Statistical Nuclear Reactions
&
Quantum Pre-Equilibrium Models

Benjamin MENANT

benjamin.menant@cea.fr

IJCLab, 16/04/2026

supervisor : Marc DUPUIS director : Cyrille DE SAINT JEAN



Contents

1. Statistical Nuclear Reactions

 Single Resonances

« Overlapping Resonances

¢ Nucleon-channels reactions at £, < 10 MeV
« Statistical Reaction Theory

2. Random Matrix Theory & Nuclear Physics

o Symmetries & Chaos
e Randomness in Shell-Model

3. Quantum Pre-Equilibrium Models

« Intermediate Structure & Pre-Equilibrium Emission
» Microscopic Projectors

e Microscopic Projectors

» Nucleon-channels reactions at 10 < £, < 30 MeV
» “Heidelberg Group” Theory of Pre-Equilibrium

o Summary & Challenges



Statistical Nuclear Reactions




Single Resonances

Cross Section (b)

90-Th-232(n, total) ENDF/B-VII.1

E+3 4
E+2 o
E+1 4 ‘ :
| | | :
1.00E+1 3.60E+1 6.20E+1 8.80E+1 1.14E+2 1.40E+

Incident Neutron Energy (eV)
Figure 1: 1 + 232Th (from NNDC)



Single Resonances

Compound Nucleus Formation

Cross Section (b)

90-Th-232(n, total) ENDF/B-VII.1 |

E+3 4
E+2 <.
E+1 4 . -
} } | }
1.00E+1 3.60E+1 6.20E+1 8.80E+1 1.14E+2 1.40E+

Incident Neutron Energy (eV)
Figure 1: 1 + 22Th (from NNDC)



Single Resonances

Compound Nucleus Formation

1
form Quasibound state of lifetime ~ T

Cross Section (b)

90-Th-232(n, total) ENDF/B-VII.1 |

E+3 4
E+2 <.
E+1 4 . -
} } | }
1.00E+1 3.60E+1 6.20E+1 8.80E+1 1.14E+2 1.40E+

Incident Neutron Energy (eV)
Figure 1: 1 + 22Th (from NNDC)



Single Resonances

Compound Nucleus Formation
: . 1
form Quasibound state of lifetime ~ T

Compound Nucleus Decay

Cross Section (b)

90-Th-232(n, total) ENDF/B-VII.1 |

E+3 4
E+2 o
E+1 4 . -
} } | }
1.00E+1 3.60E+1 6.20E+1 8.80E+1 1.14E+2 1.40E+

Incident Neutron Energy (eV)
Figure 1: 1 + 22Th (from NNDC)



Overlapping Resonances




Overlapping Resonances

[MeV) A O A o e p~eVeE




Overlapping Resonances
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Statistical Reaction Theory
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Statistical Reaction Theory
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Symmetries & Chaos

« Which matrix ensemble for which symmetries
— 3-fold way by Wigner, Dyson (1950s, 1960s)
- 10-fold way (~ Cartan) by Altland, Zirnbauer (1997)

- non-Cartan way for non-Hermitian Hamiltonians (RPA...)
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Randomness in Shell-Model

« 1970-1971 : TBRE (Two-Body Random Ensemble)
« GOE vs shell-model
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Quantum Pre-Equilibrium Models
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Intermediate Structure & Pre-Equilibrium Emission
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Microscopic Projectors
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Pre-equilibrium emission examples
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Pre-equilibrium emission examples
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Pre-equilibrium emission examples
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Pre-equilibrium emission examples

P space

Q) space

HN_l + ﬁopt(N) + Vopt

« only through P-space emission {4y} :
— Multi-Step Direct emission

MSD

Hg' + Vg

16



Pre-equilibrium emission examples

HN-1 4 B (N) + 7,

opt

« only through P-space emission {4y} :

& — Multi-Step Direct emission
S
& MSD
R
Q
Q
S
&
c (@—=P)={".1 T}
3 < Multi-Step Compound emission

MSC

N N
=] R
16




Pre-equilibrium emission examples

HN-1 4 B (N) + 7,

opt

« only through P-space emission {4y} :

& < Multi-Step Direct emission
S
& MSD
R

............................................... F (P @) =4 )

< gradual absorption

W
Q
S
3 @ P) = {1
@ Y Y *

< Multi-Step Compound emission

MSC

N N
=] e
16




Pre-equilibrium emission examples

HN-1 4 B (N) + 7,

opt

« only through P-space emission {4y} :

& < Multi-Step Direct emission
S
& MSD
R

............................................... F (P @) =4 )

< gradual absorption

W
Q
S
3 @ P) = {1
@ Y Y *

< Multi-Step Compound emission

MSC

N N
=] e
16




Microscopic Projectors
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Nucleon-channels reactions at 10 < E_, < 30 MeV
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Nucleon-channels reactions at 10 < E_, < 30 MeV
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Nucleon-channels reactions at 10 < E_, < 30 MeV
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MSD & MSC contribution
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“Heidelberg Group” Theory of Pre-Equilibrium
.« CN (VWZ) [2]

o MSC (NVWY) [4]
— weak-coupling limit (equivalent to AWM [5])
< numerical implementation [6] in the weak-coupling limit
— and the more general strong-coupling limit — systematically emphasized as more physical
< no implementation (requires enhanced level densities)

« MSD (NWY) [7]
— assuming 1, ; is 2-body type — same description of N — 1 nucleon system as N — common inputs with NVWY [8]
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Summary & Challenges

e Quantum pre-equilibrium models assets :
- J, 7 conservation = correct angular distribution & residual nucleus population
— structure inputs
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e Quantum pre-equilibrium models assets :
- J, 7 conservation = correct angular distribution & residual nucleus population
— structure inputs

- at CEA/DAM/DIF

v/ MSD X MSC

— 1-SD : (Q)RPA for spherical & deformed nuclei

— 2-SD: - adding multiple (Q)RPA-phonons raises questions
- “on-shell’-like approximation for intermediate states

« MSC challenges
e MSD challenges

HN—l
- H(J)Nil + ‘/OJ\T_1 + ﬁ’opt(N) + 170pt

— stochastic model “NVWY” leads to 2 results :
- weak-coupling (/)
- strong-coupling (% ) — physically more relevant

- (P — @) gradual absorption : o 7 s Lt : MSD equilibration competition
- state space systematics — criticized recently ~ extended (Q)RPA models
- MSD effect on MSC (class dependent optical model...)
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Any question ?
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