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A unique and coherent description : why ?
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A unique and coherent description : how ?
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A unique and coherent description : how ?

Average CROSS Section Fission — Lynn and Next Generation 0. Bouland, PRC 100, 064611 (2019)
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J” populated distrib (E, )
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A school case : 24Pu*

Model applied to the Pu fissile isotopes [4-8MeV E,] —»  Z724py*

& 2%Pu: key nucleus — » high quality evaluation — » challenge for theoretical calculation of
surrogate reactions to get a good
agreement

Ps —>0’(n,f)
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A school case : 24Pu*

Model applied to the Pu fissile isotopes [4-8MeV E,] —» #°Pu*

& 2%Pu: key nucleus — » high quality evaluation — » challenge for theoretical calculation of
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agreement
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

o(n,f)
2. Let’'s look at surrogate reactions

a. Comparison of experimental and calculated Ps at S,
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce o(n,y) > Vv
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2. Let’'s look at surrogate reactions

Ps exp = 0.6+0.06 Cramer et al. (1970)
a. Comparison of experimental and calculated Ps at S,

Ps calc = 0.89+77?

Most sensitive input parameters at S,+1eV

v Va and Vs

v s-wave n strength function So RIPL-3

v class-l mean Spacing D S. Bjornholm et al, Rev. Mod. Phys. 52, 725 (1980)
v Total y average width T,

v Populated CS J= distribution
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce _0(”’3’) 2

2. Let’'s look at surrogate reactions

a. Comparison of experimental and calculated Ps at S,

Most sensitive input parameters at S,+1eV
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(Va,Ve) = (5.65, 5.23) MeV

v

o(n,f)

Ps exp = 0.6+0.06 Cramer et al. (1970)

Ps calc = 0.89+77?

RIPL-3

S. Bjornholm et al, Rev. Mod. Phys. 52, 725 (1980)

P. Moller et al., PRC 79, 064304 (2009)

- In agreement with theoretical predictions of Vg<Va

- Pr at S, not sensitive to (Va,Vs)
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

-
SN——

ol(n,

2. Let’'s look at surrogate reactions

et al. (1970)

Fission barrier heights can be confidently extracted from surrogate

reaction data for fissile isotopes

- In agreement with theoretical predictions of Vg<Va
P. Moller et al., PRC 79, 064304 (2009)
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce G(”’?)) o Vv
o(n,

2. Let’'s look at surrogate reactions

Ps exp = 0.6+0.06 Cramer et al. (1970)
a. Comparison of experimental and calculated Ps at S,

Ps calc = 0.89+77?

Most sensitive input parameters at S,+1eV

V. and Vg

s-wave n strength function S, | RIPL-3
class-l mean Spacing D S. Bjornholm et al, Rev. Mod. Phys. 52, 725 (1980)

Total y average width T,

R X X N

Direct perturbation within reference uncertainties

Amax~ 2.1 % between
calculations with REF and “our”
parameters
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A school case : 24Pu*

G(n:y) o) V
o(n,f)

1. Test on n-induced data : does the model reproduce

2. Let’'s look at surrogate reactions
Ps exp = 0.6+0.06 Cramer et al. (1970)

a. Comparison of experimental and calculated Ps at S,
P; calc = 0.89+77?

Most sensitive input parameters at S,+1eV
» Amax— 2.1 %

v Va, Ve, So, D and I,
v Populated CS J* distribution

O. Bouland, PRC 100, 064611 (2019)
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A school case : #**°Pu*
1. Test on n-induced data : does the model reproduce G(("’?:)) o Vv
o(n,

2. Let’'s look at surrogate reactions

a. Comparison of experimental and calculated Ps at S,

Most sensitive input parameters at S,+1eV

v Va, Ve, So, D and I,
v Populated CS J* distribution

+ Gaussian
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv
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a. Comparison of experimental and calculated Ps at S,
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

G(n’f)

2. Let’'s look at surrogate reactions

Ps exp = 0.6+0.06 Cramer et al. (1970)
a. Comparison of experimental and calculated Ps at S,

Ps calc = 0.89+77?

Most sensitive input parameters at S,+1eV
v Va, Vs, So, D and I, > Amax— 2.1 %
v Populated CS J* distribution

0.9
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

G(n’f)

2. Let’'s look at surrogate reactions

Ps exp = 0.6+0.06 Cramer et al. (1970)
a. Comparison of experimental and calculated Ps at S,

Ps calc = 0.89+77?

Most sensitive input parameters at S,+1eV
v Va, Vs, So, D and I, > Amax— 2.1 %
v Populated CS J* distribution

0.9

0.85

+ Gaussian 0.8
+ from Back et al. (1974) w/ and wlo
cuts for J<10h - 4
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

G(n’f)

2. Let’'s look at surrogate reactions

Ps exp = 0.6+0.06 Cramer et al. (1970)
a. Comparison of experimental and calculated Ps at S,

Ps calc = 0.89+77?

Most sensitive input parameters at S,+1eV
v Va, Vs, So, D and I, > Amax— 2.1 %
v Populated CS J* distribution

- Gaussian 0.8
+ from Back et al. (1974) w/ and w/o cuts -

for J<10h o F A
+ no assumption Amax~ 6 % 0.70

~- (t,p) J<10%
1 2 3 4 5 6 7 8
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A school case : 24Pu*

CANIL

1. Test on n-induced data : does the model reproduce

2. Let’'s look at surrogate reactions

a. Comparison of experimental and calculated Ps at S,

Most sensitive input parameters at S,+1eV

v Va, Vs, So, D and I, > Amax— 2.1 %

v Populated CS J* distribution

+ Gaussian

-+ from Back et al. (1974) w/ and w/o cuts
for J<10h

*+ no assumption Amax~ 6 %

+ QRPA calculation of J distribution
(<J>=3.9h 0=3.2h)

0(“,3/) v
o f)

Ps exp = 0.6+0.06 Cramer et al. (1970)

o
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

2. Let’'s look at surrogate reactions

et al. (1970)

Weak sensitivity of P at S, to the chosen J* CS distribution

[ for (t,p) reactions !! ]

The total uncertainty on the calculated P: at S, is 6.3%

no assumption Amax~ 6 %

- gauss o=0.5%
0.85

*

QRPA calculation of J distribution
(<J>=3.9h 0=3.2h) 0.6

0.55F T e (t,p) J<10A

7 8
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

o(n,f)
2. Let’'s look at surrogate reactions

a. Comparison of experimental and calculated Ps at S,

Incident neutron energy [MeV]
0O 05 1 14

Ps exp = 0.6+0.06 Cramer et al. (1970)

-
o
I
|

P: calc = 0.89+0.06

Need for a 30% renormalization
of exp data

45 5 55 6 65 7 75 8
24Py E* [MeV]
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

O(n’f)

2. Let’'s look at surrogate reactions

a. Comparison of experimental and calculated Ps at S,

Incident neutron energy [MeV]

O 05 1 14

P:exp = 0.6+0.06 Cramer et al. (1970) 1'—' BT TN L II i II ] II "I

) 1| ERER S

P; calc = 0.89+0.06 as . =

n_:ll i ; I.. ,p).calc _7

ng b ' |

Need for a 30% renormalization ﬁ Z f =

of exp data = g
02 =
02
. . . 01—

Estimated systematic uncertainty i

~30%
Back et al. (1974)
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

O(n’f)

2. Let’s look at surrogate reactions ++4

a. Comparison of experimental and calculated Ps at S, ‘ Need for a renormalization of exp data

b.|Barrier height estimates +4+4+
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

G(n’f)

2. Let’s look at surrogate reactions ++4

a. Comparison of experimental and calculated Ps at S, ‘ Need for a renormalization of exp data

b.|Barrier height estimates +4+4+

c. Intermediate resonance structures - damping strength of p-vibrations

& {ipfl Cameretal. (1970 x 1235
& |d.pfl Backat al. (1971)
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strong T
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-§ incom_plete : Does the damping strength of -
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce &M}’) > Vv
o(n,

2. Let’s look at surrogate reactions ++4

Need for a renormalization of exp data

a. Comparison of experimental and calculated Ps at S, ‘

b.|Barrier height estimates +4+4+

c. Intermediate resonance structures - damping strength of p-vibrations
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

o(n,f)
2. Let's look at surrogate reactions +++
blBarr The damping strength of g-vibration :
- can be extracted from surrogate reaction data
C. Inter
1 - It's relevant for the n-induced o calculation
2 =
E
=
5 LI — - €
'ﬂ @ |tpf) Camer eal {1970 x 1235 ] : 18 C -
E= & (dpl Backet 4l {1971) 1 3 /
* e THE wak i gl K =01
.EE | ! e == This wok i pfi K =10 ] ¥ 4 -
P ] — Thiz etk pf] K =01 - il
H .I/Il - = & Wk §,of f{|_'|"1 ] T damping ; 1
|:||:|'| ‘J I I I |:||:|1 12 i I-:IE-.!-'.-.-I i i i i I:IIII-F i i i i I!II!'.I:lEi
5 -] T . o4 05 o
E xcitation energy [MeV | Incident neutron energy [eV]
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A school case : 24Pu*

1. Test on n-induced data : does the model reproduce ol(n,y) > Vv

O(n’f)

2. Let’s look at surrogate reactions ++4

a. Comparison of experimental and calculated Ps at S, ‘ Need for a renormalization of exp data

b.|Barrier height estimates +4+4+

c. Intermediate resonance structures - damping strength of p-vibrations ++44

d. Intermediate resonances in individual J* Ps ‘ The small contribution of 1* P
explains the s-wave o(n,f)

CANIL
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Conclusions and perspectives

high target accuracy

o)
Challenge : high quality evaluations of o(n,f) for heavy nuclei o _
fissile nuclei
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Conclusions and perspectives
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§ Challenge : high quality evaluations of o(n,f) for heavy nuclei

fissile nuclei

Use surrogate reaction data to refine nuclear model parameters

HOW
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Conclusions and perspectives

o)
§ Challenge : high quality evaluations of o(n,f) for heavy nuclei

4

Simultaneous and coherent analysis of P; and o(n,f)

Use surrogate reaction data to refine nuclear model parameters

high target accuracy
fissile nuclei

HOW
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Conclusions and perspectives

high target accuracy

o)
X Challenge : high quality evaluations of o(n,f) for heavy nuclei o _
= fissile nuclei

4

Simultaneous and coherent analysis of P; and o(n,f)

Use surrogate reaction data to refine nuclear model parameters

HOW

v Uncertainty on calculated P ~6.3%
v Estimate fission barrier heights
v Estimate damping strength of g-vibrations

v Consistency test of existing surrogate and n-induced reaction data
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Conclusions and perspectives

o)
§ Challenge : high quality evaluations of o(n,f) for heavy nuclei

4

Simultaneous and coherent analysis of P; and o(n,f)

Use surrogate reaction data to refine nuclear model parameters

high target accuracy
fissile nuclei

HOW

v Uncertainty on calculated P ~6.3%
v Estimate fission barrier heights
v Estimate damping strength of g-vibrations

v Consistency test of existing surrogate and n-induced reaction data

_ v analysis o
Simultaneous of ALL deexcitation channels

A measurement

CANIL

Modeling of and
experimental comparison
to (n,2n) data

FUTURE
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First simultaneous evaluation of fission probabilities and neutron-
induced cross
sections for the Pu fissile isotopes

Thank you for your attention

In memory of Oljvier
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23 7PU*

238Pu*

2 40Py Theory improvements
u

244PU* Input parameters

Standard HF + fission

Monte Carlo
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237 Pu*
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The fissile Pu isotopic chain : 237-244py*

237Pu*

tyo (236Pu): 2.85y very few n-induced o data Gerasimov et al. (1997)

Gromova et al. (1990)

2'Np(®*He,t) data available  Gavron et al. (1976)

Incident neutron energy [Me\V]

II|r_1|'_--r.|:l o5 --I----I[E----f:

: 'Ju.l.rT” W +J§ v No evidence of : : :

08 : w1 == Strong B-vibration dampin
=08 T }il i WiEs intermediate structures ™ 9k PIng
B o7 | :
gﬁ'-ﬁ ; | = v (Va,Vs) = (5.70, m) Fissile nucleus
Bos :S —; 510)MeV < S,
2 04 _ " 3
Sosf S E v Truncated gauss
"oz . — - distribution centered

0.1t} Thia wlu;-k {at-'ar!ngdpmg Pt heeeais| _: around 237PU(gS) (J:7/2)

e e

Excitation energy [MeV]

\ /

—

Very good agreement of exp and calc Ps
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The fissile Pu isotopic chain : 237-244py*

237Pu*

ti, (¥25Pu)= 2.85y very few n-induced o data

Gerasimov et al. (1997)
Gromova et al. (1990)

2'Np(®*He,t) data available  Gavron et al. (1976)

Incident neutron energy [Me\V]

I -1 0.5 i} 05 i 15 2
™ T ™T ™T ™T ™T T T T T ™ T T—TT T T ||||
RARARARAGH! 00 3 MR K ¥
05 IJ_ L LT I T - — Eqn?:i-a.'-.:'::un
F ] — LR =
_‘;;u;}_g T : l Jl_' Boulard LyrnTalou (20 13)
= d E - TEMDL-2017
2 o7 / ! 3 JEFFA3
,g i E This wiork
B.4e i : =
e i ' = @ Briz s o {1979 [HERA]
= 05 ] = o Hughes o al (2014) [SRaM)
E 0.4 e s = b Goragmay atd. {1997 [rnduced]
L ! ! = = Gromerea of &l {1930) [rrinducsd)
& 03 | = E 4
- i =
g o2 = i
’ m  Gawon eial {1976 ® 2
0.1 This wosk [atong couplng hypothesia] = i .
oE L R O (i S IRV, NI | ST+~
55 [ 6.5 T -] .

IIIIII i IIIIII i |
10000 T+ 05 T+ 08

Incident neutron energy [eV]

Excitation energy [MeV]

- /
e

Doubts on Gerosimov’s data below 50keV
=> on evaluations [but P; dependence on
Very good agreement of exp and calc P J* of (®He,t) not investigated]
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238 Pu*
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The fissile Pu isotopic chain : 237-244py*

238Pu*

ti> (37Pu)= 45d no n-induced o data

Z’'Np(*He,d) data available Back et al. (1974)
Gavron et al. (1976)

Incident neutron energy [he\]

=y "-iz"' '-Il'-::"'-llll';'::'t:---?- I_‘-“f.:'l.'_-: "'II" lllii:-- -_2
09 el - G 4 _ v No evidence of ‘ Strong b-vibration damping
08 el a a4 intermediate structures
B o7 “.-{f_: inllu - _
E“’ﬁ " | = v (Va,Ve) = (5.65, ‘ Fissile nucleus
Fos J 5.45)MeV < S,
2 04 ¥ i E
£ 03 e ! E v Truncated gauss
% oz 2. n Thelhednsakaal (1976rgt1) distribution centered
e aP  aian Nl around *Pu(gs) (J=7/2)
o R e e

Excitation energy [he\]

—

Very good agreement of exp and calc Ps
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The fissile Pu isotopic chain : 237-244py*

238Pu*

ti> (37Pu)= 45d no n-induced o data

Z’'Np(*He,d) data available Back et al. (1974)
Gavron et al. (1976)

|nﬂidﬂ‘ntmutrﬁnﬂ'mrﬁ"‘ﬂﬂ'w *||||||||||||||||||||||||||||||||||||||||||||||||||||||
-1 -::-5 g .05 1 1.5 2 :
LI ) I L L) : T |T T I rrria I LI L I rra |E * &t E':ﬂl. :19?3|[4SH'~{| — E-*IDF-IE_VIIIG ol
I‘ G _E E B Hughes stal 2014) [SRaM] — = ..TE;‘FE"EEMN ]
_'l_uF_ & & & i = t E.-:-u.rd.rpn'Ta-:-.u;zn:lmu:
- A A ] o } i
-‘_ i u —: | —_
| 3 :
- . i S E .
*I ! n = g _
i i _E o 4
¥ ; 3 b
Ful 52
i i E

. z"-!ip:the.d‘.'lﬁuLhaaL:1‘3?&-F:g11'| 3 T

i '\.p:He.rJ"lGa'.-'ﬂﬂela [1978) ] E :

T"'Il. werh: | He.d'l h'.I'LE"-'."EII':I'ﬁ |g -

bl ||||| i ' 'l i il

[ b5 T .?"_1 8 H-.i- : [

EH'EIta‘tIBI'IE‘I'I'E'FQ'y'”'ﬂE“'l"l 1ﬂ.........I.........I...............................

10406 2o+l B 06 40406 Be+B
Incident neutron enengy [eV)]

- /
e

Very good agreement of exp and calc Ps Not in agreement w/ JEFF 3.3
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242 Pu*
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The fissile Pu isotopic chain : 237-244py*

242p* v Good agreement at Sn with Cramer at al.

v i i )
11% of total Pu mass in mixed oxide fuel Renormalization needed for Back’s data

Tovesson et al. (2010) v (Va,Vs) values from Back et al. do not

n-induced data

249Pu(t,p) data available

&0
E g "F‘L[pl.-E.ath.uFalF‘REEI1924[1'3?41| 4 T T T T T T TIT] T LI B B e L | T — T 1]
50 ; —— JEFF-3.3 ]
= 4 ] = ENOFB-VING 1
;L“E' 1 2 i = .« Thiswork w! Back's parameters (1874) ]
2 ik | E h, s This work [incomplete damping] ]
@ F "5l ——— This work [sirong dampéng) -3
. 3 . i Tovesaon et &l {2010 ]
& [ '&?’? ; 4  Szabo et al (1873 ]
) o & a
A a L] .
B b A
o1 ol ' a*
Z2F N
0 NPT PUTTI FTTT P = "
HETAd A AR B 52 B4 LG 58 B B2 64 Ty E o
Excitation energy [MaV] =
L3 |
o .
iF . =~ -
i i i IIIIII I-.-l-TI-l-IIII II-.‘.I-I-I:

CANIL

b8 e e T

=
=

Szabo et al. (1973)

Back et al. (1974)
Cramer et al (1970)

sk & Mg oh CrameraBrit PRC 2.2350 (1970) Fig H n

LAAE ERALS AL
 — T“"||5 M'.lrk with C-’Eu"u.-l&EﬂI i1 ‘3"';.-] E‘.'..'ll"'ll:'l |'||EII'.‘I|II'5 I

4 F'u'l: pf} CramerdBral NSE 41 {1570 Fu; 3 |

reproduce s(n,f), while values from
literature and ours do (5.30,5.30)MeV

v Doubts on Tovesson’s n-induced data
(4

v In agreement with evaluations

Ta+ 5 146
Incident neutron enegy [eV)
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The fissile Pu isotopic chain : 237-244py*

242p* v Good agreement at Sn with Cramer at al.

v i i )
11% of total Pu mass in mixed oxide fuel Renormalization needed for Back’s data

v (Va,Vg) values from Back et al. do not
reproduce s(n,f), while values from
literature and ours do (5.30,5.30)MeV

Tovesson et al. (2010)

n-induced data Szabo et al. (1973)

249Pu(t,p) data available Back et al. (1974)

Cramer et al (1970) , .
v Doubts on Tovesson’s n-induced data

1 1 1 ) 1 1 1
This wark [Incamglee damging]
= = Thiz wark [Slrong damging]

B "pujipl) Back et & (1974) x 1.34

v In agreement with evaluations

EU‘H 4 T T IIIIII| T 1 IIIIII| T 1 II_
| o7 _ —— JEFF-3.3 ]
B e — 1 — ENDF/B-VIIG
= = = « This work w' Back's parameters (157 4) ]
E 05 E [ e This wiork [inco mpiste dampeng] i
E ik B —— This work [stirong damping] -3
. ® I Tew Towvesson e al (2010 |
i 03 o [ 'i:"g 4  Szaboetal (1973 ]
3] i ] ]
G & f -
8 K
1 ol '_ E
(o
UU# 42 44 46 48 &5 B2 B4 55 S8 & 62 64 65 &8 [ = [
Excitation energy [MeW] LS
a L
- - 4
. 1-_ - 5 = ]
IS at 5.4MeV reproduced with I Tl o W i o e
10000 1a+ 05 1408

incomplete damping
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244 Pu*
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The fissile Pu isotopic chain : 237-244py*

v Renormalization needed (13%)

v (Va,VE)=(5.30,5.25)MeV in agreement with theoretical
calc (Va-Vg) but significantly different from other authors

v Too little info on IS at 5.3MeV

244Pu*

ti2 (**Pu)= 4.95h no n-induced o data

Cramet et al. (1970)
Back et al. (1974)

242 i
Pu(t,p) data available v s(n,f) En>700keV : good agreement

En<700keV :
a) absence of width fluctuation correction factor in
ﬂH:Iwl+H5I~l|-|l:|~1ll:ilc|'ll;la|l‘::;'lgl-jlIIIIIIIIIII”IIIIIIIIIIIIIIIIIIIIIIIIII eXp data
) o = -:hi'h'ﬂ:lth Irm:,l:ﬂi: ﬁ.li'_p:::‘.l i A _'_4, : .
o T e ke e el T E b) o(N,fcac < OrenoL €t Oaerr
£ asfaiop ] c) o(n,fac Not in agreement with ENDF (choice of
F o Va,Vg))?
g”f‘_—um ( A B))
e i a8
-é M Foe _
2 qafom EM
5 - Opening of ¢ ;
3 a2 y ] |
™ (n,n ) 'E 10}
a1 i o ; i . |
E ll._I S NN Lrosunet) | ..3 i T " » ]
N e e TR T T I TR T £ as i T i
Excitation energy [MeV) =~ 04 Pl A —
=L Thés work [incomplete damping] | |
S|+ = TENDL-2017 |
o = = EKNOFE-VIIG

2l JEFF-33 -
0 H5RMinterence from (Lpd) date by Cramer & Britt (1970)
— Boudand, Lynm and Tabow (2013) [stromg dampeng]

243
o
ha

a1 IIIIIII i i III;IIII i i i

Toe D o+ ik
Incident neutron energy (e
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Standard HF + fission
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Standard HF theory

Average n-induced reaction cross section Un,c'(En):; [USN(EmJn)Bf(EQ WiC(Exﬂ

In-out-going channel width fluctuation
correction factor

I+l
J+s

2
N-induced CN partial formation cross section ¢ (E  J")=xXg, Y. 2. Ti”(’s)(En)

l| 1=|J—s|
2

s=|I—
Incoming n transmission coefficient T’ (E )=1—exp(—2xS,(E,))

n strength function
Heavy nuclei + low En => we can use s- and p- wave Sl extracted from the

analysis of the energy-resolved resonance region and from the fit of
average cross sections below 300keV

S,=1.044 10" even-l waves

S,=2.48%10"" odd-l waves
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Standard HF theory : exit channels

Transmission coefficients :

- n channel : T, (E,)=1—exp(—2xS,(E,))

g
- other channels : T =9 ﬂ<1"y )

’ <I“f> Average capture width

D, Average resonance spacing for a given (Jp)

obtained with the combinatorial quasiparticle-
vibration-rotation (QPVR) model

- fission :
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Standard HF theory : fission exit channel

Potente) Total width for class-| states :
energy A Bohriransition states on lop of each barrier wmp A and B . . .
vas=N_, ¢ Toas=N (elastic + inelastic + gamma)
Sr'l"EIJ 4 BB
Class-i CN stales  » - ~
6 - \ Hﬂ'. ¥ . 2 e - : r)LItotNr)LIn+F/lIn’+F/lIy
_— 5
& L

Total width for class-Il states :

i First well

Donoa™onutUpat 0y,

where the class-Il fission width is

-
I I
i m\‘ﬁ'f, 03 04 05 0§ 07 04

. D .
Deformation (¢) 5" (Tinap=——=Tz Transmission coeff
27 through outer barrier

and the class-Il coupling width is

D)LH
I = T
< ,111(¢)> 2T A
Standard HF + Aage Bohr fission theory
_ CN J Class-II width fluctua-
On,f(En)_; { E J a; Bf II (Ex)] n,f(Ex)} tion correction

Impact the calculation of <o(n,f)> for Pu
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Standard HF theory : fission exit channel

Potential Total width for class- Il states :
energy A Bohriransition states on iop of each barrer hump A and B

- S o= :.‘ F 52 i a=NM g ~
S+Ey [ T b F;LHtotNFMN"'FMM"'FAH;/

AE)=2[0(E, I ;

4 Firsat weell J"

Fission BR for a specific outer barrier
transition state

B"=T (a,)/T

I I -
0 mk‘tl'f, 03 04 05 06 07 04 f fotal
Deformation (£)

Depending on the E* the average formulation of B changes :

At low E* the discrete structure of class-Il states impact the fission transmission coefficient T+ =>

; T, : Damping transmission coefficient in the first well = sum

O __ ) ) . ) ) ..
B - of particle and gamma emission transmission coefficients

Impact the calculation of <o(n,f)> for Pu

CANIL

P. Marini n memory of Olivier WONDER 2026



Monte Carlo
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Monte Carlo form of HF equations

Potential
energy A Bohriransition states on lop of each barer hump A and B
ol =W FT . m=N
& E. b il S 5 Hh
i |
a7 Tall =4 =
M B -:
6 — I‘--:':I
o= 2
8 H =1
n o i
& -
E 2 S
i
g Clasa-ll
Gvibrational
o] states B
LD
b = ™ 1

CANIL

as 07 04
Deformation (£)

03 04 05

a) Analytical solution

.

no correlation between statistical class | and |l state
width fluctuations and the shape of the barrier

a) Monte Carlo algorithm

: 1

Calculate average observables accounting for statistical
nuclear data fluctuations under the relevant IS

Impact the calculation of <o(n,f)> for Pu
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Monte Carlo route

Potential
energy A Bohriransition states on lop of each barrier hump A and B
Snl-E” - e s T N
_ CN T a, a, J
|| o 0, ((E,)=2 10, (E,, ") 2, B (EJW(E)IW, ((E,))
e J" azelJ”

Sh ’ JE .

4 First weall . .

1) R-matrix average parameters for each (En,CN, residue)

E, *- are calculated using :

2 - : - HF transmission coefficients

i y - mean level spacing

T <r)LH(~L)>
; iR I:II1\'T||'f, 5 & a7 04 ‘

Deformation ()  ~oM (T, H(¢)> used to evaluate the average of the squared
coupling matrix elements

I

D
<<)LH|HCMI>2>ZFAH(¢)ZT

They describe the coupling across the inner barrier of each
class-Il state, A\, to its neighboring class-I levels, A

Impact the calculation of <o(n,f)> for Pu

. .
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Monte Carlo route

Potential
energy A Bohriransition states on lop of each barrier hump A and B
Snl-E” - e s T N
Nl 2 o(E)=2 (0 (B I 2 B (EJWi(E )W, (E,)]
s, 5 I" ,:;J J ag€J
e D
- 1) <<)LH|HCMI>2>:FAH(¢)2—;[

Class-=||
Gvibrational -y
slales B

. 2) class-I state energies are generated from a Wigner
' LoM distribution corrected for long-range correlations using D ,,

03 04 05

as 07 04
Deformation (£)

D, , calculated using either Gilbert and Cameron’s law, or
the QPVR level density model

Impact the calculation of <o(n,f)> for Pu
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Monte Carlo route

Potential

energy A Bohriransition states on lop of each barrier hump A and B

'S-nl-E” - e s T N
J cieny e og(E)=2 (0 (BT 2 BU(E )W (E)IW,,(E,)]
e D

- 1) <<)LH|HCMI>2>:FAH(¢)2—;[

Class-=||
Gvibrational -y
slales B

. 2) class-I state energies are generated using D, from the
' Lom QPVR level density model

03 04 05

& 07 o8
Deformation (£)

3) class-Il state energies are generated using D,
diagonalizing a 5x5 diagonal matrix, whose diagonal and
non-diagonal elements follow a Poissonian and a Gaussian
distribution, respectively

Impact the calculation of <o(n,f)> for Pu
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Monte Carlo route

Potential
energy A Bohriransition states on lop of each barrier hump A and B
Tcsg=MN Fom=N
Sn"EII i ATV A B B
o7 Tail =4 o _ CN Up e J"
- u::=-.: Onf(En)_ {Gn (Ensjﬂ)[ Z Bf (EX)WH<EX)]an(EX)}
Sy | “T;; J az€l
D
L= 2 1
1) ((AulHAp) >:r/111(¢)2—
£, o= T
- Clasgs-||
i e 1 2) class-l state energies are generated using D, from the
' Lom QPVR level density model
: iR 03 04 05 a&§ a7 04 |
Deformation (E] —=M
3) class-Il state energies are generated using D,
4) class-l n emission I',, +I",; . )
class-1l coupling T, width amplitudes sampled from a gaussian distribution
T > around their mean value p and
class-Il fission 1 i+ o= \/2—1—)
individual (A,|H |A,) J

I';r,s1,n,, Do not fluctuate => average value for each studied E*
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Monte Carlo route

Potential
energy A Bohriransition states on lop of each barrier hump A and B
Sni-E” - e s T N
Nl 2 o(E)=2 (0 (B I 2 B (EJWi(E )W, (E,)]
s, 5 I" T;' J ag€J
e D
- 1) <<)LH|HCMI>2>:FAH(¢)2—;[

Class-=||
Gvibrational -y
slales B

. 2) class-I state energies are generated using D, from the
' Lom QPVR level density model

03 04 05 08 07 04

Deformation (£)
3) class-Il state energies are generated using D,

AT+, .., 00, e (A HJA,) sampled from gaussian,l';;,,1;;,- average value for each E*

median

5) get the median energy of class-Il states sampled energy - A

7% compared to class-I state mean level spacing D y Class-Il state that mainly contribute to
the fission width of the corresponding

final R-matrix eigenstates
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Monte Carlo route

Potential
energy A Bohriransition states on lop of each barrier hump A and B
Snl-E” B
median - : )]Win(Ex)}
"Ll .. <4D,,. Narrow class-ll state hypothesis : exact calculation of class-I ’
% _.F and class-lIl admixture coefficients in the final R-matrix
| eigenstates performed
By ' pmedian, 4 1y Broad « median » class-Il state : its major contribution to the R-
.| A=A matrix eigenstates is computed from the calculated average
i class-l and class-Il parameters and from the class-Il coupling ),, from the
width. Second-order contribution is calculated assuming a
s Lorentzian pattern into the final R-matrix eigenstates
D/lII
HT,, - ) ) r each E*
5) get the median energy of class-Il states sampled energy — A"
7% compared to class-I state mean level spacing D y Class-Il state that mainly contribute to

the fission width of the corresponding
final R-matrix eigenstates
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Monte Carlo route

Potential
energy A Bohriransition states on lop of each barrier hump A and B
S+Ey VRN o TN,
J ceey il o (E)=2 (0 (BT 2 B (EJW(E )W, (E,))
s, 5 |’ :T!:I J ag€J
e D
- 1) <<)LH|HCMI>2>:FAH(¢)2—;I

Class-=||
Gvibrational -y
slales B

. 2) class-I state energies are generated using D, from the
' Lom QPVR level density model

03 04 05 08 07 04

Deformation (£)
3) class-Il state energies are generated using D,

AT+, .., 00, e (A HJA,) sampled from gaussian,l';;,,1;;,- average value for each E*

5) calculation of class-l and Il admixture coefficients and final R-matrix eigenstates widths and
energies

6) partial n-induced o are calculated within the Single-Level Breit-Wigner approximation
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Theory improvements :

surrogate reaction P
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Modeling of surrogate reaction P

n-induced reaction surrogate reaction

c'(En): OCN(En)*ZJn[J”pOPUIated diStrib (En)n—ind*BRii'T(Enﬂ

— _/
“‘\\,/"

Deexcitation probability

Q

Pi}r,c'(Ex) = Zﬂ [J™ populated distrib(E,),,.* BR’. (E,)]

surr
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Modeling of P: in g-vibrational resonance region

Medium and giant-size resonances observed in o(n,f) —» double-hamped B: as a function of elongation

The Hamiltonian :

H = H + Hine (G Bo)  + HC(B.C; Bo)
\governing the interaction between 3
mode and the intrinsic excitations C
governing the collective
elongation mode £ governing all other collective modes

other than £, single-particle
excitations, rotational motion

In the R-matrix formalism class-Il states are :

AH —Z CWXM \Vlbratlonal wave
function

intrinsic wave function

. .
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Modeling of P: in g-vibrational resonance region

In the R-matrix formalism class-Il states are :
(1) _
X5, —Z‘u CWXM \Vlbratlonal wave
function

intrinsic wave function

Purely vibrational state

X(AIII,) N Xo (I)(v%)

Eigenfunctions of Hix for the lowest
intrinsic state at saddle

Verified only if the energy of this state is very
close to the second well gs energy

CANIL
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Input parameter database

The set of used parameters allows us to correctly reproduce the experimental o(n,f) and o(n,y) for
235Pu to 2*Pu, for En=few keV up to 5.5MeV

+

CS Jp distribution for chosen surrogate reaction

(Va,Ve) and (hwa, hwg) are i:spin independent for e-e nuclei
the spin dependence is estimated fitting o(n,f) data for E,>100keV

Low-lyng class-I states : taken from ENSDF and expanded with additional levels to complete the
rotational bands predicted by QPVR model up to ~1.1MeV E*

At higher energies : QPVR model

CANIL
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First simultaneous evaluation of fission
probabilities and neutron-induced cross
sections for the Pu fissile isotopes

0. Bouland, P. Marini

CEA, DEN, DER, SPRC, Physics Studies Laboratory, Cadarache, F-13108 Saint-Paul-lez-Durance

GANIL, CEA/DRF-CNRS/IN2P3, B.P. 55027, 14076 Caen Cedex 5

In memory of Olivier

GANiL cea

Hello everyone

First of all | wish to thank the organizers for allowing me
to present you this work. This is a special talk as it’s the
last work of Olivier Bouland before his death and it's the
last work we did together. He didn’'t have the chance to
see this work published.

I'll do my best to present you his work but I'm neither a
theoretician nor an evaluator so, every improvement that
it's brought from this work is thanks to Olivier, every
mistake that | might make in this presentation is my own
responsibility.

Despite the challenge, for me, to present you this work, |
want to do it in memory of Olivier



A unique and coherent description : why ?

n-induced reaction n-induced reactions

* Fundamental physics
) o(n,c’) for as many
._.. * Nuclear astrophysics nuclei as possible
n

A-1 % * Applications

o
209

.6

i

¢
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X sections of n-induced reactions, for as many nuclei
as possible, and especially for heavy targets, are
highly needed in ....



A unique and coherent description : why ?

n-induced reaction n-induced reactions

/
/4\ » Fundamental physics
. o(n,c’) for as many
— \ | * Nuclear astrophysics nuclei as possible
n / * Applications
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X sections of n-induced reactions, for as many nuclei
as possible, and especially for heavy targets, are
highly needed in ....

What happens is the target of interest is highly
radioactive and can’t be handled or its lifetime is
too short for make a target out of it



A unique and coherent description : why ?

o(n,c’) for as many
nuclei as possible

de— =D . . deexcitation
'—'ﬁ . Surrogate reactions : —> | pobilities
n * Short-lived nuclei o(n,c’)

A-1 % ﬁ D . .
¢ Fission barriers and resonance structures

@E*<S,
J.D. Cramer et H.C. Britt,
A* Nucl. Sci. And Eng. 41

(1970) 177
/i TRV

re®
,M

n-induced reaction surrogate reaction n-induced reactions —»

]
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X sections of n-induced reactions, for as many nuclei
as possible, and especially for heavy targets, are
highly needed in ....

What happens is the target of interest is highly
radioactive and can’t be handled or its lifetime is
too short for make a target out of it

In the 70s Cramer and Britt proposed the surrogate
reaction technique, which consists in producing via
a transfer reaction the same CS as the one
produced in n-induced reactions and measure the
deexcitation probabilities of the different channels



A unique and coherent description : why ?

. . . . . o(n,c’) for as many
n-induced reaction surrogate reaction n-induced reactions —» nuclei as possible
de __seh . . deexcitation
- . Surrogate reactions : —» probabilities
n * Short-lived nuclei o(n,c’)
A-1 % D . )
» Fission barriers and resonance structures

@E*<S,
J.D. Cramer et H.C. Britt,
Nucl. Sci. And Eng. 41

\ I (1970) 177

Two reaction mechanisms - the

. . same system?
,.6

=
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However two fundamental questions open up :

- first we don’t measure the same quantity

- the CS is produced in two different reaction
mechanisms

How do we handle data coming from these two
different kinds of studies?

The goal of this work was to...



A unique and coherent description : why ?

. . . . . o(n,c’) for as many
n-induced reaction surrogate reaction n-induced reactions —| |\ aias possible
de— b i deexcitation
s ‘ Surrogate reactlons . —> probabilities
n * Short-lived nuclei o(n,c’)

A-1 N D . i
* Fission barriers and resonance structures
@E*<S,
J.D. Cramer et H.C. Britt,
Nucl. Sci. And Eng. 41

\ | (1970) 177
/ I

Two reaction mechanisms - the

. . same system?
,‘

L Theoretical framework to simultaneously describe both
reactions with a unique set of nuclear parameters

AVXSF-LNG code + R-matrix formalism

O. Bouland, PRC 100, 064611 (2019)

CANIL Cea
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A unique and coherent description : how ?

Average CROSS Section Fission — Lynn and Next Generation 0. Bouland, PRC 100, 064611 (2019)
0. Bouland & PM, Nucl. Data Sh. 193, 105 (2024)

Ingredients :

«  Hauser Feshback theory G, (E,)=0"(E,)* Y, .[J” populated distrib (E,)*BR..(E,)]

]
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The code, developped by Olivier and collabs, is
based on the general HF theory, where a n-induced
X section can be written as the CN X section
formation, and a term which include the populated
angular omentum distrib of the CS and the Br for
the deexcitation in the exit channel
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Average CROSS Section Fission — Lynn and Next Generation 0. Bouland, PRC 100, 064611 (2019)
0. Bouland & PM, Nucl. Data Sh. 193, 105 (2024)

Ingredients :

«  Hauser Feshback theory G, (E,)=0"(E,)* Y, .[J” populated distrib (E,)*BR..(E,)]

* Surrogate-reaction probabilities modeling
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The code, developped by Olivier and collabs, is
based on the general HF theory, where a n-induced
X section can be written as the CN X section
formation, and a term which include the populated
angular omentum distrib of the CS and the Br for
the deexcitation in the exit channel

He then included the modeling surrogate reaction
probabilities. What does it mean ?
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Average CROSS Section Fission — Lynn and Next Generation 0. Bouland, PRC 100, 064611 (2019)
0. Bouland & PM, Nucl. Data Sh. 193, 105 (2024)

Ingredients :
«  Hauser Feshback theory G, (E,)=0™(E,)* Y. €[ J" populated distrib E,) ¥BR..(E,)]

+ Surrogate-reaction probabilities modeling ) | J° n-induced. . surrogate reaction|
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The code, developped by Olivier and collabs, is
based on the general HF theory, where a n-induced
X section can be written as the CN X section
formation, and a term which include the populated
angular omentum distrib of the CS and the Br for
the deexcitation in the exit channel

He then included the modeling surrogate reaction
probabilities. What does it mean ?

An important point is that his code takes into account
the different Jp populated distributions in n-induced
and surrogate reactions



A unique and coherent description : how ?

Average CROSS Section Fission — Lynn and Next Generation 0. Bouland, PRC 100, 064611 (2019)
0. Bouland & PM, Nucl. Data Sh. 193, 105 (2024)

Ingredients :
«  Hauser Feshback theory G, (E,)=0™(E,)* Y (I populated distrib (E, )% BR”(E, )]

« Surrogate-reaction probabilities modeling - | J* n-induced.#. surrogate reactionl

» Exit channel description/competition:

» transmission coefficients

1uawanoiduwiyj
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Concerning the description of the exit channels, their
competition is described via transmission

coefficients



A unique and coherent description : how ?

Average CROSS Section Fission — Lynn and Next Generation 0. Bouland, PRC 100, 064611 (2019)
0. Bouland & PM, Nucl. Data Sh. 193, 105 (2024)

Ingredients :
« Hauser Feshback theory G, (E,)=0"(E,)* 2. (" populated distrib (E,) ¥BR..(E,)]

« Surrogate-reaction probabilities modeling - | J* n-induced.#. surrogate reactionl

» Exit channel description/competition:

1uawanoiduwiyj

» transmission coefficients

» Fission 2 double-humped
fission barrier

Potential
@Nergy  A.Bohriransition states on lopof each barrier hump A and B
= N e a=N
- W n

SEy

= | e D
03 0s o

5 os o7 o8
Deformation (¢) '°
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Concerning the description of the exit channels, their
competition is described via transmission
coefficients

Fission is described including a double-humped
fission barrier



A unique and coherent description : how ?

Average CROSS Section Fission — Lynn and Next Generation 0. Bouland, PRC 100, 064611 (2019)
0. Bouland & PM, Nucl. Data Sh. 193, 105 (2024)

Ingredients :
+ Hauser Feshback theory T’C.(En): GCN(EH)*Z [ 7™ populated distrib (E, )% RZT(E,,,)]

+ Surrogate-reaction probabilities modeling ) | J° n-induced. . surrogate reaction| _g
§
» Exit channel description/competition: g
» transmission coefficients e
=
» Fission > double-humped HF equations : Monte Carlo method
fission barrier Correlations between class-l and Il state
Gonnisi width fluctuations and the shape of fission
O 7 - e barrier are NOT washed out

x =2
i

a2
o
a1
n=1"

=1

R

Second
An=0: Y
Classuil
vibeatiana
atates

<o(n,c’)>wc differs up to 10% from
the analytical solution
— \_&_{/ nI]J T T T T T

SR e b Bl e
GAne
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Concerning the description of the exit channels, their
competition is described via transmission
coefficients

sl

Fission is described including a double-humped
fission barrier

And HF equations are solved with a MC method. This
IS very important because,

- the analytical calculation can differ up to 10 %

- the correlation between the widths of the class-I,
class-Il states and the shape of the fission barrier is
not washed out as in the analytical solution

This is the second main improvement implemented in
his code



A unique and coherent description : how ?

Average CROSS Section Fission — Lynn and Next Generation 0. Bouland, PRC 100, 064611 (2019)
0. Bouland & PM, Nucl. Data Sh. 193, 105 (2024)

Ingredients :
« Hauser Feshback theory G, (E,)=0"(E,)* 2. (" populated distrib (E,) ¥BR..(E,)]

« Surrogate-reaction probabilities modeling - | J* n-induced.#. surrogate reactionl

» Exit channel description/competition:

1uawanoiduwiyj

» transmission coefficients

» Fission > double-humped HF equations : Monte Carlo method
fission barrier

> Model fission probabilities
in p-vibrational resonance region

B4
....................

“Ipy* experimental fission probability
&
T
. .
&
= 3
a®[Q
n \
E'_—"_"""""_:@"_"T
)
[ s aaaul ol "

CANIL T o o
Moreover, as you might know, intermediate structures
may show up in measured fission probabilities. He

included the model of this beta-vibrational
resonance region, which, we will see, plays a role
in the calculation of the n-induced reaction X
section



A unique and coherent description : how ?

Average CROSS Section Fission — Lynn and Next Generation 0. Bouland, PRC 100, 064611 (2019)
0. Bouland & PM, Nucl. Data Sh. 193, 105 (2024)

Ingredients :
« Hauser Feshback theory 0, (E,)=0"(E,)* Y {[J7" populated distrib (E, ) $BR;.(E,)]

* Surrogate-reaction probabilities modeling - | J* n-induced. #. surrogate reactionl _g
g

+ Exit channel description/competition: - HF equations : Monte Carlo method g
+ o

S

=

Model the p-vibrational resonance region

* Unique input parameters database for n-induced and surrogate reactions

=
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Last but not least, a unique and cohérent nuclear
input parameter database is used to describe both
n-induced and surrogate reactions.



A school case : ?*°Pu*

Model applied to the Pu fissile isotopes [4-8MeV E,] —»  #724py*

& 2°Pu: key nucleus —» high quality evaluation ——» challenge for theoretical calculation of
§ surrogate reactions to get a good
agreement

P: —»a(n,f)

]
= AN\l
P. Marini In memory of Olivier WONDER 2026 5

In addition to the improvements that i mentionned in
the theory, in this work we applied the code to
model n-induced X sections of the the fissile Pu
Isotopic chain, from 236 to 243Pu.

I'll present you the application of the code to the
excited Pu240. Why ? Because it's a key nucleus
for the applications and therefore high quality
evalutaions and needed and are available. It's
therefore a challenge for a theoretical calculation to
get a good agreement between probabilities
measured in surrogate reactions and n-induced
Cross sections



A school case : ?*°Pu*

Model applied to the Pu fissile isotopes [4-8MeV E,] —»  #724py*

surrogate reactions to get a good
agreement

P: —»a(n,f)

§ 29Pu : key nucleus — high quality evaluation =~ —»  challenge for theoretical calculation of

1. Test on n-induced data : are data coherent ? does the model reproduce oln,y)

o(n,f) °
o This work G, -(E,)=0™(E, )%, .[J"distrib(E,)*BR..(E,)]
— JEFF-3.2
a
o°
Wy
Bos
@
a
8
oz

|
L] T8

Tou
Incident neutron energy (eV]

]
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As a first step we tested the model on n-induced data
and in particular on the ratio between gamma and
fission X sections. This means that we get rid of the
CN formation cross section in the quantity we look
at.

The agreement with the JEFF evaluation is rather
good, so we are confident that our starting
parameters are rather good.




A school case : ?*°Pu*

Model applied to the Pu fissile isotopes [4-8MeV E,] —» 24Pu*

surrogate reactions to get a good
agreement

P: —»a(n,f)

§ 29Pu : key nucleus — high quality evaluation =~ —»  challenge for theoretical calculation of

1. Test on n-induced data : are data coherent ? does the model reproduce (%) o Vv

of(n,f)

2. Let's look at surrogate reactions

(t,p) and (d,p) data sets

*%p 1+ fission probability
5

(10) el
42

1] 48 5 52 54 56
Excitation energy [MeV]

CI\“ i I—
. .
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As newt step we look now at surrogate reactions.

Two kind of experimental data sets are available :
(t,p) and (d,p) and here you have the measured
fission probabilities.

We will concentrate on (t,p) reactions because it has
been proved that the deuteron break-up
sognificantly affect surrogate reaction technique



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce UE”’?)) o Vv
o(n,

2. Let's look at surrogate reactions

a. Comparison of experimental and calculated P at S,

P: exp = 0.6+0.06 Cramer et al. (1970)
P; calc = 0.89+?7? 77

Do we need to renormalize experimental
data of 30% ???

Incident neutron energy [MeV]
0 051 14

'|._ ,p)‘?lc-::

IIIIII. III

Is the model affected by 30% uncertainty ?

oBREERREREE

45 5 55 6 65 7 75 8

. 20py E* [MeV]
GANIL 7
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce "((”’;’)) o Vv
o(n,

2. Let's look at surrogate reactions
F)f exp = 0_610_06 Cramer et al. (1970

= 22 /7 WP
P calc = 0.89+?7 6@; (f)
.

a. Comparison of experimental and calculated P at S,

Most sensitive input parameters at S,+1eV \
\f

v Vaand Ve

v s-wave n strength function So RIPL-3

v class-l mean spacing D S. Bjornholm et al, Rev. Mod. Phys. 52, 725 (1980)

v Total y average width T,

AN

Populated CS J= distribution

CANIL Cea
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce

olny) o o
o f) ©

2. Let's look at surrogate reactions
Ps exp = 0.6+0.06 Cramer et al. (1970
a. Comparison of experimental and calculated P at S, -

P; calc = 0.89+?7?

Most sensitive input parameters at S,+1eV

v Vaand Vs
RIPL-3
S. Bjornholm et al, Rev. Mod. Phys. 52, 725 (1980)

Fl i wol py Vg ~ ek el T T T
03E  This work (Lp) Vg = 5.8/5.0 MeV E
Eosg—"‘" PV,
3 |
(Va,Vs) = (5.65, 5.23) MeV B s |
S asf !
B |
- In agreement with theoretical predictions of Vg<Va fﬂf osf i
P. Moller et al., PRC 79, 064304 (2009) & f |
A azf | Ta 3
- Prat S» not sensitive to (Va,Vs) a1f '11 ! E
E R S R N S R S

04- 42 46 . & 5.2 54 56 58 & 62 64 65 68 T I'IZ T4
Excitation energy [MeV |
1
G'\N I = “a
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce UE”’?)) o Vv
o(n,

2. Let's look at surrogate reactions | 2

et al. (1970
a. Coml

Fission barrier heights can be confidently extracted from surrogate
Mosj

reaction data for fissile isotopes

vV

VA, VEB) = (J.UJ, J. 20 VICV

- In agreement with theoretical predictions of Vg<Va
P. Moller et al., PRC 79, 064304 (2009)

20py* figsion p
o
|
T

- Py at S, not sensitive to (Va,Vs) oif

oE e
4 42 44 45 48 & 62 84

5.2 54 06 58 6 62 64 66 68 T FIZ T4
Excitation energy [MeV |
1
G'\N I = “a
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %




A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce UE”’?)) o Vv
o(n,

2. Let's look at surrogate reactions

Ps exp = 0.6+0.06 Cramer etal. (1970
a. Comparison of experimental and calculated P at S, -

P; calc = 0.89+?7?

Most sensitive input parameters at S,+1eV

v Vaand Vs

v s-wave n strength function S, RIPL-3

v class-l mean spacing D S. Bjornholm et al, Rev. Mod. Phys. 52, 725 (1980)
v Total y average width T,

Direct perturbation within reference uncertainties

Amax~ 2.1 % between
calculations with REF and “our”
parameters

=
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %
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1. Test on n-induced data : does the model reproduce "((”’;’)) o Vv
o(n,

2. Let's look at surrogate reactions
Ps exp = 0.6+0.06 Cramer etal. (1970
a. Comparison of experimental and calculated P at S, -
Prcalc = 0.89+?? /&

Most sensitive input parameters at S,+1eV
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v Populated CS J" distribution
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce UE”’?)) o Vv
o(n,

2. Let's look at surrogate reactions

Ps exp = 0.6+0.06 Cramer etal. (1970
a. Comparison of experimental and calculated P at S, -

P; calc = 0.89+?7?

Most sensitive input parameters at S,+1eV

v Va, Ve, So,Dandl’, — » Amax~2.1%
v Populated CS J" distribution

O. Bouland, PRC 100, 064611 (2019)

E —— 1 E, = 1keV (AVXSF)
@ B, = 1keV (AVXSF)
o xm* (tp) at E*=5MeV
o m (tp)atE’=5MeV

(tp) at E*=5MeV.
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce UE”’?)) o Vv
o(n,

2. Let's look at surrogate reactions
Ps exp = 0.6+0.06 Cramer et al. (1970
a. Comparison of experimental and calculated P at S, - .
Prcalc = 0.89+?? /2 x

Most sensitive input parameters at S,+1eV

v Va, Ve, So,Dandl’, — » Amax~2.1%
v Populated CS J" distribution -
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce

2. Let's look at surrogate reactions

a. Comparison of experimental and calculated P at S,

Most sensitive input parameters at S,+1eV
v Va, Vi, So, D and Iy
v Populated CS J" distribution

+ Gaussian

— » Ax~21%

a(n,y) s Vv
o(n,f) ~
P« exp = 0_610_06 Cramer et al. (1970
Pr calc = 0.89+?7?
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0.85] +

o
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CANIL

P. Marini

The experimental value, red

In memory of Olivier

WONDER 2026 9

symbols, and the

calculated value (red line) at Sn are plotted here

and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce UE”’?)) o Vv
o(n,

2. Let's look at surrogate reactions
Ps exp = 0.6+0.06 Cramer et al. (1970
a. Comparison of experimental and calculated P at S, - .
Prcalc = 0.89+?? /2 x

Most sensitive input parameters at S,+1eV

v Va, Ve, So,Dandl’, — » Amax~2.1%
v Populated CS J" distribution
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %
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1. Test on n-induced data : does the model reproduce U((”’?:)) o Vv
o(n,

2. Let's look at surrogate reactions

Ps exp = 0.6+0.06 Cramer etal. (1970
a. Comparison of experimental and calculated P at S, -

P; calc = 0.89+?7?

Most sensitive input parameters at S,+1eV

v Va, Ve, So,Dandl’, — » Amax~2.1%
v Populated CS J" distribution
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : *°Pu*
1. Test on n-induced data : does the model reproduce U("’?)) o Vv
o(n,

2. Let's look at surrogate reactions

a. Comparison of experimental and calculated P at S,

Most sensitive input parameters at S,+1eV

P« exp = 0_610_06 Cramer et al. (1970

P; calc = 0.89+?7?

v Va, Ve, So,Dandl’, — » Amax~2.1%
v Populated CS J" distribution

©

+ Gaussian
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
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A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce U(("’ ;/)) o Vv
o(n,

2. Let's look at surrogate reactions

Ps exp = 0.6+0.06 Cramer etal. (1970
a. Comparison of experimental and calculated P at S, - -

P; calc = 0.89+?7?

Most sensitive input parameters at S,+1eV

v Va, Ve, So,Dandl’, — » Amax~2.1%
v Populated CS J" distribution

+ Gaussian s
+ from Back et al. (1974) w/ and w/o cuts
for J<10h . o O
* no assumption Amax~ 6 % 07
|-® gauss 6=0.51
0.85 | gauss o=2h
| ¥ gauss 6=3h
0 || & gauss o=4h
o [ o)
’ Lo L[ e Jeton
1 2 3 4 5 6 7 8
= <J>
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A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce U((”’?:)) o Vv
o(n,

2. Let's look at surrogate reactions

Ps exp = 0.6+0.06 Cramer etal. (1970
a. Comparison of experimental and calculated P at S, -

Most sensitive input parameters at S,+1eV

v Va, Ve, So,Dandl’, — » Amax~2.1%
v Populated CS J" distribution

+ Gaussian s
+ from Back et al. (1974) w/ and w/o cuts

for J<10h o O
* no assumption Amax~ 6 % 07

|- gauss 6=0.50
|- gauss o=2h

| ¥ gauss 6=3h

| & gauss o=4h

| m arPa

| e
O I P B O RS L
1 2 3 4 5 6 7 8
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+ QRPA calculation of J distribution o
(<J>=3.9h 0=3.2h) 0

The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce U((")J/) > vV

a(n,f)
2. Let's look at surrogate reactions | 2
et al. (1970
a. Coml
Weak sensitivity of P; at S, to the chosen J* CS distribution
Mos
vV [ for (t,p) reactions !! ]
v P
The total uncertainty on the calculated P; at S, is 6.3%
* no agsumption Amax~ 6 % 07
. @ gauss 6=0.5n
+ QRPA calculation of J distribution |-t
(<J>=3.9h 0'=32h) —& gauss o=4h
H QRPA
- (tp)
| Gp) J<t0n
7 8
|
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P. Marini In memory of Olivier WONDER 2026 9

The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
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A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce "((”’;’)) o Vv
o(n,

2. Let's look at surrogate reactions

a. Comparison of experimental and calculated P at S,

Incident neutron energy [MeV]

0 051 14
Pf exp — 0_610_06 Cramer et al. (1970) ug] :_II:I:|:|:|| m II L1 1' 1' tl;
P, calc = 0.89+0.06 a8 i =3
ar I, (tp)calc
0 - A -
Need for a 30% renormalization ﬁ Z II|Il J,:'q!' Xp.::;:
of exp data = ¥ AR s ]
n-a [ fﬁ- ' [ o]
Gt 4 1% 3
I:L-I [ e _—
A AT T (T TR [T e

45 5 55 6 65 7 75 8

. 20py E* [MeV]
GANIL -
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce "((”’;’)) o Vv
o(n,

2. Let's look at surrogate reactions

a. Comparison of experimental and calculated P at S,

Incident neutron energy [MeV]

0 051 14
Pf exp:0_6+0_06 Crameretal.(1970) 1_I mimrmmnrimmmnmrnm IIIIIIII IIIII II*
) UBE gl s
P: calc = 0.89+0.06 o8- : % =
ar I, (tp)calc
0 - A -
Need for a 30% renormalization ﬁ Z lIIII J,:'q!' Xp{;:
of exp data - Pl e
E-_'g-— f{'.':‘ ! 5'" ]
0L 1 ' -
Estimated systematic uncertainty i ibisislowiiligialonantiiif]

~30% 45 5 55 6 65 7 7.5 8

Back et al. (1974) - 240py E* [MeV]
[ cea
CANIL 0
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The experimental value, red symbols, and the
calculated value (red line) at Sn are plotted here
and differ of about 30 %



A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce U("’Jf/)) o Vv
o(n,

2. Let's look at surrogate reactions +++

a. Comparison of experimental and calculated P at S, - Need for a renormalization of exp data

b.|Barrier height estimates ++4+4
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A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce

2. Let's look at surrogate reactions

a. Comparison of experimental and calculated P at S, -

b.|Barrier height estimates

T

olny) o o
o f) ©

b

Need for a renormalization of exp data

c. Intermediate resonance structures ‘ damping strength of p-vibrations

o
T

*%py* fission probability

stlrong
damping S

.
wt ‘53 Ay g

incomplete
damping

|d.pl) Clas=al o & {1978 3

a
© {pi) Cmmer sal {1970) x 1235
& (dp) Backet &l 1371)
— This wark id gf] =01
o == This work d gl K =10
— This wark ) K il 1
— — This work Lo} K= 1.0

oo Ee

CANI

&
E xcitation energy [MeV |

Does the damping strength of §-
vibrations modify ocac(n,f)?
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A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce %

ny ,
o(n,f) ~

2. Let's look at surrogate reactions

a. Comparison of experimental and calculated P at S, -

v

b

Need for a renormalization of exp data

b.|Barrier height estimates

T

c. Intermediate resonance structures ‘ damping strength of p-vibrations

T
strong

damping ; e

o1 ]

-]
a

*%py* fission probability

oot ES L

incomplete
damping
|d.pl) Clas=al o & {1978

itpd) Cramar stal. {1970) x 135
{d.pf) Back e . (1971)

v This e d ] K01

o == This work d gl K =10

— Thi w0 K
— — This work Lo} K= 1.0

1 T

‘S‘T iy o
n

Fu (n f) cross section [b)

=01

239

+ TEMDL-2017

damping .

s im g T TSR —

ENDF/B-VILD

Boadand, Lynn and Talou (2013} [Strong dampang]
Thia work [ Incomplete damping]

Tovesson et al. (2010)
incomplete

da

&
E xcitation energy [MeV |

el
1

Toal
Incident neutron energy [eV]

108
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A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce ‘7((") y) > vV

a(n,f)
2. Let’s look at surrogate reactions +++
a. Coml exp data
blBarr The damping strength of p-vibration :
- can be extracted from surrogate reaction data
c. Inter
o - It's relevant for the n-induced o calculation .
z |
E
a
E o - e e
| itaf) pal. (1970) x 135 = M @
4 n\f’gm P s =
. / oy — This wark id o) K01 =
QE 5 5 o == This work d gl K =10 mn_
o m— This work .0 -(D-n.l =] stron
— — This work Lo} K= 1.0 1 L
damping .
oo . ' L oot 12 T ek !

&
E xcitation energy [MeV |

Incident neutron energy [eV]
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A school case : ?*°Pu*

1. Test on n-induced data : does the model reproduce ‘7((") y) > vV

o(n,f)

2. Let's look at surrogate reactions

a. Comparison of experimental and calculated P at S, -

b.|Barrier height estimates ++4+4

b

Need for a renormalization of exp data

c. Intermediate resonance structures ‘ damping strength of p-vibrations ++4++

d. Intermediate resonances in individual J* Ps - The small contribution of 1* Ps
explains the s-wave o(n,f)
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Conclusions and perspectives

& . . . . high target accuracy
§ Challenge : high quality evaluations of o(n,f) for heavy nuclei . )
fissile nuclei
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high target accuracy

Q
Challenge : high quality evaluations of o(n,f) for heavy nuclei . )
fissile nuclei

Simultaneous and coherent analysis of P; and o(n,f)

’g Use surrogate reaction data to refine nuclear model parameters

HO

v Uncertainty on calculated P; ~6.3%

<

Estimate fission barrier heights
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Estimate damping strength of f3-vibrations

AN

Consistency test of existing surrogate and n-induced reaction data

CANIL

P. Marini In memory of Olivier WONDER 2026 12



Conclusions and perspectives

high target accuracy

Q
Challenge : high quality evaluations of o(n,f) for heavy nuclei . )
fissile nuclei

Simultaneous and coherent analysis of P; and o(n,f)

’g Use surrogate reaction data to refine nuclear model parameters

HO

v Uncertainty on calculated P; ~6.3%
v Estimate fission barrier heights
v Estimate damping strength of f3-vibrations

v Consistency test of existing surrogate and n-induced reaction data

Modeling of and
experimental comparison
to (n,2n) data

. _» analysis o
Simultaneous of ALL deexcitation channels
S A measurement
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P. Marini In memory of Olivier WONDER 2026 12



First simultaneous evaluation of fission probabilities and neutron-
induced cross
sections for the Pu fissile isotopes

Thank you for your attention

In memory of Olivier
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237Pu*

238Pu*

242PU* Theory improvements
u

244PU* Input parameters

Standard HF + fission

Monte Carlo
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The fissile Pu isotopic chain : 237-244pyx*

237Pu*

tu, (2Pu)=2.85y  very few n-induced o data Gerasimov et al. (1997)

Gromova et al. (1990)

Z'Np(®He,t) data available  Gavron et al. (1976)

Incident neutron energy [MeV]
L 05 1 15

. 0.5 0 2
F 0 A TTEr LT v No evi ibrati :
osf L i o evidence of Strong f-vibration dampin
ZosE f}il : I { T ) 4 intermediate structures - 9b Ping
Eo.'f%— 1 —i
éc.e; i . 3 v (Va,Ve) = (5.70, - Fissile nucleus
Sosf ' 3 5.10)MeV < S,
& oaf y 10 E
Tosp S : E v Truncated gauss
B o2f B E distribution centered
°-'§— 7 This wark [st"ung’oo\.;rn'x; hypothesis] _; around 237Pu(gS) (J:7/2)
g E B 5 T 75 B
Excitation energy [MeV]
S~ 7
v

Very good agreement of exp and calc Py
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The fissile Pu isotopic chain : 237-244pyx*

237Pu*

tu, (2Pu)=2.85y  very few n-induced o data Gerasimov et al. (1997)

Gromova et al. (1990)

Z'Np(®He,t) data available  Gavron et al. (1976)

Incident neutron energy [MeV]
05 15

g1 0.5 [ 1 2 : :
ET T T T T LLes ARSI BN
oof : :f 4 I I T T % } t L = omEmyig
=o8F o] 1 { E o E-o\.l‘.‘nd‘?‘_yrn’[ﬂou 2013
g F I E — TENDLZ017
£ Al
B oo i ! E
2' i ! £ Brim et @l {1979) [HSAM)
& 05k g | Hughes o al 2014) [SRaM)
@ o.F pon 3 Gorasmav et al. {1997) [induced]
i E ] | E Cromeorea of 3 {1930) [rrincucad]
& 03f 4 ] E
8 oaf ’ E
E m Gawon et al {1976) 3
o-‘:‘_ F This werk [atrong coupling hypothesis] E
0= IS 5!5 Eli 6!5 ;‘ II.S -& ‘5 Feara AT e | AR e
Excitation energy [MeV] [T e 08 {E]
Incident neutron energy [eV
N Doubts on Gerosimov’s data below 50keV
=> on evaluations [but P; dependence on
Very good agreement of exp and calc P; J of (®*He,t) not investigated]
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The fissile Pu isotopic chain : 237-244pyx*

238p*
tuz (33"Pu)= 45d no n-induced o data

Z7Np(®He,d) data available Back et al. (1974)
Gavron et al. (1976)

Incident neutron energy [MeV]

A e e
osf R s 3 _ v No evidence of - Strong b-vibration damping
Z08F [l PP intermediate structures
fo T T
'E“i- L i 3 v (Va,Ve) = (5.65, - Fissile nucleus
S sk o/ 'g 3 5.45)MeV < S,
.& E n o E
& oaf Y | 3
7 osf o ! 3 v Truncated gauss
8 o2f Ve " TelMedy sakaat ra7ergi) 3 distribution centered
ME PR ik el around *'Pu(gs) (J=7/2)
Vi S S TR RS S A T

Excitation energy [Me V]

—

Very good agreement of exp and calc Py
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The fissile Pu isotopic chain : 237-244pyx*

238Pu*

tuz (33"Pu)= 45d no n-induced o data

Z7Np(®He,d) data available Back et al. (1974)
Gavron et al. (1976)

i Ilsl'ldde:'ltm;itznne;mrqyo[sm\ffl i L U L L R N L R R R R
R L ABARamaasass socasnaassasanssssr o BeE ctal {1975 HEAN) e RN 1
(113 | 3 iy B Hughesstal 2014 [SAs] — — JT_Er_\F%-gm? ]
E I 3 1 EF 1
~0sf J “'F‘- o “ T A_- % o BauadiLyrm Tadau (2013
o e o 5 v m= JENOL4 D i
EorE i ¥ | G Hall Tris werk ]
'E. E ) ! E g \ ]
115 " i E T+
E &~ 1 | L
e E i 3 TLﬂ' ]
§ osf , | S, ] E [J m%\ TI.T.—_TITTTTIPTT_E ]
04k g ! 3 an IoL ; =L ]
L 2 R N e e
£ 03f A E Eap ~. {iﬂt{ti ]
5 02f > m e df) Back o al [1974-Figi1] T ™ ﬂ'f
0.\5— .v‘,,: » a Z”’vHJNe.d:Gacanad.:IQ?G\ _E E | » /’ i
E J This werk: {He ) g LD 4 E ]
™, | s e e R s T R 1
a5 5 55 3 65 T 75 8 85
Excitationenongy MoV} 1f.l 10—1@ EGLCB &:m du-\l\m &lm
Incident neutron enengy [eV]

- _/
e

Very good agreement of exp and calc Ps Not in agreement w/ JEFF 3.3
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242 Pu*
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The fissile Pu isotopic chain : 237-244pyx*

242p* v Good agreement at Sn with Cramer at al.

v i ,
11% of total Pu mass in mixed oxide fuel Renormalization needed for Back’s data
Tovesson et al. (2010) v (Va,Ve) values from Back et al. do not
Szabo et al. (1973) reproduce s(n,f), while values from
literature and ours do (5.30,5.30)MeV

n-induced data

249Pu(t,p) data available Back et al. (1974)

Cramer et al (1970) s .
v Doubts on Tovesson’s n-induced data

v

L THG el with CramerB Bt (1990) barier heights 1 1| . .
ol + puiph CranersBr PRG 22080 1970 Pl _ v In agreement with evaluations
ok **“Pult,pf) GramarBBirat NSE 41 (1570} Fig3 T T/ s
% CE* MUPultpt Back et ol PRC,1824 (1974) T LAty | 4 T———TrTT ————— ——
% [ 3 i) — JEFF33 :
= .11 — = ENOFB-VIILG y
E‘-ﬂs o = — . This work w/ Back's parameters (1974) 1
2 04 I E e This work [incomp lete damping] 1
B E: a s Thia wik; [trong damping] =
< 03 ] i «  Towesson etal (2010} ]
g N 4 Szabo etal (1973 ]
: 58 K
o Pralfh| 3
» Tl W
robats B it < N
82 44 46 484 B 52 54 56 S8 6 62 64 BE D_:I 2
Excitation energy [MaV] 3
o
S o B
i - V- 3
PR | N A el
10000

Tailh =06
Incident neutron enemy [eV]
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CANIL

The fissile Pu isotopic chain : 237-244pyx*

242Pu*

11% of total Pu mass in mixed oxide fuel

Tovesson et al. (2010)

n-induced data Szabo et al. (1973)

249Pu(t,p) data available Back et al. (1974)

Cramer et al (1970)

! T‘msuhv.k[llmn};!ae'danémgj' o :'
|
i

035 = This wark [sireng damging]

E o *pujipy Backera (1974) 2 1.34

2Py figgion probability

L oo Lo ]
6 B8 & &2 64 66 68 7

4 42 44 46 48 85 B2 &

4 5
Excitation energy [MeV]

IS at 5.4MeV reproduced with
incomplete damping

v Good agreement at Sn with Cramer at al.
v Renormalization needed for Back’s data
v (Va,Ve) values from Back et al. do not
reproduce s(n,f), while values from
literature and ours do (5.30,5.30)MeV

v Doubts on Tovesson’s n-induced data

v In agreement with evaluations

— JEFF-3.3
= EMDF/B-VIILG
=« This work w/ Back's parameters (1974}

mmmm This work [incomplete damping] 1
- e Thiiis wroe [ strong dampéing] -

“ae «  Tovesson etal (2010} ]
4 Szabo etal (1073

=

o

Pu (nf) cross section [b]
T
F ‘E“‘_‘
¥

241

5 -
| Pl N B P |

=

e Tale
Incident neutron enemy [eV]
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The fissile Pu isotopic chain : 237-244pyx*

v Renormalization needed (13%)

244 . : ;
Pu* v (Va,Ve)=(5.30,5.25)MeV in agreement with theoretical
] calc (Va-Vs) but significantly different from other authors
tiz (***Pu)= 4.95h no n-induced o data Too little info on IS at 5.3MeV

22py(t,p) data available g;ii?:i :;a(ll.g(izzo) v s(n,f) Eﬂ:;ggtg\\f good agreement

a) absence of width fluctuation correction factor in
exp data

b) o(n,fcac < OrenoL €t Oserr

¢) o(n,feac NOt in agreement with ENDF (choice of
(Va,Ve))?

Pu® fission probability

Opening of
(n,n’)

24

o

ke 3 :
AR RS LALARN RAR A DAL N RD ALY AR

d e
42 44 46 48 A0 G2 64 A6 A8 &0 B2 64 66 &8 70
Excitation energy [MeV]

| . Thes work [incompéete dampang]
= == TENDL-2017

= = ENDFEB-VIILO

2w w JEFF-33 I =
0 H3RM inference rom (1,pf data b Gramer & Bt (1970

— Bouland, Lynn and Tabou (2013) [sirong damping]

Pu (m, fj cross section [b]

24
o
=

PR | P S| MR
To+ 05 To+ 06

Incident neutron energy [eV]
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Standard HF + fission
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Standard HF theory

Average n-induced reaction cross section 0, (E)=2 [0 (E,,J")BL(E)W, .(E,)]
G

In-out-going channel width fluctuation
correction factor

1
J+s

I+=
2
N-induced CN partial formation cross section  o<"(E,,J")=nig, Y, 2. Ti”(’s)(En)

l‘ 1=|J—-s]|
2

s=|I—
Incoming n transmission coefficient T (E,)=1—exp(—2x5,(E,))
n strength function

Heavy nuclei + low En => we can use s- and p- wave Sl extracted from the

analysis of the energy-resolved resonance region and from the fit of
average cross sections below 300keV

$,=1.044%10™*  even-l waves

S,=2.48%10"* odd-I waves
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Standard HF theory : exit channels

Transmission coefficients :

- n channel : T)(E,)=1—exp(-27S,(E,))

J” T
- other channels : Ti‘:2ﬂ<r_y> (I'},) Average capture width
)

D, Average resonance spacing for a given (Jp)

obtained with the combinatorial quasiparticle-
vibration-rotation (QPVR) model

- fission :
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Standard HF theory : fission exit channel

Potentiel Total width for class-I states :
enargy A Bohriransition states on op of each barrier hump A and 6 I ic 4+ | o+
808y | A A e (e astic + inelastic gamma)

o

F}LIIOINF)LIH-FFAIH'-'-I‘AI}/

Total width for class-Il states :

| P IR IPPTOL ) Ip

where the class-Il fission width is
DAH
2

Deformation (¢) 'S5 (Tonap= T,  Transmission coeff

through outer barrier

and the class-II coupling width is

D,
<Fw(¢)>: ) ]: T,

Standard HF + Aage Bohr fission theory

7 @, a, = Class-II width fluctua-
Un,f(En):Z {GEN(En:J )[ Z Bf (E@I (@Mﬁ,f(Ex)} tion correction
T

aze”

c \“ u I Impact the calculation of <o(n,f)> for Pu
AN
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Standard HF theory : fission exit channel

Potential Total width for class- Il states :
@nargy  A.Bohriransition states on iop of each barrier hump A snd B

#" ag =N "t a=N ~
Sy [+ i e | IPPD PR IPRTOL ) ISP

Fission BR for a specific outer barrier
transition state

B"=T(a,)IT

total
Deformation (£)

Depending on the E* the average formulation of B changes :

At low E* the discrete structure of class-II states impact the fission transmission coefficient T; =>

T, : Damping transmission coefficient in the first well = sum

B'=f of particle and gamma emission transmission coefficients

T,
Tf

c \“ u I Impact the calculation of <o(n,f)> for Pu
AN

P. Marini In memory of Olivier WONDER 2026



Monte Carlo
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Monte Carlo form of HF equations

Potential

@nergy A Bohriransition states on lop of each barrier hump A and B
" “vag =N " a=N

5 ,.E” L B Nau © O Ny

on,f(En)zg{af”(En,J”)[ 2 BE(E)WR(E)IW, (E,)

aze]”

a) Analytical solution

L

no correlation between statistical class | and Il state
width fluctuations and the shape of the barrier

Deformation (£)

a) Monte Carlo algorithm

L

Calculate average observables accounting for statistical
nuclear data fluctuations under the relevant IS

Impact the calculation of <o(n,f)> for Pu
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Monte Carlo route

Potential
@nergy  A.Bohriransition states on iop of each barrier hump A and B
SpEy e L. ol "

o

Deformation (£)

on,f(En)zg{af”(En,J”)[ 2 BE(E)WR(E)IW, (E,)

aze]”

1) R-matrix average parameters for each (En,CN, residue)
are calculated using :

- HF transmission coefficients

- mean level spacing

- <FLU(¢)>

scu <FMM> used to evaluate the average of the squared

coupling matrix elements

D
<<A'II|HC|)LI>2>:F).H(¢)E;

They describe the coupling across the inner barrier of each
class-ll state, M, to its neighboring class-I levels, A

Impact the calculation of <o(n,f)> for Pu
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Monte Carlo route

Potential
@nergy  A.Bohriransition states on iop of each barrier hump A and B
" “vag =N ¢+ a=N
A B ]
Sni-E” - F

on,f(En)zg{af”(En,J”)[ 2 BE(E)WR(E)IW, (E,)

aze]”
Sn
D
1) (A HIAN=T, —
2 ) << H| c| 1>> ;.H(&)zﬂ,

2) class-l state energies are generated from a Wigner
distribution corrected for long-range correlations using D,

L 1
T T T T T T T T
a 01\‘3'2/ 03 04 05 0§ 07 048

Deformation (£)

D, calculated using either Gilbert and Cameron’s law, or
the QPVR level density model

Impact the calculation of <o(n,f)> for Pu
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Monte Carlo route

Potential
@nergy  A.Bohriransition states on iop of each barrier hump A and B
" “vag =N ¢+ a=N
A B ]
Sni-E” - F

an,f(En)zg{af”(En,J”)[ 2 BE(E)WR(E)IW, (E,)

aze]”
Sn -
o] D
1) (A HIAD=T,, \—
= ) << H| c| 1>> ;.11(&)2”

2) class-I state energies are generated using D, from the
QPVR level density model

@ @ TZ 03 04 05 Gs 07 o0a
Deformation (£)
3) class-Il state energies are generated using D, ;
diagonalizing a 5x5 diagonal matrix, whose diagonal and
non-diagonal elements follow a Poissonian and a Gaussian
distribution, respectively

c \“ u I Impact the calculation of <o(n,f)> for Pu
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Monte Carlo route

Potential
@nergy  A.Bohriransition states on iop of each barrier hump A and B
" “vag =N ¢+ a=N
A B ]
Sni-E” - F

an,f(En)zg{af”(En,J”)[ 2 B(E)W(E )W, (E,))

aze]”

D
1) <<A'H|HC|A’I>2>:FJ.H(¢)E;

2) class-I state energies are generated using D, from the
QPVR level density model

Deformation (£)

3) class-Il state energies are generated using D, ;

4) class-l n emission I';; +T', .
class-l coupling I'; 7, width amplitudes
class-Il fission I';ya
individual (A,|H |A,)

sampled from a gaussian distribution
around their mean value p and

o=v2p

Iiy,Tin, Do notfluctuate => average value for each studied E*
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Monte Carlo route

Potential

@nergy A Bohriransition states on lop of each barrier hump A and B
" “vag =N " a=N

5 ,.E” L B Nau © O Ny

o

on,f(En)zg{af”(En,J”)[ 2 BE(E)WR(E)IW, (E,)

aze]”
Sn -
o] D
1) (A HIAD=T,, \—
= ) << H| c| 1>> ;.H(&)zﬂ,

2) class-I state energies are generated using D, from the
QPVR level density model

Deformation (£)

3) class-Il state energies are generated using D, ;

AT+, 00 Cones (AyHJA,) sampled from gaussian,I';;,. T, average value for each E*

median

5) get the median energy of class-Il states sampled energy — A},

il compared to class-l state mean level spacing D, Class-Il state that mainly contribute to
the fission width of the corresponding
final R-matrix eigenstates
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Monte Carlo route

Potential
@Rergy  A.Bohriransition states on lop of each barrier hump A snd B

SEg

AL <4p,,. Narrow class-ll state hypothesis : exact calculation of class-I
T and class-Il admixture coefficients in the final R-matrix
eigenstates performed

median Broad « median » class-IlI state : its major contribution to the R-
I e=4D,,. L .
4 matrix eigenstates is computed from the calculated average
class-l1 and class-ll parameters and from the class-Il coupling !,, from the
width. Second-order contribution is calculated assuming a
= Lorentzian pattern into the final R-matrix eigenstates

D)LH
AT r each E*
5) get the median energy of class-Il states sampled energy — A7
I ier compared to class-l state mean level spacing D, , Class-Il state that mainly contribute to

the fission width of the corresponding
final R-matrix eigenstates
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Monte Carlo route

Potential

@Nergy A Bohriransition states on lop of each barrier hump A and B
" “vag =N " a=N

Sn"EII L B Nau © O Ny

an,f(En)zg{af”(En,J”)[ 2 B(E)W(E )W, (E,))

aze]”
% |
az] D
2\ _ I
| 1) <<A’H|HC|A’I> >_F;.H(¢)Zr

2) class-I state energies are generated using D, from the
QPVR level density model

Deformation (£)

3) class-Il state energies are generated using D, ;

AT+, 00 Cones (AyHJA,) sampled from gaussian,I';;,. T, average value for each E*

5) calculation of class-l and Il admixture coefficients and final R-matrix eigenstates widths and
energies

6) partial n-induced o are calculated within the Single-Level Breit-Wigner approximation
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Theory improvements :

surrogate reaction P
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Modeling of surrogate reaction P

n-induced reaction surrogate reaction
da b Onc(E)=0"(E)x X [ populated distrib (E, ), BR..(E,)]
— - /
n V
A-1 “ 174 D Deexcitation probability
A*

P}, o(E)=2. .[J" populated distrib(E,),,,* BR.. (E,)]

703
e .0
F B
,,
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Modeling of P: in g-vibrational resonance region

Medium and giant-size resonances observed in o(n,f) —» double-hamped B; as a function of elongation

The Hamiltonian :

H = H +Hini (S Bo)  +HC(BT; Bo)
\ governing the interaction between
mode and the intrinsic excitations T
governing the collective
elongation mode 3 governing all other collective modes

other than §, single-particle
excitations, rotational motion

In the R-matrix formalism class-Il states are :

() _ A () —
X3, —Z,,,VCMX,ACDV(H) > Vibrational wave
function

intrinsic wave function
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Modeling of P: in g-vibrational resonance region

In the R-matrix formalism class-Il states are :
() _ Au (1r) . .
X5 = Z,,, ,CivXu® ) > Vibrational wave
function
intrinsic wave function

Purely vibrational state

() (11)

X5 =X P o)

—
Eigenfunctions of Hi, for the lowest

intrinsic state at saddle

Verified only if the energy of this state is very
close to the second well gs energy
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Input parameter database

The set of used parameters allows us to correctly reproduce the experimental o(n,f) and o(n,y) for
6Py to 2#Pu, for En=few keV up to 5.5MeV

+

CS Jp distribution for chosen surrogate reaction

(Va,Vs) and (hwa, hwg) are ispin independent for e-e nuclei
the spin dependence is estimated fitting o(n,f) data for E.>100keV

Low-lyng class-I states : taken from ENSDF and expanded with additional levels to complete the
rotational bands predicted by QPVR model up to ~1.1MeV E*

At higher energies : QPVR model
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