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Symmetry restoration

particle-number restoration operator

n 1 2 ; o
Py, = > i don edw(N No)

angular—momentum restoration operator

N, 20+ [T LI e A
P = > da [ dB sin(pB) dy Duix(a, B, 7)R(e, 8,7)
16m 0 0 0

K is the z component of angular momentum in the body-fixed frame.
Projected states are given by

+J
|IMq) = Z fi(K) Piw PZ PV |q) = > £i(K) |IMKq)

K=—J K=—J
f;(K) is the weight of the component K and determined variationally

Axial symmetry (with the z axis as symmetry axis) allows to perform the « and
~ integrations analytically, whereas the sum over K collapses, f;(K) ~ dko

see talk by L. Egido for further technical details
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Configuration Mixing via the Generator Coordinate Method

Superposition of angular-momentum projected SCMF states

|JMgK)  projected mean-field state
M) = zq:KZ;J Fou(a. K) [ IMak) { fi.(q, K) weight function

5§ (IMu|H|IMY)
6 (g, K) (JMv|JMv)

=0 = Hill-Wheeler-Griffin equation

> Z [Hi(aK,q'K') — E1n Ti(qK, q'K')] f1,(d'K') = 0

q/ K/7
with
Hi(gK,q'K') = (JMgK|H|JMg'K')  energy kernel
Z,(gK,q'K’) = (IMgK|IMq'K") norm kernel
Angular-momentum projected GCM gives the
» correlated ground state for each value of J
» spectrum of excited states for each J

see talk by L. Egido for further technical details
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Summary of technical details

> even-even nuclei

> intrinsic shapes constrained to axial symmetry

> projection on particle number and angular momentum

» mixing of configurations with different intrinsic deformation

» Skyrme interaction SLy4 + density-dependent zero-range pairing
interaction
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Masses from self-consistent mean-field calculations

M. B., G. F. Bertsch, P.-H. Heenen, Phys. Rev. Lett. 94 (2005) 102503
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Skyrme interaction SLy4 +
density-dependent pairing interaction

other parameterizations give qualitatively
similar results

Wrong trend with A

overestimated shell effects visible at
N =20, 50, 82 and 126

missing Wigner energy

The slightly wrong trend with mass and
isospin can be removed by a slight (a few
permille) perturbative readjustment of the
parameters of SLy4. The major change is
a reduction of the volume energy
coefficient by 0.09 MeV.

But what about the arches?
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Intrinsic Deformation and Quadrupole Correlation Energy
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Static and Dynamic Quadrupole Correlation Energies
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Static and Dynamic Quadrupole Correlation Energies
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Typical situations
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Typical situations
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Typical situations
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Typical situations

E (MeV)

10

0.8 208

O-O 1 I 1 I 1 1 I
-0.5 00 05-05 00 05-05 0.0 0.5-0.5

Ba Ba Ba

M. B., G. F. Bertsch, P.-H. Heenen, Phys. Rev. C 73 (2006) 034322

0.0

Ba

0.5

M. Bender, CEN de Bordeaux Gradignan



Other typical situations
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Mass residuals
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Mass residuals
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> Shell effects are not overestimated in general, they are overestimated for
neutrons

> This might well be a problem with the effective interaction, not so much
with large missing correlations
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Consistency check: rms charge radii
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Consistency check: rms charge radii
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How is the evolution of shell structure related to systematics of masses?

veck endi
PRL 101, 052502 (2008) e RN e~ 1 AUGUST 2008

Evolution of the N = 50 Shell Gap Energy towards "Ni

J. Hakala, S. Rahaman, V.-V. Elomaa, T. Eronen, U. Hager,* A. Jokinen, A. Kankainen, I. D. Moore, H. Penttild,
S. Rinta-Antila, J. Rissancn, A. Saastamoincn, T. Sonoda,” C. Webcr, and J. Aysta*

Department of Physics, P.O. Box 35 (YFL), FI-40014 University of Jyviiskyld, Finland
(Received 20 March 2008; published 31 July 2008)
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Empirical single-particle energies

vs. eigenvalues of the single-particle Hamiltonian

K. Rutz, M. B., P.-G. Reinhard, J. A. Maruhn

» It is customary to discuss shell structure in terms of
the spectrum of eigenvalues of the single-particle
Hamiltonian €, in even-even nuclei

A =
hip =€y é
Koopman's theorem states that ¢, is equal to the -
one-nucleon separation energy if
> The nucleus is perfectly described by a HF state (i.e.

that there are no correlations of any kind whatsoever)
> rearrangement and polarization effects changing the

single-particle wave functions when adding or

removing a particle are negligible
The structure of the mean-field state of an even- even
and an odd-A nucleus is different (blocking,
additional mean fields that originate from interactions
involving currents and spin densities in the odd-A
nucleus, ...), there always are correlations and they
will give a different contribution to the binding in
even-even and odd-A nuclei, etc.
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both calculations use a relativistic mean-field model
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Collectivity-enhanced quenching of signatures of shell closures

M. B., G. F. Bertsch, P.-H. Heenen, unpublished
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Eigenvalues of the single-particle Hamiltonian vs. Sy4
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Eigenvalues of the single-particle Hamiltonian vs. Sy4

-14

=

O spherical mean-field — experiment
O deformed mean-field

=0 GCM
@ J=0GC 752 a

DDooooooooSBﬁaa
DDDDD =]
Z=50

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84
Neutron Number N

lower panel: —S5,(Z=50,N)/2

The global linear trend is taken out subtracting

N—

2

82 [5,,(Z=50, N=50) — S,,(Z=50, N=82)]

using the spherical mean-field S,

M. B

, G. F. Bertsch, P.-H. Heenen, PRC 78 (2008) 054312

Ni Zn Ge Se Kr Sr Zr Mo Ru Pd Cd Sn

—~ 11 [ O spherical mean-field —— experiment
=z O deformed mean-field o
a.u ® J=0GCM N=52 a ©

] 13

F%00 o

Lt

2

£ .15

3

20619 0 o o o o o 9 90
@ N=50

28 30 32 34 36 38 40 42 44 46 48 50
Proton Number Z

lower panel: —S,(Z, N=50)/2
The global linear trend is taken out subtracting
N=50[55,(Z=28, N=50) — S, (Z=50, N=50)]

using the spherical mean-field S,

M. Bender, CEN de Bordeaux Gradignan



Eigenvalues of the single-particle Hamiltonian vs. Sy4

O spherical mean-field
-9 |0 deformed mean-field

10 @® J=0GCM 7=52

Separation Energy (MeV)
55 E 58S

—— experiment,

o
DDoooooooooﬁﬁaa
711..M
°
©0o0ooo0ooBuo0oODO
Z=50

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84

Neutron Number N

lower panel: —S5,(Z=50,N)/2

The global linear trend is taken out subtracting

N—

using the spherical mean-field S,

582 [S5p(Z=50, N=50) — S,,(Z=50, N=82)]

M. B., G. F. Bertsch, P.-H. Heenen, PRC 78 (2008) 054312

Ni Zn Ge Se Kr Sr Zr Mo Ru Pd Cd Sn

—~ 11 1O spherical mean-field — experiment
=z O deformed mean-field o

S -12 [@J=0GCM N=52 0 O o
%13

F%05 o

= L]

M1 °

2

= -15 .

=

= L]

2 L[] L] L] L] °
Sa6t° 9 o o o o 9 0O
@ N=50

28 30 32 34 36 38 40 42 44 46 48 50
Proton Number Z

lower panel: —S,(Z, N=50)/2
The global linear trend is taken out subtracting
N=50[55,(Z=28, N=50) — S, (Z=50, N=50)]

using the spherical mean-field S,

M. Bender, CEN de Bordeaux Gradignan



Historical note

Nuclear Physics ASI8 (1979) 253265 (€) NorthHolland Publshing Co., Amsterdam

ALPHA DECAY PROPERTIES OF NEW PROTACTINIUM ISOTOPES

K.-H. SCHMIDT, W. FAUST ard G. MUNZENBERG
Geselscht fi Schwerionenforschiong, GSI. Darmstads Germany
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Fig. 12. Diffcfeiices Ag,(u) of the 0, values of the 84- and the 82-proton isotopes for different neutron
numbers ((N = Nyupye—1). The prediction of Myers '¢) is compared with the experimental data. If no
elpenmmnl values are known, the systematic of Viola et al. '*) is used (stars).

Fig. 2 demonstrates the analogous influence of the 126-neutron shell on the 82-
proten.. sholl streugt.h :In this case, the differences of the Q, values of the polonium
and lead i muones arg shown as a function of the mean neutron number ().
“mutual influence of the two shells is qualitatively expected from
theoreticat:consideations *°). For both protons and neutrons in the doubly magic
288py'the Fermi surface separates low-spin and high-spin single-particle states. The
dﬂfer:nt spacial distributions of the appropriate wave functions may cause a coupling
of the neutron and the proton levels by means of the total nuclear potential.

Nucear Physics A9 (1953) 11-50
© Norh-Hollund Publshing Company

MUTUAL SUPPORT OF MAGICITI

AND RESIDUAL EFFECTIVE INTERACTIONS NEAR ***Pb

N, ZELDES', T. S DUMITRESCU" and H. S, KOHLER™!
Nils Bohr nstiute and Nordia, Blgdamsre 17, DK-2100 Copenbagen 0. Denmark

Rescived | November 1952
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Fig. 1. (a) l:xcllauon energies of single-neutron 3" levels in N = 125 nuclei and of single neulmn -hole

37 levels in N = clei. Data from Table of Isotopes *) and more recent literature [*''Po, ref.*)]

lh) S, systemanm of odd-N nuclei near 2°*Pb. Data from The 1977 Atomic Mass Evaluation ®) and
more recent literature [20”Hg, ref. )]
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Two-nucleon gaps
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experimental values shown here include more recent data than the plots in the papers
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Collectivity-enhanced quenching of signatures of shell closures

M. B., G. F. Bertsch, P.-H. Heenen, unpublished
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Summary and outlook

Nuclei are complex systems, oversimplistic models are prone to fail:
» Do not expect the conditions for the validity of Koopman's theorem to be
fulfilled in nuclei.

» There is no Koopman's theorem for two-nuclon separation, but even when
trying to approximate two-nuclon separation by two times the eigenvalues
of the single-particle Hamiltonian, they are not comparable.

» Collectivity enhanced quenching of the separation energies has to be
distinguished from real quenching of the spherical shells

Homework:

> improve energy functional (central and spin-orbit parts first, then tensor
(cf. P.-H. Heenen's talk)

> improve modeling of pairing
» improve methodology to calculate odd-A nuclei on the mean-field level
and beyond by projected GCM

> test other correlation modes [pairing (cf. L. Egido’s talk); octupole, ...]

> look into other observables to establish internal consistency
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