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Motivations

» Large-scale shell-model calculations are, at present, a
consolidated tool to investigate nuclear properties.

» The new physics coming from RIBs facilities provides a
challenging ground, since they are approaching the nuclear
driplines.

» Shell-model practitioners experience often the need to truncate
the number of configurations of shell-model basis to overcome
the computational complexity.
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Exact diagonalizations with a minimally modified realistic force lead to detailed agreement with
measured level schemes and electromagetic transitions in **Ca, *Sc, **Ti, **V, **Cr, and *Mn.
Gamow-Teller strength functions are systematically calculated and reproduce the data to within the
standard quenching factor. Their fine structure indicates that fragmentation makes much strength
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the gencral validity of menepole corrected realiti forces, which is dis
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The feasibility of shell-model calculations is radically extended by the quantum Monte Carlo
diagonalization method with various essential improvements. The major improvements are made in
the sampling for the generation of shell-model basis vectors, and in the restoration of symmeries such
as angular momentum and isospin ('nmcqucmly the level structure of low-lying states can be studied
with realistic interactions. After testing this method on Mg, we present first results for energy levels
and E2 properties of *Ge, indicating its large and y-soft deformation. _[S0031-9007(96)012
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Large-scale shell model

Large-scale shell model: shell model calculations performed within a
model space made up by a number of orbitals larger than usual.

An extended model space enables to study exotic (for shell model)
properties: collective motion, deformation, clustering, etc.

Dealing with many valence nucleons makes the diagonalization of the
shell-model eigenvalue problem quite demanding.
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An example: quadrupole collectivity in Cr isotopes
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An example: quadrupole collectivity in Cr isotopes

> In calculations [1] both proton model space is spanned by the four orbitals
0f7/2, 1p3/2, 1p4 /2> Of5/2 and the five neutron ones
1032, 1P1 /2,052,089 2, 105 2 outside “®Ca core, and the shell model basis is
truncated so to retain up to 14p — 14h excitations across the Z = 28 and N = 40
gaps.

> In calculations [2] both proton and neutron model spaces are spanned by the six
orbitals 0f; /5, 1932, 1P1 /2, 0fs /2,009 /2, 105 outside “°Ca core, and the
reduction of the matrices to be diagonalized is provided by the importance
sampling of the shell-model basis performed within the Monte Carlo Shell Model
(MCSM) approach.

> In calculations [3] a realistic shell-model interaction has been derived so to be
effective in a reduced proton model space spanned by the 0772, 1p3 /> orbitals

and the five neutron 1p; 2, 191 /2, 0fs /2, 0gg /2, 105 /> ones outside *6Ca.
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Calculations with a large number of valence nucleons need to employ
reduction/truncation schemes.

Those schemes need to be under control, convergence properties
and theoretical error estimates are an important tool to understand
the reliability of the shell-model calculations.
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A modest proposal

A “Poor Man’s Approach” to lighten the computational complexity of
diagonalizing a “mother hamiltonian” defined in a large shell-model
space:

» First step: analyze the evolution of the effective single-particle
energies (ESPE) of the “mother hamiltonian”, so to locate the
relevant degrees of freedom (single-particle orbitals) that
characterize the physical system.

» Second step: perform a unitary transformation of the “mother
hamiltonian” into a reduced model space, so to obtain an
effective hamiltonian that is more manageable from the
computational point of view.
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Valence-nuclei outside 88Sr

As a physical case, let us consider nuclei with valence nucleons
outside #8Sr.

Our interest: to study quadrupole collectivity around doubly closed
19051, considering explicitly Z = 50 cross-shell excitations.

Model space of the “mother hamiltonian”:

Proton orbitals | Neutron orbitals
1p1)2
0992
1 d5/2 1 d5/2
0972 0g7/2
1 d3/2 1 d3/2
2812 2812 5
0hy1/2 Ohy1)2 NN
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The shell-model effective hamiltonian

The effective hamiltonian H’® is derived from a V,,,, | by way of the
time-dependent perturbative approach as developed by Kuo and his
co-workers in the 1970s (see T. T. S. Kuo and E. Osnes, Lecture
Notes in Physics vol. 364 (1990))

In this approach the effective hamiltonian H.; is expressed as
Ha-0-@ [0+a [o[a-d [afafa-.

» The so-called Q-box is a collection of irreducible valence-linked
diagrams

» The integral sign represents a generalized folding operation al;;]
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> Input Viyn: View_r derived from the high-precision NN CD-Bonn
potential with a cutoff: A = 2.6 fm~".

» H.¢ obtained calculating the Q-box up to the 3rd order in Vigy k.

» Single-particle energies and effective state-dependent charges
are taken from the theory
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Single-particle properties with H”°

Nalaja_Nplbjb

(alep|b)

orbital proton s.p.e.
1,01 /2 0.0
Ogg/g 1.5
Og7/2 5.7
1d3/2 8.8
231/2 8.7
0hy4 /2 10.2
orbital | neutron s.p.e.
1ds /2 0.0
Og7/2 1.5
231/2 2.2
1d3/2 3.4
0hy4 /o 5.1

099/2 0992
099/2 0g7/2
0992 1052
097/2 0g7/2
0972 1ds5 2
097/2 103>
1 d5/2 1 d5/2
1 d5/2 1 d3/2
1 d5/2 231/2
1 d3/2 1 d3/2
1 d3/2 231/2
0h11/2 Ohyq/2

1.62
1.67
1.60
1.73
1.74
1.76
1.73
1.72
1.76
1.74
1.76
1.72

Nalaja Nplpjp

(alen|b)

097,2 0g7/2
0972 1052
0972 1032
1 d5/2 1 d5/2
1 d5/2 1 d3/2
1d5/2 254 /2
1 d3/2 1 d3/2
10’3/2 231/2
0h11/2 0hy1 /2

0.94
0.96
0.95
0.94
0.97
0.79
0.96
0.79
0.87
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Proton ESPE
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Neutron ESPE
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Truncating the model space

» The evolution of proton and neutron ESPE suggests a possible
reduction of both model spaces.

» By way of a unitary transformation we can derive a H:! defined
in a reduced proton model space spanned only by 4 orbitals
1p1/2,099/2,097,2, 105, and a neutron one spanned by both the
5 original orbitals or by only 2 orbitals 097/, 105 ».

» The physics of two valence-nucleon systems is exactly
preserved.
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The unitary transformation

Let us sketch out the derivation of H*".

The eigenvalue problem for H® is:
H®|gk) = Exlyk)  k=1,..,N

H® is the sum of the unperturbed single-particle hamiltonian H, and
the residual two-body potential V

H75:H0+V.

The model space is splitted up in two subspaces P*” and Q%°".
Since H, is diagonal:

Ho = PHoP + QHQ .
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The unitary transformation

The P-space eigenvalue problem is:
H*\¢y) = (PH,P + V“”) lok) = Exlok) k=1,...,d

where |¢x) = Pluk).
The eigenvalue problem for H”® can be easily solved for the two
valence-nucleon systems (%°Zr,%0Sr,°0Y), and consequently providing
the Ek, VY.
The solutions of the equation for the effective residual interaction V4"
are given by:
d
VA" = "(Ex — Eo)low)(dkl

k=1

where |¢y) are biorthogonal states defined as |ix) (x| = e
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Results for Zr isotopes

Expt

S a8y ° xp

c H

= 407 vy H* -
(=] 42

5 321 mH

c 24 N

B 16 °
‘C

3 08 e °

' 0.0

800 E
E
g 600 ¢ L
N

L 400 ]
- 200 " ‘
o ]

o n
® 0

50 52 54 56

igi Coraggio INFN, Napoli

Theory for open-shell nuclei near the ts of stability, May 1 higan State University and FRIB/NS!



Results for Mo isotopes

Expt.

excitation energy [MeV]

+

500

B(E2; 0" - 2) [*fm]
=
[
o
o

igi Coraggio INFN, Napoli

Theory for open-shell nuclei near the ts of stability, May 1 higan State University and FRIB/NS!



A closer look to **Mo
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A closer look to **Mo
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Application to light tin isotopes

» At present there is a renewed experimental interest in the
physics of light tin isotopes:

1. A.Banu et al., Phys. Rev. C 72, 061305 (2005).

2. G. Guastalla et al., Phys. Rev. Lett. 110, 172501 (2013).
3. V. M. Bader et al., Phys. Rev. C 88, 051301 (2013).

4. P. Doornenbal et al., Phys. Rev. C 90, 061302 (2014).

» Observed quadrupole collectivity: a challenge for shell-model
calculations.

» To investigate the ability of realistic many-body calculations to
explain the mechanism of the enhanced B(E2) values
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Results with neutron degrees of freedom only

Nalaja Nplojp | (a|€n|b)
Og7/2 0g7/2 1.20

orbital | single-particle energy 097/2 1052 1.27
Og7/2 0.0 Og7/2 1d3/2 1.19
1d5)2 0.1 1052 1052 0.81
1d;)0 1.3 1052 103> 0.83
254 /2 1.9 1 d5/2 231/2 0.79
0hy1 /o 4.1 1dso 1052 0.87

1d3/2 231/2 0.85
0/711/2 0hy1 /o 0.78
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B(E?2)s in ligth tin isotopes

_ 48
3
= 4.0
3 3.2
(9}
f =
S 24
c
S
8 1.6
g
& 08
o 0.0
+— 3600
£
~~ 3000
o,
o 2400
T 1800
€ 1200
o
5 600

gi Coraggio

Theory for open-shell nuclei near

e Expt. )
w Shell model — '*Sn core
L u n -
. ° °
m NSCL b)
* Riken
+ REX-ISOLDE
v GSI




Evidence: even if the theoretical neutron effective charges are larger
than empirical ones, the calculated B(E2)s are deficient with respect
the experimental ones.

Countermeasure: to tackle this problem including explicitly the proton
Z = 50 cross-shell excitations. We consider the model space above
88Sr core.

Drawback: the H”®> hamiltonian acts in a model space too large to
diagonalize any tin isotopes.

When employing H*> we can diagonalize only the wavefunctions of
100—1028n.

We need to employ the smaller model space with 4 proton and 2
neutron orbitals and diagonalize H*?.
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ESPE of tin isotopes
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Results with H*2
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1008 core

Nalaja Nplpjb

(alen|b)

Calculated neutron effective charges

0g7/2 0972
097/2 1052
097/2 1d3)2
1d5/2 1d5/2
1d5/2 1d3/2
1d5/2 254 /2
1d3/2 1d3/2
1d3/2 254 /2
0hy1/2 0hy12

1.20
1.27
1.19
0.81
0.83
0.79
0.87
0.85
0.78

Luigi Coraggio

8Sr core
nalaja nblbjb <a\e,,|b>
0g7/2 097/2 0.94
0g7/2 1d5/2 0.96
0g7/2 1d3/2 0.95
1ds)o 1dso | 0.94
1dsjp 1dajo | 0.97
1d5/2 2S1 /2 0.79
1dy, 1ds), | 0.96
1d3/2 281 /2 0.79
0hy1/5 0hyq /0 0.87
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Conclusions

» A satisfactory description of light tin isotopes can be
achieved, with shell model calculations, only taking into
account Z = 50 cross-shell excitations explicitly.

» The introduction of a double-step procedure has allowed to
reduce the complexity of the computational problem by
deriving a new effective hamiltonian H%2. This may be
useful for other large scale shell-model calculations.

» We have found that a crucial role is played by the
calculation of both proton and neutron effective charges, in
order to reproduce the experimental B(E2)s.
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