications

- Reactivity losses (BU)

PIE (BU) : Post-Irradiated Experiment
CFE

Decay Heat
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- Limited A & A" identification

- full A & limited Z identification

“2apy(ny, f)

- To be included in future evaluation ;: JEFF-4.1

- 235,238U(nqut, f); 239PU(nqutlf)

- minor actinides
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Methods 2E and 2E-2v

2E method

Sample

O Only the 2 energies of Fission Products (FP) are measured

O Need for an external prompt neutron multiplicity v(A)

O Iterative process to obtain Fission Fragment (FF) masses
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2E-2v method

Sample
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< >

STOP1  STARTI START2  STOP2
TOF1 TOF 2

Q Both the 2 energies and velocities of Fission Products (FP) are measured
O Assumption of isotropic neutron emission in the CM system

O Exploit the conservation laws to obtain FF masses
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2E-2v method
Sample
STOP1  STARTI START2  STOP2

TOF1 'I><2

Q Both the 2 energies and velocities of Fission Products (FP) are measured
O Assumption of isotropic neutron emission in the CM system

O Exploit the conservation laws to obtain FF masses

As regards 235U, there are no actual measurements of 2E-2v
so far, rather, the method used is (2E-1v)x2, where a
complementary event is used to reconstruct the complete
measurement
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2E-2v method

Sample

L .

STOP1 START1 START 2 STOP 2

TOF1 'I><2

O Both the 2 energies and velocities of Fission Products (FP) are measured

O Assumption of isotropic neutron emission in the CM system

O Exploit the conservation laws to obtain FF masses

As regards 235U, there are no actual measurements of 2E-2v
so far, rather, the method used is (2E-1v)x2, where a
complementary event is used to reconstruct the complete
measurement

v) [va) [r@
Geltenbort (235U,23%Pu)
“Cosi-Fan-Tutte” X X
Derengowski (235U) X X
Al-Adili (235U) X X
Hambsch (235U) X
Other 2E data .. X 01/07/2026 7




New methodology for
evaluation of Pre-neutron
B massyields
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235y(n,,,.f) evaluation of Pre-neutron fission yieﬁs

Experimental Data for 235U

:||||||||||||||||||||+Geltenbon 8_| [ T rr [ rrr[rr LI I WL 8__"|""IllllllllllllllIllll||||||||||||||'|
=~ T E [= AAaN ] E |-= JEFF-4.0 ;
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Challenge: Experimental limit of Mass Resolutions Full A identification
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235y(n,,,.f) evaluation of Pre-neutron fission yieﬁs

L rrri rrri rrri rrri LILIILIL rrri LI —#— Geltenbort
Bibliography of Experimental Data (EXFOR database) EF ' 1 1 T T e perengowsiy
u —&— Hambsch
Experimental data - v ARAdil
61— Romano
. [ —+— Simon
Name Year Method v(A) Unc. Sym.  Mass Range - Zeynalovas
—_— 5_ \Y;
Geltenbort (1) 1985 (2E-1v)x2  No Yes  Yes 77159 = F +§:;:j§v1;—;
Derengowski (2) 1970 (2E-1v)x2  No Yes No T78-109, 127-154 = 4 = -
Hambsch (3) 1989 2K Apalin -~ Yes No 61-168 = F -
ALAdili (4) 2020 2 Wahl  Yes No 66-167 2 o =
Romano (5) 2007 2B Maslin ~ Yes No 71-165 = -
Simon (6) 1989 2 Coldfrag. No No 79-110, 126 157 o =
Zeynalov (7) 2006 2B Apalin -~ Yes No 118-160 - g; =
Zeynalov S1 (8) 2017 2l measured 7 No  No 79-157 1= ’ﬁ‘ —
Zeynalov S2 (9) 2017 2B Apalin No  No 79-157 ~ ]
( ) O ﬁ 11 I 1111 I 1 1 1111 I 1 111 é;kl

0

80 90 100 110 120 130 140 1
Mass Number

L 9 series of data symmetrised and quasi-complete mass range allowing absolute normalization
1 Generalised compatibility tests (with correlations) :

¢ Geltenbort et Derengowski :

+* 2E data mass resolutions :

@ WONDER 2026 | A. Regonesi et al.

— Y(A*) and Y(A) available data
— absolute mass resolutions determined in comparison to JEFF-4.0 Y(A)
— mainly no Y(A) available data

— Only compatibility tests with 2E-2v measurements are possible
01/07/2026 10



235y(n,,,.f) evaluation of Pre-neutron fission yieﬁs

Problem due to the different mass resolutions of experimental data - Solved via convolution function and
comparison in the space of convolutions

®  FYA) Gaimbert Experimental data
_Grelien

7! ! ! ol —#— FY(A)_Al-Adili Name Year Method — p(A)  Unc. Sym.  MassRange  Pa('%)
= dbgy, L= FYC-Cellenbon Comv | Geltenbort (1) 1085 2E-1v)x2 No  Yes VYes 77150 100 |
6 o 4f11T} e e
- ot *;' ¥ Derengowski (2) 1970 (2E-1v)x2 No Yes No 9, lZi-1nd o4
- # L bs  Hambsch (3) 1989 2L Apalin ~ Yes No 61168 0.0
5 .* ° » I Al-Adili (4) 2020 21 Wahl Yes No 66-167 (.0 I
o i ¥ ,  Romano (5) 2007 2k Maslin ~ Yes No 71-165 0.0
= a— g o Simon (6) 1989 2K Cold frag.  No  No  T79-110,126-157 0.0
= F (] s Zeynalov (7) 2006 2B Apalin ~ Yes No 118-160 0.0
~= 3 " ** Zeynalov 51 (8) 2017 2  measwredz No No 79-157 0.0
u = ® ] Zeynalov S2 (9) 2017 2B Apalin No  No 79-157 0.0
[ w -
21— . ‘s —
- . .
[ . ] _
1:_ fig 'l' _:
- " . .
O_ =0?||||||||||||||||||||||||T!!l_l._|:
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_ 1A _a% 2
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if oA* - \ T * €
(A7) = 30 N

Af*—1 A*—] e 2 i
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235y(n,,,.f) evaluation of Pre-neutron fission yieﬁs

Problem due to the different mass resolutions of experimental data - Solved via convolution function and

comparison in the space of convolutions

@ FY(A)_Geltenbort
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0.6
0.4
0.2

0.2
0.4
0.6
0.8

Experimental data
Name Year Method  »(A)  Unc. Sym.  Mass Range  Py(%)
| Geltenbort (1) 1985 (2E-lv)x2 No  Yes Vs 77159 100 |
' Derengowski (2) 070 (2E-1v)x2  No Yes  No 18100, 121 104 oA
Hambsch (3) 1989 2K Apalin Yes No (1-168 0.0
I Al-Adili (4) 2020 21 Wahl Yes No 66-167 (.0 I
Romano (5) 2007 2k Maslin ~ Yes  No 71-165 0.0
Simon (6) 1989 28 Coldfrag. No  No T79-110,126-157 0.0
Zeynalov (7) 2006 2B Apalin ~ Yes No 118-160 0.0
Zeynalov S1 (8) 2017  2E  measwred? No  No 79-157 0.0
Zeynalov S2 (9) 2017 2B Apalin -~ No  No 79-157 0.0
— Relative mass resolution 85""1""I""I""I""I —. Geltenbort
Oal aditi = 2.3 U 7
6
— Through mass o
resolution analysis, it is e F
possible to assign an a =
priori correlation =
matrix to experimental 2E
data that previously did it
not have one -

Mass Number

‘P15 120 125 130 135 140 145 150 155 160
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235y(n,,,.f) evaluation of Pre-neutron fission yieﬁs

Problem due to the different mass resolutions of experimental data - Solved via convolution function and
comparison in the space of convolutions
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@ FY(A)_Geltenbort
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Name Year Method  »(4)  Unc. Sym.  MassRange  Pg(%) § Region (FY = x%) o (%) FWHM (amu) ™ (%)
IGeltenbort (1) 1985 (2E-1v)x2 No Yes  Yos 77-159 100 I (Vi 0.0 2.70 + 0.09 100
' Derengowski (2) 100 (2E-1V)x2_No__ Vs No 18100, 7 6 1 0% 0.0 306 £0.18 073
s Hambsch (3) 1989 2K Apalin Yes No (1-168 (.0 (¥ 0.0 323 +0.14 1.55
| AlAili (4) 2020 2% Wahl  Yes  No 66167 0.0 | 0.1% 20 566+0.02 36
,  Romano (5) 2007 2k Maslin ~ Yes  No 71-165 0.0 1% 2.0 5.99 +0.40 8§7.0
° “Simon (6) 1980 25 Coldfag. No  No 79110,126 157 00 (5 00  359+013 195
s Zeynalov (7) 2006 2B Apalin -~ Yes No 118-160 0.0 0.5% 20 449 +101.16 4102
** Zeynalov 51 (8) 2017 2  measwredz No No 79-157 0.0 0.5% 1.0 555+0.24 9.6
Zeynalov S2 (9) 2017 2B Apalin ~ No  No 79-157 0.0 0.5% 1.0 525+0.23 249
— Relative mass resolution T L Geltenbort
Oal aditi = 23U =
— Through mass 3
resolution analysis, it is e F
possible to assign an a zF
priori correlation o
matrix to experimental -
data that previously did =
not have one .
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235y(n,,,.f) evaluation of Pre-neutron fission yieﬁs

Problem due to the different mass resolutions of experimental data - Solved via convolution function and
comparison in the space of convolutions

Experimental data Selected data
@  FY(A)_Geltenbort
= ! ! ! l —#— FYiA)_Al-Adili Name Year Method v(A) Unc. Sym.  Mass Range  Pou(%) Region (FY = x%) o, (%) FWHM (amu) P (%)
- o ibbda i FY(A)_Geltenbort_Conv | Geltenbort (1) 1985 E-1v)x2 No  Yes Yes 77-159 100 (1% 0.0 270009 10
6:_ o, ' a1 ' _Derengowski (2) 070 (2E-1v)x2  No Yes  No 18100, 121 104 oA ¥ 0.0 306+ 018 0.73
— 1 s Hambsch (3) 1989 2K Apalin Yes No (1-168 (.0 (¥ 0.0 323 +0.14 1.55
5 o » I Al-Adili (4) 2020 21 Wahl Yes No 66-167 (.0 0.1% 2.0 S66+0.12 36
o ¥ ,  Romano (5) 2007 2k Maslin ~ Yes No 71-165 0.0 1% 2.0 5.99 +0.40 8§7.0
= a— - o Simon (6) 1989 2K Cold frag.  No  No  T79-110,126-157 0.0 (¥ (.00 159 +10.13 19.5
= F " ’ s Zeynalov (7) 2006 2B Apalin -~ Yes No 118-160 0.0 0.5% 20 449 +101.16 4102
~= 3 ] ** Zeynalov 51 (8) 2017 2  measwredz No No 79-157 0.0 0.5% 1.0 555+0.24 9.6
- : ® ] Zeynalov S2 (9) 2017 2B Apalim  No  No 79-157 0.0 0.5% 1.0 525+023 249
2:_ - ° _:
[ _e '] -] . .
Nl H E — Relative mass resolution g T Geltenbort
; b C . . . .
- . ® oy 3 Oal Aditi = 2.3 U 7E A priori correlation matrix
- . = - 160,
O_,_I_,'_' paet i Livabvnnalvnnalinni e S98my 6 AL A1 !
120 125 130 135 140 145 150 155 160 : o
D iass — Thrqugh mass o »
resolution analysis, it is o 04
= x H H = 4
HAEAY possible to assign an zZF o2
i F - ‘ ° ° ° r 0
R(A™) = Z N (A™)— Ty priori correlation 3 "
*= g€ on : : E
A A=l matrix to experimental 2 o4
data that previously did e N
not have one : '
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235y(n,,,.f) evaluation of Pre-neutron fission yieﬁs

Problem due to the different mass resolutions of experimental data > Solved
via convolution function and comparison in the space of convolutions

® FYiA)_Gelienbort

7—|_| T I TTTT TTTT I TTTT I TTTT I TTT . o . . “re . . .

- % |7 FrALARAd Once identified all the mass resolutions - merging with of

oF o dib4a, —i— TiA) Gelimbart, Conr MCMC code DREAM to calculate fission yields at the best
[ : Ttee 1 o . .

- PO experimental resolution and at resolution zero
n : 1 0.6

5F- A . g
[ AL 1» 0.

— a4 . Res. Zero L.
=< F . ¥ o4 Mass Resolution R€S. LImit
E [ e (amu) FWHM

3 A 5 AN —1 HH—
- ¢ . . 0 . 2.70 3.06 3.23 3.59 4.49 5.25 5.55 5.66 5.99

o - —

1: o’ . - 75_ P':"mi:':‘-'"'y ! } N o Relative errors distribution : the effect of reaching
— - ® —] i esults AATN | - T the zero resolution bias point leads to the effect of
B _ e pot - 6:— . ‘I;‘ o 04075 :, fz[ increasing the errors over the estimated points.
~ me oy . E Py e - 0.08F Joa ATttt
—L.',-.',-.I,-.',-.'.-l L YSESNENENEERE SRR ERRRE RERAA LS 150 < F [\ IR 7 E L B FT T T T T T

O 8 5 Iy 1 — C 3 - -

120 125 130 135 140 145 150 155 160 s % R - oost- . ; 1oL : 1
mass 2 4 ks + — 2 o004 + 3 g . E

A L g ; S E - - ;

n —j( =y 3 | o3 “F T : L

Bi At _ﬁ_‘ri Ah’ e ? K 25_ +‘I ¢+ _E 0'02;_ ) ‘- _; E E T -.' ‘:::;-3".’ - -';. E
: ( J - Z ( ) n __I(A"*—A’ ]2 E i ‘ E 0.01f— . .c —E i B % 3 3 - > ; ]
AR =1 A=—1C : " 13 !i /| E Foaabussadaats v Lol el .'N i 107 Hwn:w! 3

:IAL.IAAJ.LLLQA’I IFERTIERERI ERRRA AR ﬁ |‘1-1-4u.': 0" 120 125 1|36. J1l3l5l l1I46“1‘4g ?56! l15§“1‘60 E s 'M"_‘u{f :

120 125 130 135 140 145 150 155 160 Mass Number - B MassResolution 0 amu ‘?-“}_\ -1

Mass Number 102 @ m solution 0.89 am T =
0801002040160 a0

Mass Number
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235y(n,,,.f) evaluation of Pre-neutron fission yieﬁs

Problem due to the different mass resolutions of experimental data > Solved
via convolution function and comparison in the space of convolutions

@ FYi{A)_Gelienbort

7—|_| T I TTTT TTTT I TTTT I TTTT I TTT ) o . . . e R . .

- * | MYALALL Once identified all the mass resolutions - merging with of

oF o iy, TR TEHSRTO MCMC code DREAM to calculate fission yields at the best
__ 4 LT 1 ] 1 . . M
- PO experimental resolution and at resolution zero
| : ‘L 0.6

F s . -

n AL 1» 0.
— a4 . Res. Zero L.
= - - T o4 Mass Resolution R€S. LImit
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- ¢ . ] ) . 2.70 3.06 3.23 3.59 4.49 5.25 5.55 5.66 5.99

o - -
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1: n® : . 75_ Pf:""’i:':ﬂfy ; “: of— Relative errors distribution : the effect of reaching
— - L -] i esults A TA L - E I the zero resolution bias point leads to the effect of
B _ e pot - 6:— f I ] 04075 :, :“:l increasing the errors over the estimated points.
: | N s. : E : “\‘ if “",\“I o ' 0-06:_ Q"i‘ +“ : —T — ——T —————T———T—T—T

0 Ciaadns L YSESNENENEERE SRR ERRRE RERAA LS 150 §5:— 3 “* E E F T T T T T

120 125 130 135 140 145 150 155 160 sk RN : 005t . ' E woL i
mass S 4 fi + 3 2 o0 + 3 2 3

g I | ] EoE ] - . .

— 3 | LS oocf- . s L : _'

m p_%{m —4) 25 | 1 ] 0.02F- . . = = 1% ¥ :‘:' '..l" E

if A% i oAte . ' = | e = E . ] £ C 1 o Y 3
i (A J o Z N (A ) n LA —ATys E + { E 00t . . 3 s T 3 -, ; .
AR =1 A=—1C : " 1:_ !i E Faadasaad v:J..Hl..Hlu..m..x.:m.mrz 10715_ HW} 3

:uL.lAu.L eyl |||||||||||||||||||||?|1-1-41LF 0 120 125 130 135 140 145 150 155 160 E b 'w"_‘u{‘.: E

120 125 130 135 140 145 150 155 160 Mass Number - B MassResolution 0 amu ‘?-“}_\ -1
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S0 8000120 40 Te0— 780

Extrapolation biases: Mass Number
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235y(n,,,.f) evaluation of Pre-neutron fission yieﬁs

—e—Y(A*) Eval Res. Zero —e— JEFF-4.0
—IIIIIIII|IIII|IIII|
8 .. " Y(A) _FIFRELIN Res Limit Y(A*)
—+«—Y(A*) Eval Res. Limit 8—' ] T 1 r r T T 1
— @ GEF_25U_Post-n

—#— GEF_235U_Pre-n

7 “ A

o% A
6 .ﬂ‘%ﬁ ?’*
A

Mass Yield (%)

Masslncld(%)
N
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
e
—
—o

Vpose(4) = D ¥pre(4) P(vIA) i s
A =A+v ) .
1 £ C j .
AT T T i, W
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Prompt neutrons multiplicity analysis

9 data sets available
(R LI LA S BN

—&- Al-Adili_Nu
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—¥- Batenkov_Nu
Boldeman_Nu E
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—»— Vorobyev_Nu
—e- Zeynalov_Nu

Number of Neutrons
N

—
=L 11l

80 100 120 140 160
Pre-n Mass Number

o
TTTT
=
%
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With

MCMC approach at Al Adili

Reference data
(FWMH= 5.65 amu)

— Vg

Number of Neutrons

Al-Adili, Ali, et al. "Prompt fission neutron yields in thermal fission of U

235 and spontaneous fission of Cf 252." Physical Review C 102.6 (2020)
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FY(A)

Prompt neutrons multiplicity analysis

Number of Neutrons
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With

MCMC approach at Al Adili

Reference data
(FWMH= 5.65 amu)

— Vg

Number of Neutrons

Al-Adili, Ali, et al. "Prompt fission neutron yields in thermal fission of U

235 and spontaneous fission of Cf 252." Physical Review C 102.6 (2020)
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FY(A)

Prompt neutrons multiplicity analysis

9 data sets available
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With

MCMC approach at Al Adili

Reference data
(FWMH= 5.65 amu)

— Vg

Calculations:

« Terrell approach

Number of Neutrons

Al-Adili, Ali, et al. "Prompt fission neutron yields in thermal fission of U

235 and spontaneous fission of Cf 252." Physical Review C 102.6 (2020)
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150
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FY(A)

Prompt neutrons multiplicity analysis

Al-Adili, Ali, et al. "Prompt fission neutron yields in thermal fission of U

9 d GtG SetS GVG i |G b I e 235 and spontaneous fission of Cf 252." Physical Review C 102.6 (2020)

80 100 120 140 160
Mass Number

Calculations:

ey
3
—

P (v Yy YA)

8_I T | T T T | T 1 T | T 1 T | T T T I T _I .
7:_::;::::%“ | , 1 = Wlth 6|||||||||||||||||||||||||||||||||||l‘5“"‘-":r'"’;a
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Prompt neutrons multiplicity analysis

Number of Neutrons
w
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Validation with JEFF-4.0:

@ Mass Resolution Limit

Mass Yield (%)

_|'III|IIII|IIII|IIII|II

IIIIIIIIIIIIIIIIIIIIIIIIII
120 125 130 135 140 145 150 155 1
Mass Number

D
(@]

Y(A*) Evaluation with error propagation
and covariance matrix using Monte-
Carlo-Markov-Chain (MCMC) :

- at best experimental resolution

@ WONDER 2026 | A. Regonesi et al.
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Analysis of v(A*) from :

O Experimental data at the best experimental
mass resolution
> (resolution limit)

QO Calculations from Y(A*) and Y(A) using :
-> MCMC
- Terrell method
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Preliminary
Results

Validation on JEFF-4.0 Y(A) :
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Gauss, Poisson...
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Validation with JEFF-4.0 Pyaye > 1 = CL— Accepted y test
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Validation with JEFF-4.0
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Conclusion

L Evaluation methodology of 2E & 2E2V data
— reinterpretation Exp. mass resolutions
— complete the JEFF-4.0 evaluation methodology

O Evaluation of pre-n mass yields, with
— full assessment of uncertainties and correlations for the first time
— Two Evaluations: at Limit Resolution and Resolution Zero
— physical reinterpretation of mass structures (work in progress...)

L Calculation & evaluation of the prompt neutron multiplicity
coupling pre-n & post-n yields satisfying x2 test (correlation matrix)— for the first time

0 Statistical test of data has to be defined at the same mass resolution

@ WONDER 2026 | A. Regonesi et all. 01/07/2026
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perspectives

Q The same process has to be carried out also for 2*°Pu(n, f)
Q Finalization of the evaluation process and comparison with GEF (physical interpretation)
Q Investigation of physical models (Brosa-like) to be compared to our evaluations

0 Adjustment of the parameters of the models on the basis of experimental data on independent
yields (as a function of E,, ) at different energies
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Mass Yields

I @ neutron

@ proton
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O They containinformation
on the physics of the
fission process
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Post-n or independent Fission
Yields

O Asymmetrical

Q Important for determining
quantities useful for
reactor operation
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Mass Yields

I @ neutron @ proton ~an-+ phote

Legend
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Mass Yields
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PIAU, Valentin. Prédiction par calcul des observables de fission a partir d expenenls dediees. 2022. These de doctorat. Université Grenoble Alpes

No direct oE
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of fragment yields after full
acceleration but before prompt 2E — 2v
neutrons
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Upgraded methodology

First step : if Post-n FY exist

Post-n Data with No a Priori
correlation Matrix

JEFF-4.0 @ NO

YES

Resolution
Recalibration

ith dataset (Res;; oges;)

—)

@ WONDER 2026 | A. Regonesi et al.

Pre-n Data +a Priori Matrix

(ReSi; O-Resi)

—)

01/07/202

second step:
Pre-n FY
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Upgraded methodology

second step : Pre-n FY

2
» Pre-n Data +a Priori Matrix (Res;; og,s,) T Xg
5 COMMON MASSES test
1 ere
V2 st (A_NP) Oddlt_'onOI 1er step : Minimization Chi2
uncertainty applied for
problematic Masses G = AT - Covt - A _
(AypyOn a priori R Res; |ref
covariance matrix A= Data - f(res) — Datal ORes;|ref
4 Cov = COVData"f(res) + Covpuiai
ONLY STAT
Resi|ref , Oresijrer & Ost (Anp) 2¢me step : Test Compatibility
A
Masses that NO Xg = AT Cov™t-A
didn’t pass A= Data' - f(res) — Data) A — Reference Data
the test —> + corrected a Prior
Cov H{CoVpqcat pires| + COVpatal YES Correlation Matrix

STAT + RES ‘

Third step : if Pre-n FY w/o Post-n FY exist

01/07/202
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Upgraded methodology

Third step : if Pre-n FY

\ 4

w/o Post-n FY exist Reference Data
+ corrected a Prior
Correlation Matrix
2by 2 test
Pre_n Data 2 COMMON MASSES
+ Diagonal = > Xg
Correlation Matrix test

a Priori
Covariance
Matrix corrected
(Res;|ref; UResilref)
|
0q.4d/Region
A

NO

1°r step : Minimization Chi2

Xg = AT-Cov™t-A Res;|ref

@ WONDER 2026 | A. Regonesi et al.

A= Data' - f(res) — Data’ UResi
Cov =1CoVp414i.f(res) [ COVpatai I
ONLY STAT a Priori
Covariance
2¢me step : Test Compatibility Matrix
& = 47 Coui - (Res;|ref; opes;Iref)

|

A= Data'- f(res) — Data’

Cov =

COUDatai-f(res) + COUDatuj YES

STAT + RES

\ 4

Abs.Res; , Opes; + 0gqq/Region

A 4

Pre-n Data corrected + a Priori Matrix
Absolute Res; , Opes; + 0gqqa/Region

MCMC Calculation
« Limit Resolution
« Resolution Zero

01/07/202
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Assignment of a priori correlation matrix '

8IIII TTTTITTTTITTTITITTTT TTTT [T T TTJITTT[TTTTI[TITTT TTTT[TTTT[TTTT[TTTT[TTTT
E | | I I | —e— Geltenbort 8 B I I l l ! —»— Derengowski_Light 8 B | l I I ! —s»— Derengowski_Heavy
7 TE = 7k
6 B v B
5 5 . 5
? : 0.6 : 06 e, -
< B 08 B os ¥ C "
< 4 e d A e = —
>_‘ - — - -] B -
= [ 3 E [ 3 E B ]
F ER 3 E 3F- -
2E 4 ¥ 4 o =
= 1 F S =
_lluluul N ENET1 ARER 1 RN ERERE RO T, 0 :||||||||||| chovr b bevea bvena b |: :||||||||||| 1T T I I Y |||||:
15 120 125 130 135 140 145 150 155 160 15 120 125 130 135 140 145 150 155 160 15 120 125 130 135 140 145 150 155 160
Mass Number Mass Number Mass Number
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Assignment of a priori correlation matrix '

—— Al-Adili_corrected

FY(A*)
»
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII

8 ||||||||3

15 120 125 130 135 140 145 150 155 160

Mass Number
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0.8
0.6

S © ©
ST N

0.4
0.6
0.8

8:IIII|IIII|IIIIIIIII|II s HambSCh_COI’I’eCted
4
;Illlllll IIIIIII|IIII|IIII|IIII|III E
15 120 125 130 135 140 145 150 155 160
Mass Number
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Data compatibility tests (generalized x2)

Effect of mass resolution

Q Example of the effect of mass
resolution (data blurring)

Q  Taking into account the effect
of mass resolution by a
convolution function

L(AZ—AT

Ri(ﬂt) _ Z j{rf(ﬂ”) e 2

n _
A*—1 ﬂ*—lﬂ 2

@ WONDER 2026 | A. Regonesi et al.

FY(A)

@  FYiA)_Gellenbort

I_IIIIlIIII|IIII|IIII|IIII|IIII|IIII

—|||||||| ""l""l""l"'+F'I'{|"i}_|’i|-.".d“i
*

. |~ FY(A)_Geltenbort_Cony

1ho6a
e ilge
J.'. &l

155

150
- °

145
®

Mg 140

-~
] ]
1

-~
L J
1

L e
L.QIIIIIIIIIIIIIIIIIIIIIIII ?‘I’-'

120 125 130 135 140 145 150 155 160 '°

Mass Res. = 2.3u but P

mass

Example e

value NOT OK “
for all the mass range
- Keep only FY>1%

correlation matrix of the
convoluted data set

[ | ol by ey biaagl
| | |
(o] [o2]

120 125 130 135 140 145 150 155
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Components of the Matrix of Covariances

2 main components :

each mass yields
on the nearby
masses (red dots)

Iil ARARRNRERRERRRRN RERRERER A Satistics component correlation matrix of the convoluted data set
4
’ e Resoluti . I L N N DL BLELL L NLNLEL L LR 1
b H:ﬂ. P I = esolution componen B
—_— = J”. B A= T B
(‘I}NJI'!) { J :::. ) & (==) A A rotal 155__ 0.8
A A :
One due to the 0.6 o 0.6
spreading of the R .
contribution of C 0.4
145?'

0.2

140

¢ o
~
T[T TTT[]

Correlation
o
()

0
E 135 0.2
—0.2F
- 30 —-0.4
—0.4— -
_0'6—|_||||||M| e bvr bevaa bennalvan o B -0.8

125 130 135 140 145 150 155 160 120
mass IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII _1

120 125 130 135 140 145 150 155
i n T—A 2 —i T N ] .

(‘:”"-A) =D I = EnYoaaln —SH X5 (B~ A%s| | Another to the effect of the uncertainty

i m (oA 302 on the mass resolution (blue crosses)
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235y(n,,,.f) Pre-neutrons fission yields evaluation

Once identified all the mass resolutions - merging with of MCMC code DREAM to calculate fission yields
at the best experimental resolution and at resolution zero

Res Zero
Mass Resolution Res Limit
(amu) FWHM

0 2.31 2.59 3.67 4.07 5.09 5.65 5.755.86

BLIIIIIIIIIIIIIIIIIIIIIIIIIIII‘sn 4
75_ P’:"mi:':‘"'v { }' N " . Relative errors distribution : the effect of reaching
i esutts ‘,."" |I" I\ \ 0 04 o087k """"'”"""""'l""":‘ the zero resolution bias point leads to the effect of
— | 6 . [~
6 t n T N o £| Preliminary to increasing the errors over the estimated points.
- F ol ™ Ly -
- ] I B 0.06
—_ = I‘ |‘I|| | W + : _l L T I T T L] | L] L T l T T T I L] L] L l L] T T
&\Q 5-_ [ W 1 ‘ | = B - h
- Y | \ 0.05— Preliminary -
= C | } : : I\ F 10 Results - —
2 ,F ' | E 3 E
- 4 t + < 004 = - 3
e tl \ - F B - .
s af 'I. | “ oosE i ]
— 03— i
- | 1 : - . 3 -
C |I !I 0 02: = = v, o Ty - =
- | 1 : C @ C n v F e . ‘- -
2 r + "‘.I__;+w C .% | . % - : L~ _,: - .; .
- t 0.01F 2 [[ee 3 - -, ]
1= ’ \ A - 107" W =
5 / ' 120 125 130 135 140 145 150 155 160 - et o 3
120 125 130 135 140 145 150 155 160 Mass Number L & Massresoutionamu  Tevet ]
Mass Number 102 = @® Mass Resolution 0.89 amu * =
EI 11 1 I L1 1 I L1 1 I L1 1 I L1l I 11 3

60 80 100 120 140 160 180

Graph des données Mass Number
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Prompt neutrons multiplicity analysis from:

. _I 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 _I
Experimental data 35 [ e s oo E
E | —e— v(A*)Eval 6 Datasets 7 °
. 3 - No Correlation
9 data sets available : . .
- T 2 5ef 3 matrix
ST 1T T T | -3 Weighted mean or STUDENT distribution £ ]
F [ AR i 4 - over the 6 most compatible sets or 2 o -
L4l e I 1 1< -« overthe 9 data sets available T .
u BoldemaniNu 3 3 ’ }_‘.é 1_5__ ]
B —+— Fraser_Nu ] . ° r n
6= | cook e 1 |3 Effective resolution unknown Z F .
Eﬂ u Nishio_Nu '.IleA..I...IHl‘: 7 1__ —
I D il I A = : E
o : 05E, E
T 4 — - .
I B | 0 1 | 1 1 1 I 11 1 I 11 1 I 11 1 | 1 1
2t n - 80 100 120 140 160
= 3__ ] Mass Number
= [ 4 7 T T [ T T T 1 1T T 1T 1 T 711 L I B
Z 2:_ A ‘ _: 3-5__ v(A*) Eval 9 Datasets _-,|1 S ———
C —"[ wl- E R ‘50?' ¥l 0.8 . .
1:_ , #_: | ~——s— v(A*) Eval Res Exp (5.65) "°.—-'. ke Tty Zj Wlth correlatlon
% = . f Tt . {$: matrix
0— ¥ P, ‘I 1l g 2'5—_ 002
80 100 120 140 160 fg n N o
Mass Number z 2 :_ g P 06
605 — 90f= . ; -0.8
b B 9l0 u')u |:o !éo 150 v:o |.:>o =
Evaluation MCMC at Al-Adili f-é 1.5 —
resolution (FWHM = 5.65 2 E ]
( ) » < b = No more Student !!!
Al-Adili, Ali, et al. "Prompt fission neutron yields in thermal fission of U 235 and E E
spontaneous fission of Cf 252." Physical Review C 102.6 (2020) 0 5—_ =
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Prompt neutrons multiplicity analysis from:
Calculation using YEvo(A*) and YEFF4-0(A)

6 | | Frrri | Frrri | LI Frrrrrrrrirrrrrinril Il

0 Monte Carlo Markov Chains ~ [ retiminary —a— v(a)cdlelv(a) 4
— Results ]

(MCMC) DREAM code oL -

= Capable of accounting for _ ]
covariance matrices at each step . L :

= 41— —

= 2 peaks calculated separately to g - il -
reduce computational costs = L _

Z B A S 7]

S. M. Cheikh, PhD thesis, Université Grenoble Alpes, 2023 qs 3 [ k ]
5 ’

=} = -

E ol ]

Z "L -

= .

B IIIIIIIIIlIIIIT

IIII|IIII|IIII|IIII|II
%O 90 100 110 120 130 140 150 160
Mass Number
@ WONDER 2026 | A. Regonesi et al. 01/07/2026 12



Prompt neutrons multiplicity analysis from:
Calculation using YEvo(A*) and YEFF4-0(A)

6

0 Monte Carlo Markov Chains
(MCMC) DREAM code

= Capable of accounting for
covariance matrices at each step

= 2 peaks calculated separately to
reduce computational costs

S. M. Cheikh, PhD thesis, Université Grenoble Alpes, 2023

U Terrell Method

Number of Neutrons
w

2
Mo—Vf(Mo)—% Mo—% 1/dy.
pre
Z Ypost(M) = Z Ypre(M)‘l'E( aM )(02(Vf;M)>+“‘
0 5 1
Terrell, J. (1962). Neutron yields from individual fission
fragments. Physical Review, 127(3), 880 %

Commencer per Terrell

@ WONDER 2026 | A. Regonesi et al.

_I | LI | | L | LI | LI T rTririrreriririerield J-
— | preliminary —a— v(A*) calc | Y(A*) -
= Results —
__ —m—  v(A*)Terrell|Y(A*) []
- % I ]
| | 7 1‘i _
- I -
- '| | ]
i 17 J li ‘ ,_L ]
— [ 1 s —]
- - 1 =
_IIIIIIIIIIIIIIIIII|I IIII|IIII|IIIIT
0 90 100 110 120 130 140 150 160
Mass Number
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Prompt neutrons multiplicity analysis from:
Calculation using YEvo(A*) and YEFF4-0(A)

0 Monte Carlo Markov Chains
(MCMC) DREAM code

= Capable of accounting for
covariance matrices at each step

= 2 peaks calculated separately to
reduce computational costs

S. M. Cheikh, PhD thesis, Université Grenoble Alpes, 2023

U Terrell Method

1
Mo—Vf(Mo)—— Mo—5

dYpre
D Yoo = Zymw) (L)(az(vf:M)H

0

Terrell, J. (1962). Neutron yields from individual fission
fragments. Physical Review, 127(3), 880

Add FIFRELIN and GEF

@ WONDER 2026 | A. Regonesi et al.

Number of Neutrons

6

80 90 100 110 120 130 140 150 160

IIII|IIII|IIII|IIIIllllllllll.lIIIIIIIIJ_
- Preliminary —a— v(A*) calc | Y(A*) —
— Results -
_ —m—  v(A*)Terrell|Y(A*) |7
B ¥ v(A*) Eval | Res Exp |
B 1‘ _
:_ =‘“‘| v l _E

\

. ;-' ;";[ ]
u j‘ 1 —
i il? ,4 ]

III|IIII|IIII|IIII|IIIII|IIII|IIIIT
0 90 100 110 120 130 140 150 160

Mass Number
01/07/2026
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Saw-Tooth v(A*) - Comparaison

Entre Calcul MCMC resLim | Calcul TERRELL resLimit | FIFRELIN res Limit | GEF | Eval
MCMC res Al-Adili

6“ 1 | 1 1 1 | 1 1 1 1 1 1 | LI 1 |

Mass Number

I
B I —®— MCMC_ResLimit B
R 3 . — 4 TERRELL ResLimit — ) s B e s e )
— F “' B — B —B— MCMC_ResLimit N
5 I A, s —¥— FIFRELIN_Nu_ResLimit ] = — & TERRELL ResLimit -
B g E ;::“;‘:':s':i". L ""-; ‘:.“i:'?:-.;-‘ % GEF_Nu_U235 -— 5 __ ~— ¥ FIFRELIN_Nu_ResLimit __
R o = - C GEF_Nu_U235 7
— ] —4— Eval_MCMC_Res_Al-Adili —_ - —+— Eval MCMC Res AlAdli | ]
o o . - 2 40 ]
§ 4= S — E T -
5] | .
b . | Z » ]
2 L i . s 3 -
f =
Z T il - 2 [ A .
qs 3 B . | E ol ) 3 _]
= [ | f B 7 }é‘t .
W — iy — = y ]
2 | f'p' - . - o
E - + ' .|.:I‘ — 1__ L ]
5 2 i "-'"-‘l / — - et " ]
Z "L i' ' - - 4 - ]
- Li "“. l l _ . P B I B
| i 0
e )
- ot .i.j‘ ; I’i ‘1 3 i 80 100 120 140 160
| ! -
|

OI,I_I _I_f | | | | | | Ir:'""‘.'i‘ | | | | | |
80 100 120 140 160 01/07/202
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Saw-Tooth v(A*) - Comparaison

Entre Calcul MCMC resLim | Calcul TERRELL resLimit | FIFRELIN res Limit | GEF | Eval
MCMC res Al-adilolé a la résolution d’Al-Adili (2.69

um.a.)
4:|j=|||||||||||||||||||I||||||||||||||||=|=_F

—l— MCMG_ResLimit_Convolution

'ET T T T T T T ™3
) —&—— TERRELL_ResLimit_Convolution
3 5 [ A B —¥—— FIFRELIN_Nu_ResLimit_Convolution L o L I e e
- « 10F Ly "“-'. Py —@— MCMC_ResLimit_Convolution
£ F i oAt gsd GEF_Nu_U235_Gonvolution
v F , Y. .,.:-‘._:-‘\..,: ——a&—— TERRELL_ResLimit_Convolution
i r }:n —*— Eval_MCMC_Res_Al-Adili 35 ¥ FIFRELIN_Nu_ResLimit_Convolution
3 LR E r GEF_Nu_U235_Convolution
- sl ] P;_ 3 4 Eval MCMC_Res_Al-Adil
80 90 100 110 120 130 140 150
Mass Number fl
L
2.5 (. 2.5
1l

Number of Neutrons
N

Number of Neutrons
N

»—4~|
e
»
ah
|||||||||||||||||||||||||

1.5 i e
¥ :
o
1.5 = . K
[ Al

0.5__Yf ++ W [ -
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Ol_l 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1 I_I

80 90 100 110 120 130 140 150
Mass Number
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Context: methodology of FY Evaluation for thermal neutron induced fission

Theoretically o Experimentally © Application
* * 71T .
Y(A »Z»E J™) Y(A4,Z, EK,I) Y(A,Z,m) Independent Yields
l
Y(A*) - P(Z|A %, E*) - P(E A*Z P(E*,J™|A*,Z E* ) )
(4%) - P(Z] ) - P(Ex|A",Z) - P(E"]"| ) Y(A) - P(ZIA, Eg) - P(Ek|A Z)-P(m|A,Z,Ex)  C(A,Z,m) Cumulative Yields
L Kinetic : l
Pre-neutron Mass, charge, excitation energy Mass  Charge Energy Isomeric S
. C(A) Chain Yields
AN RAALY RARAN LARESN LLLS RALA) R LR RLLES
. . 10—1=_ = E s
Fission models E e o : I
— ! -‘:..‘;;;OO ‘{. “O [ ea!ﬁ’ : T T = : - T T
'§ 102 o - g .9'?99 3 104 ] . ]
g o . % o : uel Cycle applica,
g - R SRR S Reactivity losses (BL
g0t - Y .7 7 [T wanL - PIE (BU) : Post-Irradiated Experlmen
§0 F - b 'H% ¥1 b |~ Direct_zp |0 CFE
ol | et - Nesmrranr |* 1 Decay Heat
10 " —— JEFF-4_U235 | E - L
—— JEFF-4_U233 ] 20.00%
—— JEFF-4_Pu239 . . Uncertainty sources : |
—— JEFF-4_Pu24 - g 15.00% 30' I experimental
Colooloodooloo o To o Do Do L g Irradiation parameters
80 90 100 110 120 130 140 150 160 &  1000% radiatio
Mass Number g S Fission yields
gg 0.00%
g’é -5.00%
:g -10.00%
_‘S‘ -15.00%
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Context: methodology of FY Evaluation for thermal neutron induced fission

Theoretically o Experimentally © Application
Y (A ,Z,E J™) Y(4,Z, EK,I) Y(A4,Z, m) Independent Yields
)
* * JTT| A%
V) PQIA S ED) - PUIA2) - P TTIAVZED) y(a) - PZIAE) - P(EglA,2) - P(mIA, Z, E¢) C(A,Z,m) Cumulative Yields
- Kinetic : l
Pre-neutron Mass, charge, excitation energy Mass  Charge Energy Isomeric S
! N — C(A) Chain Yields
10k _5 | A=1,09
Fission models E T g%ﬁ' il o P I
-»- Direct-Z, :’:é: 10725 - - f ‘%9 3 10,5: é
-+ Wabhl-Like 2 - N : ‘_90 3y FA
 want H F ‘. o [= WaRL FueI Cycle applications
E 2 I v ] [ Direct Zp |0 Reactivity losses (BU)
- ﬁ 4 E < - %ﬁ' :{ | e JEFF311 - PIE (BU) : Post-Irradiated Experimer
S % ﬁé‘} : E 3 | R B 43? - CFE
18 —— JEFF-4_U235 3 o - Decoy Heat
« Directz, | — EFFauzss |
“wan, ! Bl I
809000 110 120 130 140 150 160

80 S0 100 110 120 130 140 150 160

g WONDER 2026 | A. Regonesi et al.

Mass Number
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Context: methodology of FY Evaluation for thermal neutron induced fission

Theoretically o Experimentally © Application
Y (47, Z, E*,]J™) Y(4,Z, EK, 1) Y(A,Z,m) Independent Yields
)

Y(A) - P(ZA %, E7) - P(EIA", 2) - P(E",J7|A",Z, E") Y(A) - PZIA Ey) - P(Ex|A,Z) - P(mIA,Z, Ex) C(A,Z,m) Cumulative Yields
Kinetic l

AZ(A¥)

A*

80 90 100 110 120 130 140 150 160
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Mass Number

C/E-1 of isotopic concentration ratio
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Fission yields
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Overview: why they are importa nt?

Fast

JEFF-4.0
A

Validation

YRRl (A%, By, )=mppy(A*) (Eval / Calc) ===p | Y(A, Ey) _>’Ylnd(A'Z' Ei) & Yeum(A, Z, Eth)\

Thermal
P(Z|A, Eq)

Q Application of Brosa fission model coupled with microscopic models for fine structures

QO Adjustment of the model parameters on the basis of available experimental data as a
function of E,

Y(A*, E,)

+
V(A*)(code Fifrelin)

@ WONDER 2026 | A. Regonesi et al.

Only partial experimental data
currently available

I\
= Y(AE) + PZIAE) =P (Y (A ZE)=> CAZE))

AN /

Need for new evaluation
with covariance matrices
to reinterpret experiences
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Context: methodology of FY Evaluation for thermal neutron induced fission

Y(A*,Z,E*,]™)

Y(A") - P(Z|A*E") - P(El|A",Z) - P(E",]"|A

PN Y(A,Z,Eg, 1)

Pre-neutron Mass, charge, excitation energy Mass  Charge
i ] 1 1 1 L 1 1 1 1
. . 1 11— -]
Fission models i . Fong, 3
&N F ]
S é; ]
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2 F o ]
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Mass Number
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« 2F » - Limited A & A* identification
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« Y(A,Z,m) Independent Yields
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l
C(A,Z,m) Cumulative Yields
l
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A=109
- aaes Applica
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2 Direct_Zp | Fuel Cycle applications
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