Contribution to the NUPECC LRP2024
Towards a complete description of nuclear fission

D. Ackermann?, A. Al-Adili?, A. Andreyev3, L. Audouin?, J. Benlluire®, R. Bernard®,
L. Bonneau’, O. Bouland®, M. Caamano>, A. Chebboubi®, M. Ciemala8, A. Dobrowolski®, D. Doré%, O. Dorvaux!?i,
N. Dubray?!?, J. Enders?3, S. Giuliani'4, D. Gjestvang®>, S. Goriely'®, A. Heinz'’, N. Jovancevic!8, B. Jurado’,
G. Kessedjian®, N. Kontowicz’, D. Lacroix?, M. Lebois?, J.-F. Lemaitrel?, A. Lemasson?, O. Litaize®, A. Maj8,
K. Mazurek8, B. Nerlo-Pomorski®, A. Oberstedt!®, S. Oberstedt??, N. Pillet!?, J. Piot!, K. Pomorski®, S. Pomp?,
D. Ramos?, L. Robledo?4, C. Schmitt!!, O. Sérot®, A. Solders?, S. Siem?>, L. Stuttgé!?, J. Taieb'?, |. Tsekhanovich’,
M. Warda?, J. Wilson?, A. Zdeb®
1/ GANIL, France, 2/ Uppsala University, Sweden, 3/ University of York, U.K., 4/ 1JCLab Orsay,
France, 5/ University of Santiago de Compostela, Spain, 6/ CEA, Cadarache, France, 7/ LP2|
Bordeaux, France, 8/ Institute of Nuclear Physics, Krakow, Poland, 9/ MCS University of Lublin,
Poland, 10/ CEA-Saclay, France, 11/ IPHC, Strasbourg, France, 12/ CEA-DAM, Arpajon, France,
13/ T. Universitat Darmstadt, Germany, 14/ Universidad Auténoma de Madrid, Spain,
15/ University of Oslo, Norway, 16/ Université Libre de Bruxelles, Belgium, 17/ Chalmers
University of Technology, Sweden, 18/ University of Novi Sad, Serbia; 19/ ELI-NP, Romania,

20/ JRC Geel, Belgium



The fission process

Before scission, deformed nuclei in contact
through the neck

Time

Fragments recover smaller deformation
E* release by prompt neutron emission

E* release by prompt gamma-ray emission

Extreme rearragement of nuclear matter from one to two independent nuclei!

Ternary fission: 0‘ rare process ~ 1/500 events



The importance of fission

/LT Huge amount of energy released per fission event:

.m. - @& . ~200MeV!

e o Few eV for combustion of a molecule of coal, gas

or oil...

*Nuclear technology: projuction of electricity, of radio-isotopes for medecine
*Fundamental science: production of RIBs, neutrino physics, superheavy nuclei

*Nuclear astrophysics, synthesis of elements via the r-process
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Fission sets the end point
of the r-process and
strongly influences the r-
process abundances and
light curves!



saddle point
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The importance of fission for fundamental nuclear physics
ground state
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Fission is a complete laboratory for studying nuclear dynamics over a broad range
of deformation under the influence of shell effects and correlations!

Many key fundamental nuclear properties enter into play!



The richness of fission observables

ground state  saddle point Barrier to well after scission:

Fission fragment yields
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Previous NUPECC LRP-2017

Only one dedicated subsection on photofission at ELI-NP
—> Fission subbarrier resonances
-=> Ternary fission

But the European fission research is much more than that....



Experimental projects



From the ground state to the fission barrier

Direct kinematics ‘

Neutron-induced
Fission cross —

Inverse kinematics

Fission probabilities
induced by —
transfer and inelastic
scattering reactions

B JRC-Geel, En = thermal to 24 MeV_\

NFS-GANIL, En=1-40 MeV — | Challenge: uncertainties of a few %!

n-TOF-CERN, En= meV-GeV Issue: target manufacturing!

sections __ Nuclei near 232Th 238 239py

Strongly motivated by applications.

"/AMOS@GANIL, new target-residue detector, Th beam under developmenr

ISOLDE-CERN with Solenoidal Spectrometer

Proton ejectile from transfer

Actinide beam
~ 10 MeV/u

Segmented Si array

Simultaneous measurement of fission, gamma- and
neutron-emission probabilities with high-quality cooled
beams and ultra-thin window-less gas-jet targets.

Further extensions: coupling ESR to Super-FRS and

Storage ring at ISOLDE?
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From the fission barrier to scission and de-excitation of fragments

‘ Direct kinematics ‘

I Neutron-induced fission I

Fragments A, E,, isomeric ratios + ternary fission?> LOHENGRIN-ILL with new ToF detector

Fragments A, E, and prompt y = JRC-Geel with VESPA-array
Fragments A, E, and prompt-neutrons > NFS with FALSTAFF & JRC-Geel with VERDI
Fragments A, E, prompt neutrons and v, isomeric ratios > Licorne-ALTO with Nu-ball2
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I Photo-fission

Fragments A, E,, prompt neutrons + ternary fission = ELI-NP

I Light-particle-induced fission

Fragments A, E,, prompt y = Oslo-cyclotron with OSCAR-array & new fission detector
High-precision isomeric and isotopic ratios=> Jyvaskyld with IGISOL Penning trap & MR-TOF, further development: neutron beam

Complementary: different fissioning nuclei under different initial conditions!
Challenge—> precise measurement of more and more observables simultaneously!
Issue: Target manufacturing!




From the fission barrier to scission and de-excitation of fragments

‘ Inverse kinematics ‘

I SOFIA-R3B@GSI/FAIR, Coulomb excitation & quasi-free proton scatt. p,2pf I

Twin MUSIC

Active (AE,0)1.2
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238U or LPb target
lighter RIBs —Utargets
at~ 700 A —— START
MeV central cathode -

anode planes —

MWPC 1
(X1,y1):,

MWPC 2
(x2,¥2),

ToF wall

flight path ~ 7.5 m

-Z and A of the two fragments and total
neutron multiplicity

-First demonstration of (p,2pf), evolution
with E*

*Further developments:

neutrons of each fragment
-Coupling to Super-FRS
-Development of a 2%2Pu beam

VAMOS@GANIL, transfer-induced fission & fusion

Drift
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238U, 232Th
or
lighter RIBs
at~ 6 A MeV

*Z and A of one fragment, control of E*
*Prompt gammas and neutrons with PARIS
*Further developments:

-New target-residue detector PISTA

-232Th beam and RIB from SPIRAL |
-Second fragment detection

-Gas-cell target _

-Coupling with NeuLAND to measure prompt

Access to
complementary short-
lived nuclei (pre-
actinides and actinides),
A and Z of heavy and
light fragments with
high resolution!
Challenge—> precise
measurement of more
and more observables
simultaneously!
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Theoretical projects



Modeling of the full fission process

Microscopic models: quantum-mechanical framework with mean-field approximation I

-Time-Dependent Generator-Coordinate Method (TDGCM)
Quantum fluctuations but no dissipation

-Time-Dependent Hartree-Fock-Bogoliuvov (TDHFB)
Dissipation but no quantum fluctuations

*Include dissipation in TDGCM

*Investigate role of tensor force and pairing

*Combine TDGCM and TDHFB

.

Stochastic models with macroscopic-microscopic potential, semi-classical I

Langevin equation

Inclusion of more and more degrees of freedom

*Microscopic calculation of level densities, inertia and dissipation coefficients
*Extend to quasi-fission

Semi-empirical model I

General Fission Model (GEF)
*Improve the model by using new available data

*Microscopic interpretation of observed regularities and parameter values
12



Modeling of specific parts of the fission process

| From ground-state to the barrier: Fission cross sections and probabilties |

Up to know, one-dimensional parabolic potential...
Viq)

Inner

barrier a; outer *Include more degrees of freedom in the description of

AR Qarrier the fission barrier
*Calculate barriers, single-particle, collective states and

level densities on top of the barriers using self
consistent mean-field models with pairing (HFB) and
a unique set of parameters for all nuclei

Potential Energy

Fission Scission
Isomer point

Deformation g

I Statistical scission-point model
SPY, state of the art scission-point model with microscopic ingredients (PES and level densities)

I Precise modeling of the de-excitation of fission fragments I

FIFRELIN
*Include more structure data and use a microscopic description of level densities and gamma-ray strength functions

All the 6 types of models are mutually enriching and require
high-quality experimental data for comparison and improvement! .



Conclusions



*The study of fission is important for fundamental physics but also energy
applications and nuclear astrophysics

*Fission is a very complex process and there is no complete
understanding yet

*Europe is world leader in the investigation of fission!

*Europe has fully competitive and unique experimental facilities to study
fission

*European groups foresee future experiments to investigate more
fissioning nuclei under different conditions and to measure more and
more observables simultaneously with increasing precision

*All types of models, from microscopic to semi-empirical, will be further
developed profiting from synergies between them and the new high-
quality experimental data
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