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The nuclear chart and the processes traversing it

Extrapolations in
nucleon number
energy
temperature
density

and all of that for
- ~7000 nuclei
- many reactions

what we need is models that should be

1. predictive....
2. butalso complete
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Skyrme Energy Density Functionals (EDFs)

Cnergy Coupling constants (~ 25 parameters) fitted to data

El~ | d°r {Cdp(r)p(r) + C”lT(r)p(r) + .. }

Local densities and currents of a wavefunction

Strong points How to move forward?

e simple wavefunctions but individual nucleons 1. search for a “better” EDF form

e based on “in-medium” N-N interaction 2. describe more observables simultaneously

e many observables accessible

e Feasible for ~7000 nuclei

3. include more physics in the wavefunction




Large-scale modelsin 1 dimensions

Spherical
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Large-scale modelsin 1-2 dimensions

Spherical Oblate Prolate
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Nuclear deformation

larger variational space

shape DOF characterized by multipole moments

capture correlations at modest CPU cost

intuitive interpretation




Large-scale models in 1-2-3 dimensions
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intuitive interpretation

More general configurations
e triaxial shapes
e reflection asymmetry

e clongated shapes
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Large-scale models in 1-2-3 dimensions

Ba20, P22 or Ba,7 B20, B30 B20, 22 and 330

Nuclear deformation More general configurations

larger variational space e triaxial shapes

shape DOF characterized by multipole moments e reflection asymmetry

capture correlations at modest CPU cost e clongated shapes

intuitive interpretation




Large-scale models in 1-2-3 dimensions

B20, B2z o1 Ba,7y B20, B30

Nuclear deformation

larger variational space

shape DOF characterized by multipole moments

capture correlations at modest CPU cost

intuitive interpretation

520, B22

More general configurations
e triaxial shapes
e reflection asymmetry
e clongated shapes

e spin densities and currents
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BSkG3 (2023) Masses [MeV] 0.741 0.678 ]0.631
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Prim. barriers [MeV] 0.88  0.44 ]0.33
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Fission isomers [MeV] 1.0 0.49 10.34
Max. NS mass [Mg] 1.8 1.8 2.3

e larger max. neutron star mass

e includes octupole deformation




Masses

G. Scamps et al,, EPJA 57, 333 (2021).
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e many nuclei are affected

e effects up to 2.5 MeV near Z~44




Masses

Proton number

G. Scamps et al,, EPJA 57, 333 (2021).
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e many nuclei are affected
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M. Hukkanen, W.R. et al., PRC 107, 014306 (2023).
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e effects up to 2.5 MeV near Z~44

e does help reproduce trends, e.g. Rh




G. Grams et al., EPJA 59, 270 (2023).
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Reflection asymmetry

e small number of known nuclei affected

e Near N=184:
o large effect up to 2.5 MeV

o dripline modified
o fission properties modified




Radii
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Systematics and details of charge radii

e rms (charge radii) ~0.027 fm

e complete charge densities

e ALL deformation affects radii!
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See talk by B. Maalé on Tuesday.




W.R. et al., EPJA 59, 96 (2023).

Fission barriers




L W.R. et al, EPJA 59, 96 (2023)
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o  octupole deformation
o triaxial deformation




. W.R. etal. EPJA 59, 96 (2023).
Fission
14 — Axial (2D)
121 —— Triaxial (3D)
10t — RIPL-3 values Rms o BSkG1 BSkG2 BSkG3
% al Masses [MeV] 0.741 0.678 0.631
8
= Radii [f] 0.024  0.027
= Prim. barriers [MeV] 0.88  0.44 [0.33
! Secon. barriers [MeV] 0.87  0.47 ]0.51
2 $ B, Fission isomers [MeV] 1.0 0.49 10.34
05 0F 10 1x 5.0 Max. NS mass [My] 1.8 1.8 2.3
Bao
Fission properties of 45 actinide nuclei .... to those of thousands of nuclei!

includes odd-A and odd-odds e calculations started: G. Grams

WL inner barriers exploit triaxiality

e pathfinding: S. Bara
WL outer barriers exploit

e big effort in code optimisation

o  octupole deformation
o triaxial deformation




Neutron stars
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Simulations of crust composition

e does nuclear pasta exist?

Work by N. Shchechilin
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Neutron stars

ATMOSPHERE
HYDROGEN, HELIUM, CARBON
OUTER CRUST
IONS, ELECTRONS
INNER CRUST rho_tot, f?
JONS, SUPERFLUID NEUTRONS N 0.0915
OUTER CORE
SUPERCONDUCTING PROTONS 0.0861
INNER CORE
UNKNOWN — 0.0807
[ 0.0754
0.0700
Max: 0.0915

Min: 0.0591

Simulations of crust composition

e does nuclear pasta exist?
e from ~200 to 25000 particles

o ..upto100.000 will be possible!

Work by N. Shchechilin
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Introduction

The force used in the Hartree-Fock-Bogoliubov (HFB) mass model is an extended Skyrme force (containing ta and ts
terms), along with a 4-parameter delta-function pairing force derived from realistic calculations of infinite nuclear and
neutron matter.

Pairing correlations are introduced in the framework of the Bogoliubov method. Deformations with axial and left-right
symmetry are admittet

The total binding energy is given by
Etot = Enra+ Ewigner
Where

« Enrs is the HFB binding energy including a cranking correction to the spurious rotational energy and a
phenomenological vibration correction energy
* Euigner=Vi xp(-A((N-Z)/A)2)+ViyIN-ZIexp(-(A/Ao)?) is a phenomenological correction for the Wigner energy.

The parameter set, labelled BSk24, is determined by constraining the nuclear-matter symmetry coefficient to J = 30
MeV and the isoscalar effective mass to M*s/M = 0.8 and optimizing the fit to the full data set of the 2353 measured
masses with N,Z > 8 (both spherical and deformed) of Audi et al. [Chinese Physics C36, 1287 (2012)]: the
corresponding root mean square error is 0.549 MeV for this data set.

More,

Please refer to Yi Xu, S|

ToP

tephane Goriely, Alain Jorissen, Guangling Chen, Marcel Arnould, Astronomy,& 549, A106 (2013) and the specified

literatures therein when using BRUSLIB,
Any comments or suggestions please send to S. Goriely % ulb.be
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Available right now for BSkG3:
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a. masses
deformations
charge radii
pairing properties
) rotational properties
2. Fission barriers for actinides

... or check the supplementary materiall

G. Grams et al., EPJA 59, 270 (2023).
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Conclusion

We build large-scale, microscopic models for (astro) applications.

Large-scale = thousands of nuclei and many observables.
Microscopic = simple wave functions yet complex symmetry breaking.
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