Shape evolution, mixing and coexistence around

Z = 30-48 studied with beyond-mean-field methods
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Introduction

1. Introduction
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* Intrinsic nuclear shapes can be inferred from the experimental data (energies and
electromagnetic moments and transitions) by comparison with the predictions given by
geometrical (simple) models.
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Figure 1.12. Schematic level schemes of spherical and deformed nuclei. (From
[SDG 76}.)

P. Ring and P. Schuck, The Nuclear Many-Body Problem
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Introduction

1. Introduction

* Collective models are based on the parametrization of the nuclear radius with
a multipole expansion

R(Q) =c(a)Ry |1+ mzax Z ax, Yy, (2)
A=2 p=—\ )

Quadrupole-octupole shapes
B,=0.6, B3,=0.35

aXlaI quadrup0|e Shapes P. A. Butler, W. NazareW|cz Rev. Mod Phys 68, 349 (1996)
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Introduction

1. Introduction

Can we provide a microscopic description of these
collective phenomena®

Quadrupole-octupole shapes
B,=0.6, B3,=0.35

(
| =2 =3
axial quadrupole shapes P. A. Butler, W. Nazarewicz, Rev. Mod. Phys. 68, 349 (1996)
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1. Introduction

The nuclear many-body problem is solved using

Gogny energy density functional as the underlying nuclear interaction

Symmetry conserving configuration mixing (SCCM)
A.K.A.

Projected generator coordinate method (PGCM)

Multi-reference energy density functional (MR-EDF)

to solve the quantum A-body problem
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Theoretical framework

1. Introduction

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak T Py PN PYPT|®(q))

I'=(JMNZn) qK
“basis” states

Intrinsic (HFB-like, Bogoliubov quasiparticle vacuum) state:

9(2)) > Bu(0)|2(@) =0 ¥ ¢ 5;f<q>a,

variational!

We minimize the particle number projected energy functional

even-even

— (2(q)|\Q12(q))

e E%’NVAP |®(q))] =

Do

Constraints q —> quadrupole deformations; octupole deformations; pairing content; intrinsic rotations

(®(q)|HPY P?|®(q))
(®(q)| PN PZ4|®(q))

M. Anguiano, J. L. Egido, and L. M. Robledo, Nucl. Phys. A 696, 467 (2001).
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Theoretical framework

1. Introduction

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

I MNZmy _ Z (;];]yKNZ

I'=(JMNZn) qK

“basis” states

Symmetry restoration
laboratory frame

J .
P —> angular momentum projector
MK 9 Pro] fixed-body

frame

PN —> neutron number projector

PZ —> proton number projector

P i —> spatial parity projector
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Theoretical framework

1. Introduction

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foai P PN PYPT|®(q))

I'=(JMNZn) qK
coefficients of the
linear combination

The coefficients are obtained by minimizing the expectation value of the Hamiltonian
(energy) with those coefficients as the variational parameters:

|} IR r L Hill-Wheeler-
Z (HqK,q’K’ o EaNqK,q’K’) fa;q’K’ =0 Griffin (HWG)
g K’ equation
HZK,q’K’ — @(Q)|ﬁPI%K/PNPZPW‘(I)(C]/)>7
NgK;qu/ — <(I)(Q)|PI%K/PNPZPW‘(I)(QI)>

Hamiltonian and norm kernels
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1. Introduction

Total energy surface (TES) Collective wave functions

Most relevant shapes to build an individual
SCCM state

PN-VAP energy in the triaxial plane:

- No angular momentum projection

- N0 shape mixing

- Wrongly named Potential energy
surface (PES)

= “probability"
- after angular momentum projection and
shape-mixing
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1. Introduction

Spherical

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 (MeV)

2

Shape-coexistence - First classification of the collective
quadrupole behavior of the nucleus based

on the total energy surfaces (TESs)

- Shape-coexistent TESs are rather
common in the Ni-Sn region

- Final theoretical interpretation of the
spectrum is given by the analysis of the
excitation energies, electromagnetic
properties and the collective wave
functions
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2. Multiple shapes in 84Mo, 80Zr and 119Cd
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Multiple Shape Coexistence (A)

2. Multiple shapes in 8Mo, 80Zr and 11°Cd

- Several minima in the total energy surfaces (TES) 84MO42

- Different collective bands are built on top of those minima
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2. Multiple shapes in 8Mo, 80Zr and 11°Cd

- Several minima in the total energy surfaces (TES) 84MO42

- Different collective bands are built on top of those minima
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2. Multiple shapes in 8Mo, 80Zr and 11°Cd

- Several minima in the total energy surfaces (TES) 84MO42
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Multiple Shape Coexistence (A)

2. Multiple shapes in 8Mo, 80Zr and 11°Cd

- Several minima in the total energy surfaces (TES) 84Mo04>
- Different collective bands are built on top of those minima
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» Shape coexistence in stable
cadmium isotopes

= Appearance of different bands with different
collective structures without a clear connection
with the underlying TES

= Prolate slightly deformed ground state band

= Triaxial-prolate deformed 2nd excited band

= Axial-oblate deformed 3rd excited bands

= Shape-mixing-prolate band

= Band-crossings are observed

= Pseudo-gamma-bands are observed

P. Garrett et al., Physical Review Letters 123, 142502 (2019)
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2. Multiple shapes in 8Mo, 80Zr and 11°Cd

Experiment
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= Slightly prolate deformed
minima are found along the
whole isotopic chain.

= Deformation is larger (and
almost constant) in the mid-shell
and smaller when approaching
to the magic neutron numbers
(N = 50, 82).

= A depression at 32~0.35, y~20
is found in 110-118Cd.

M. Siciliano et al., Physical Review C 104, 034320 (2021)

CGS17 | Grenoble | July 2023 | Shape evolution, mixing and coexistence around Z = 30-48 studied with beyond-mean-field methods | Tomas R. Rodriguez



= Slightly prolate deformed
ground state collective wave
functions are found after
performing PGCM.
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= Deformation is larger (and
almost constant) in the mid-shell
and smaller when approaching
to the magic neutron numbers
(N =50, 82).
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M. Siciliano et al., Physical Review C 104, 034320 (2021)
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= Slightly prolate deformed 24*
collective wave functions are
found after performing PGCM.
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= Similar to the 01* collective
wave functions except for 114Cd.
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Krypton ( Z=36 )

3. Shape evolution and systematics
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Krypton ( Z=36 )

3. Shape evolution and systematics
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Krypton ( Z=36 )

3. Shape evolution and systematics
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Molybdenum ( Z=42 )

3. Shape evolution and systematics

Total PN-VAP Energy Surfaces Ground state collective wave functions
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Molybdenum ( Z=42 )

3. Shape evolution and systematics

Excitation energies Ground state collective wave functions
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Ruthenium (Z=44)

3. Shape evolution and systematics

Total PN-VAP Energy Surfaces Ground state collective wave functions
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Ruthenium (Z=44)

3. Shape evolution and systematics

Excitation energies Ground state collective wave functions
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Zirconium’s puzzle ( Z=40)

3. Shape evolution and systematics

Total PN-VAP Energy Surfaces Ground state collective wave functions

14.0

14.0
12.0
10.0

14.0
12.0
10.0

CGS17 | Grenoble | July 2023 | Shape evolution, mixing and coexistence around Z = 30-48 studied with beyond-mean-field methods | Tomas R. Rodriguez



Zirconium’s puzzle ( Z=40)

3. Shape evolution and systematics

Excitation energies Ground state collective wave functions
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4. Summary and Outlook
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Summary and Outlook

4. Summary and Outlook

SUMMARY

* SCCM/PGCM methods provide a reliable description of nuclear structure observables.

* |t is a very flexible method to approach exact solutions although the present
implementation tends to favor correlations in the ground state (stretched spectra).

* The region Z=30-48 is rich in triaxial nuclei and shape-coexistent nuclei.

* Shape coexistence can be visible in the TES (several minima) and/or in the GCM
calculation (bands with different collective wave functions)

* The 2+ excitation energies of 96-98Zr cannot be reproduced with the present SCCM
calculations

OUTLOOK (and work in progress)

* Include additional degrees of freedom (cranking, 2qp-excitations, triaxial octupoles)

e Extend PGCM techniques to nuclear Hamiltonians (ab-initio, shell model, ...)
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