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The "Realistic” Shell Model

* Eigenvalue problem
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Heffwa — ana Heff =U+ veff - Egiaiai ¥ ZEW | veff | kl>aiajalak
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* Eigenvalue problem
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The "Realistic” Shell Model

* Eigenvalue problem
S R s
H w — E w Heff =U+ veff B Egiaiai ¥ _Ew | veff | kl>aiajalak
eff " «a a' «a j 4

ijkl

.. from the free potential
<’J | Heff | kl> —— V.., + (v

NNN )

€ Understand the properties of nuclei starting from
the forces between nucleons

€ Understand limits of the theory, because of the
absence of free parameters
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The “Realistic” Shell Model

Schrodinger equation for A nucleons

Hy, =(H,+H)y, =Ey,

FHO=T+U
_H =V -U

1 NN
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The “Realistic” Shell Model

Schrodinger equation for A nucleons

Hy, =(H, +H)y, =Ev,

\\1/

FHO=T+U
_H =V -U

1 NN

Shell-model equation for N-valence nucleons in a

reduced space

PH effPl/j

a

- P(H, +V,, Py, ~E Py,

d
&>
i=1

s,)(,] ¢ =laa..a]
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Derivation of H

Two main ingredients

® Nucleon-nucleon potential

®* Many-body theory

L. Coraggio et al, Prog. Part. Nucl. Phys. 62, 135 (2009)
L. Coraggio et al, Annals of Phys. 327, 2061 (2012)

,NF/,? A. Gargano
(_ Sezione di Napoli




Nucleon-Nucleon potential

Potentials which reproduce the two-body data with
XZ/Ndafa ~ 1

« CD-Bonn

* Chiral potentials

v long-range components ruled by the symmetries of the
low-energy QCD

v' two- and many-body forces generated on the same footing
calculations: 2 body at next-to-next-to-next-to-leading order - N3LO
3 body at next-to-next-to-leading order - NNLO
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Optimitazion of the NN chiral potential

namely of the short-range components included as
contact terms and parametrized in terms of constants

PRL 110, 197502 (2013) PIIYSICAL REVIEW LETTERS 10 MAY 2073

Optimized Chiral Nucleon-Nuclcon Interaction at Next-to-Next-to-Leading Order

A F.kstrtim,"> (. Baardsen,' C. Forssén," G. IIagen,""'c' M. I[iorth-Jemen."?‘"’ G.R. Jansen.*" R. Machleidt,v
W. Nazarewicz,™ "™ T. Pupt:nbrock.'i 1), Surich,” and §. M. Wild®
'Depariment af Phvsics and Center af Mathematics for Applications, University of Osto, N-0316 Osla, Norway
"National Superconducting Cyclotras Lahoratory, Michigan State TUniversinv, Enst Lansing. Michipon 48824, 1/5A
"Depm‘tmanf of Fundamental Physics, Chadimers University of Techrology, SE 212 96 Géweborg, Sweden
1Phavsies Division, Ouk Ridge Nationa! Laborasory. Oak Rudge. fennessee 37831 USA

- "Depariment of Physics and Asironomy, University of Tennessee. Knovville, Tennessee 37996, (:SA

“Depariment of Physics and Ashorony, Mickigan Stafe University, kast ansing, Michizan 48824, €754
"Deparonent of Phvsics, Universice of Idaho, Moseow. Tdaho 83844, USA

*Facnlty of Physics, University of Warsaw, wl. Hoze 69, 00-687 Warsaw, Poland
“Mathematics und Computer Science Division, Areonne Nwionol Laboraiors, Argonne. Hilincis 60429, US4
(Reccived 19 March 2001 3; published 7 May 2013)

We optimize the nucleon-nuclean interaction from chiral effective field theory ar next-to-nexc-to-
leading order (NNLOY. The resulting new chival Torce NNLO. yields x* = 1 per degree ol [reedom for
lahoratory energies below approximately 125 MoVl In the A = 3, 4 nucleon systems, the contributions
of three-nucleon forees are smaller than for previons parametrizations of chiral interactions. We use
NNT.Q,,, to study praperties of key nuclei and neurron matter, and we demonsrrate thac many aspects
ol nuclear structure can be understood i werms of this nucleon-nucleon interactivn, without explicitly

invoking three-nuclcon lovees.
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V,w-k potential

High-momentum repulsive components of V,
prevent its use in nuclear structure perturbative

calculations

v

V|ow_k PO"'en'riGI
* is confined within a momentum-space

cutoff A

high-momentum modes are integrated out down to A

 preserves the onshell properties of the
original NN potential
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The perturbative approach to the shell-model H_

N

Q) - box folded-diagram method

¢ Heﬁ is written as a series
VAN

in terms of the Q - box and its derivatives

Q-PHP+PHQ - _QHP

e - QHQ

Q=1-P

€ = unperturbed energy for a degenerate model space (PH,P=¢)

¢ the series for Heﬁ is summed up by iterative
techniques (Krenciglowa-Kuo, Lee-Suzuki)
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Diagrammatic expansion of the Q- box

1-body diagrams up to 2nd 2-body diagrams up to 2nd order:
d -
oraer S v V1p1h V2p V2p2h

/—%

() X ::O k@ . il Wﬁw a:a

I-1 1-2

2-1 22 23 2-4

with V. in the interaction vertices
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Diagrammatic expansion of the Q- box

1-body diagrams up to 2nd 2-body diagrams up to 2nd order:
d -
oraer S v V1p1h V2p V2p2h

/—%

() X :D ﬁ ) il MOW ,\:a

I-1 1-2

2-1 22 23 2-4

with V. in the interaction vertices

Note: No (V-U)-insertion diagrams [1-1+1-2] are shown except for the
1-body 1st-order case. These arise from the presence of -U in H;=V-U,
and are zero only when U=HF potential
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N
Diagrammatic expansion of the Q- box
1-body diagrams up to 2nd 2-body diagrams up to 2nd order:

d -
order = b'OX v V1p1h V2p V2p2h
ATAAA
o fx [ - MQW I
+ ..
I-1 I 1-3 14 2-1 22 23 2-4

with V. in the interaction vertices

Note: No (V-U)-insertion diagrams [1-1+1-2] are shown except for the
1-body 1st-order case. These arise as a to to the presence of -U in
H,=V-U, and are zero only when U=HF potential

Modern calculations do not go beyond
third order



Convergence properties
® order-by-order convergence

inclusion of diagrams up to finite order in
the interaction

®* intermediate-state space convergence

truncation of the Q space

L. Coraggio et al, Annals of Phys. 327, 2061 (2012)
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Remarks on the calculation of H,

¢ Heff is constructed for a two-valence-particle nucleus and used

for more complex systems =2 three- or higher-body forces arising
for these systems (even if the original potential contains only two-body
terms) are not taken into account
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Remarks on the calculation of H,

¢ Heff is constructed for a two-valence-particle nucleus and used

for more complex systems =2 three- or higher-body forces arising

for these systems (even if the original potential contains only two-body
terms) are not taken into account

€ Single particle energies

_ _ (1) (2)
H ff U+ veff U+ veff " veff

e
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Remarks on the calculation of H.

¢ Heff is constructed for a two-valence-particle nucleus and used

for more complex systems =2 three- or higher-body forces arising

for these systems (even if the original potential contains only two-body
terms) are not taken into account

€ Single particle energies two-body component

H eff U+ veff *
—

from theory — S-Box

one-body component

from experiment
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Oxygen isotopes

L. Coraggio et al, J.Phys, Conf. Ser. 312, 092021 (2011)

* V_ i @ third order from N3LOW+
Coulomb interaction

N3LOW=N3LO with a sharp cutoff (2.1 fm1)
=>no need of V.,

* SP energies from theory (S-box)
for the neutron sd shell
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Oxygen isotopes

L. Coraggio et al, J.Phys, Conf. Ser. 312, 092021 (2011)

* V i« @ third order from N3LOW+
Coulomb interaction

N3LOW=N3LO with a sharp cutoff (2.1 fm1)
=>noneedof V.,

* SP energies from theory (S-box)
for the neutron sd shell

magicity @ N= 14 & 16
location of the neutron drip line and 3-body forces

T. Otsuka et al, PRL 105, 032501 (2010)
6. Hagen et al, PRL 108, 242501 (2012)
H. Hergert et al, PRL, 110, 242501 (2013)..




Yrast 2* states in Oxygen isotopes

701

— o Expt.

6.07 —— o Calc.

507
407

3.07

Excitation energy [MeV]

207

1.0 : : : :
18 20 22 24
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Ground-state energies for Oxygen isotopes

e Expt
e Calc.
— — - @ Calc. shifted s.p.e.

g.s. Energy [MeV]
&
[\

1:0 1:2 1:4 1:6 1:8 2:0
N
® Calculations overestimate the expt data: fail to predict

that 2°0 e 220 are unbound to two neutron decay
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Ground-state energies for Oxygen isotopes

e Expt
e Calc.
— — - @ Calc. shifted s.p.e.

g.s. Energy [MeV]
&
[\

1:0 1:2 1:4 1:6 1:8 2:0
N
® Calculations overestimate the expt data: fail to predict
that 2°0 e 220 are unbound to two neutron decay
but an upshift of about 400 keV in the theoretical SP

energies is able to “heal” the discrepancy
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Ground-state energies for Oxygen isotopes

e Expt
e Calc.
— — - @ Calc. shifted s.p.e.

g.s. Energy [MeV]
&
[\

10 12 14 16 18 20

® Calculations overestimate the expt data: fail to predict
that 0 e 220 are unbound to two neutron decay

but an upshift of about 400 keV in the theoretical SP
energies is able to “heal” the discrepancy

Three-body forces???
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Nuclei north-east 4€Ca
ZZTio 24Cr‘, 26Fel Cmd 28Ni

* V_+ @ third order fromV,  , of CD-Bonn
(A=2.6 fm™) + Coulomb interaction

 SP energies from experiment

« effective e, & e, derived consistently with H

model space (1) (1N
d5/z (LA
89/2 89/2
f5/2 f5/z
f7/2 M P3/2 P32
i M v L. Coraggio et al, submitted to Phys. Rev. C
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Nuclei north-east 48Ca

® Interesting laboratory to study the shell evolution when adding
neutrons =2 long isotopic chains, e.g Fe and Ni
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Nuclei north-east 48Ca

® Interesting laboratory to study the shell evolution when adding
neutrons =2 long isotopic chains, e.g Fe and Ni

® Niisotopes:
v" N/Z value of 1.79 for 78Ni
v" the shell structure evolves through three different subshell closures

at N =28, 40, 50
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Nuclei north-east 48Ca

® Interesting laboratory to study the shell evolution when adding
neutrons =2 long isotopic chains, e.g Fe and Ni

® Niisotopes:
v" N/Z value of 1.79 for 78Ni
v" the shell structure evolves through three different subshell closures

at N =28, 40, 50

® Disappearance of the N=40 shell closure and onset of a collective
behavior when removing protons from the f, , orbital
“island of inversion” as @ N=20 (32Mg)

S.M. Lenzi et al, PRC 82, 054301 (2010)
A. Gade et al, PRC 81, 051304(R) (2010)
K. Sieja et al, PRC 85,051301(R) (2012)...
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Nuclei north-east 48Ca

® Interesting laboratory to study the shell evolution when adding
neutrons =2 long isotopic chains, e.g Fe and Ni

® Niisotopes:

v" N/Z value of 1.79 for 78Ni

v" the shell structure evolves through three different subshell closures
at N =28, 40, 50

® Disappearance of the N=40 shell closure and onset of a collective
behavior when removing protons from the f, , orbital
“island of inversion” as @ N=20 (32Mg)

This may be explained as due to the interplay of
v’ reduction in the neutron 8q/2 - f5,, 8ap induced by proton holes in
the f,,, orbital
v’ quadrupole-quadrupole component of the effective interaction
between the neutron g,,, and d. ,, orbitals




Energy of the yrast 2* state and B(E2; 2*=0*)
for Ca, Ti, Cr, Fe, and Ni @ N=40

3.2 e Expt.
—. 28+ o nf,mwp,,
%) VPao VPV fsnV 3gpvds,
= 247 o xnf, m
= 712 T Pgpo
g 2071 VPa VPV fsn Vv G
c
2167
.0
:c_g' 1.2T
‘O
s 0871
N 04
0.0
400t
*  Expt
VE 3204 ©° PRL 106, 022502 (2011) %
N:) ° PRL110, 242701 (2013)
+i 2401
o
il
+c.\l. 160 1
o
o 80T
0T ) . , ) ,
Expt= NNDC 20 22 24 26 28
Z
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ESPE @ N=40
=€, + E VM(J.VJ.I,)NJ';T

VM monopole interaction
N. number of nucleons in orbit j

3l

Jy

J
4 N=40 isotones
.
B d5/2
0
. 2 9or
E B f5/2
S 4
M | p1/2
6 P
_8 —
_10 |
-12 I I I I I
20 22 24 26 28
Z
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Neutron ESPE @ N=40
=& + E VM(J.VJ.I,)NJ';T

JU

VM monopole interaction
N. number of nucleons in orbit j

3l

Jy

]
4 N=40 isotones
2 -
i ds/o
0 -
21— o2
> - f5 o
= 4
H i Pis
61— P
{1 ~5.0 MeV
10 N
12 I I I I I
20 22 24 26 28
Z
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Neutron ESPE @ N=40
g = e, + E'VM(J‘VJ.:,)NJ-;T

Jy
vM lei i
: monopole mteractlor.\ N TenSOr' for.ce
i number of nucleons in orbit j
4__ N=40 isotones A
2 d

of \ Julfsa)=1-1/2 || J, (8g/)=1+1/2
_2__ Yor2 () @ (o) i

5/2

p1/2

E (MeV)
N
T | T
l
N
(98)
<
m
<

L] [ %) ] L
6~ P3po ]< ]> J> ]>
:
- - ~5.0 MeVY
i * spin O wave function of relative motion
_10 -
ol | | | | | [T. Otsuka et al, PRL 95, 232502 (2005)]
20 22 24 26 28
Z
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Neutron ESPE @ N=40
e, =, + QV'(jJIN,
J. " | I

VM monopole interaction nf7/2 1.87 1.69

N. number of nucleons in orbit j .
Ti vg9/2 3.23 3.72

4= N=40 isotones vd5/2 0.36
T f7/2  3.64  3.31
of \ Cr vg9/2 | 2.88  3.73
ol vd5/2 0.57
% 4l pf — nf7/2 | 5.61  5.31
P - ' Fe vg9/2 175 2.81
ni ~5.0 MeV vd5/2 0.33
ol nf7/2  7.89  7.85
1l L L L L L Ni vg9/2 0.42 0.47

z vd5/2 0.05
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1325n region

A. Covello et al, J. Phys. Conf. Ser. 267, 012019 (2011), and refs therein
L. Coraggio et al, Phys. Rev. C 87, 034309 (2013), and refs therein

* V_« @ second order from V,_, , of
CD-Bonn (A=2.2 fm!) + Coulomb interaction

* SP energies from experiment

proton particles and neutron holes in 0g,,,1d,2s,0h, ,
neutron particles in Ohy,,1f,2p,0i,5 ,
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1325n region

A. Covello et al, J. Phys. Conf. Ser. 267, 012019 (2011), and refs therein
L. Coraggio et al, Phys. Rev. C 87, 034309 (2013), and refs therein

* V_« @ second order from V,_, , of
CD-Bonn (A=2.2 fm™) + Coulomb interaction

* SP energies from experiment

proton particles and neutron holes in 0g,,,1d,2s,0h,,,
neutron particles in Oh, ,,1f,2p,0i,3/,

Possible changes of shell structure

across the N=82 shell closure

INFN A. Gargano
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1325n region

Peculiar properties of 134Sn and 13¢Te;
very low excitation energy of the yrast 2* state

) ot sy 17e ti7e

0.73 1.22 1.28 0.61
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1325n region

Peculiar properties of 134Sn and 13%Te;
very low excitation energy of the yrast 2* state

0.73 1.22 1.28

evidence for a quenching
of the N=82 shell closure ?

0.61

or “neutron pairing reduction for N>82" ?
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1325n region

Peculiar properties of 134Sn and 13%Te;
very low excitation energy of the yrast 2* state

st isn 176 7e

0.73 1.22 1.28

evidence for a quenching
of the N=82 shell closure ?

0.61

or “neutron pairing reduction for N>82" ?

=>»the pairing force for 2 neutron particles in the 82-126 shell
is significantly weaker than that
for 2 neutron holes or 2 proton particles in the 50-82 shell

,NF/N) A. Gargano
(_ Sezione di Napoli




Diagonal matrix elements of interaction for the

(vf;2)? . (m97,,)? and (vh,;,,)% configurations

2
0,1 (Vf7/2) 0,1 |
2 03 03
2
L)
'0,7 B _017 i
'1,1 : ! ! ! _1)1 I
0 2 J 4 6 0 2 J 4 6
0,2 5
(Vhll/z)
-0,2
—_ O
306
E ’
hp
_1 —
1,4




Diagonal matrix elements of interaction for the

(vf;2)? . (m97,,)? and (vh,;,,)% configurations

-1,1

i (Vf7/2)2

0,1 -

-0,3 -

-0,7

-1,1

g G=-0.21 MeV.




Energy of the 2*,4*,6* states for Sn isotopes

> =2+ Expt
2+ Calc
4 ~+-4+ Expt
® 4+ Calc
S O
% 3 - 6+ EXpt
= @ 6+ Calc
o *
L O O
2 -
%
1 - L 9
0
126 128 130 A 132 134 136
] A.Gargano e

TEORICA
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Energy of the 2* state in Te isotopes

1,5
1,3 -
L1
E =0=Expt
o 0,9 - «=Calc
0,7 -
0,5 T T 1
132 134 136
A
) VSt
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Energy of the 2* state in Te isotopes

1,5
1,3 -

1,1 -
=O=Expt

«=Calc

E(MeV)

0,9 -

0,7 -

0,5 I T 1
132 134 136
A

*Te;2;) - 0.66| ™ Te; 2,) “Sn; 2;) 4

134 Te: O >
¢ gs

10 g O >+ 0.62
gs

“Te; 07 )| sn; 2,)+0.36| ™ Te; 2;)[™5n; 07 )+
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B(E2; 2* = 0*) in W.u.

Expt Calc

130G 1.2(3) 1.4
134G 1.4(2) 1.6
130T e 10(1) 7.8
134Te 5.6(6) 4.9
136T@ 5.9(9) 9.9

Expt from NP A 746, 83c (2004); NP A 752, 264c
(2005); PRC 84, 061306(R) (2011)
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B(E2; 2* = 0*) in W.u.

Expt Calc

130G 1.2(3) 1.4
134G 1.4(2) 1.6
130T e 10(1) 7.8
134Te 5.6(6) 4.9

Expt from NP A 746, 83c (2004); NP A 752, 264c
(2005); PRC 84, 061306(R) (2011)
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Evolution of the single-particle states around 132Sn

How proton and neutron SP states change
when adding pairs of neutrons and protons
to 133Sb and 133Sn

> 4 One-particle spectroscopic factors which give direct

information on single-particle excitations

INFN A. Gargano
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Evolution of the single-particle states around 132Sn

How proton and neutron SP states change
when adding pairs of neutrons and protons
to 133Sb and 133Sn

> 4 One-particle spectroscopic factors which give direct

information on single-particle excitations

Z=51 isotopes

e N=83 isotones j
137 Sb 137 xe
51 86 54 83

136Xe(d,p) tranfer reaction
B. P. Kay et al, PRC 84, 024325 (2011)

INFN A. Gargano
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single-proton states

75b CaEIc
7/2+ 0.0
5/2+ 0.18
3/2+ 0.33
1/2+ 0.40
11/2-  2.59

137Xe -

single-neutron states

E C2s E C%s
alc Calc Expt Expt

7/2- 00 086 0.0 0.94
3/2- 0.73 0.57 0.60 0.52
1/2- 1.13 043 098 0.35
9/2- 1.33 0.72 122 043
5/2- 1.35 0.17 130 0.22
13/2+ 2.08 0.75 175 0.84

number of states



single-proton states 137Gh

O ——————mm

5
=
137Sb CEl § & /_—/7
alc g o8t
5 v
7/2+ 0.0 | /_/
%0 ' d5/2
5/2+ 0.18 z
8 04T h11/2
3/2+ 0.33 :
=
1/2+  0.40 2 ot b 4/—//_"—/
11/2-  2.59 ?
2 3 4 5 6 7 8 6 10 11 12 15 14 15
. number of states
single-neutron states
137Xe
E c2s E c2s
137 1
Xe Calc Calc Expt Expt b2

%
|

7/2- 00 086 0.0 0.94

3/2- 0.73 0.57 0.60 0.52
1/2- 1.13 043 098 0.35
9/2- 1.33 0.72 122 043
5/2- 1.35 0.17 130 0.22
13/2+ 2.08 0.75 175 0.84 1

o

D

O
=
S~
N

|

Summed single-neutron strength
o
K $ S K
-
L 9

o

2 3 4 5 6
number of states
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PRL 100, 072501 (2008) PHYSICAL REVIEW LETTERS EBRUARY

22 FEBRUARY 2008

Restoration of the N = 82 Shell Gap from Direct Mass Measurements of 1321345

M. Dworschak. ™ G. Audi.” K Blaum.!*** P. Delahaye,” S George.'? U. H ager.® F. Herfurth,! A. Herlert.”
A. Kellerbauer.* H.-J. Kluge, 7 D. Lunney.” > L.. Schweikhard.® and C. Ya/_idjiun1

0.5 MeV deviation from the accepted value

= restores the neutron shell gap at N=82 considered to be a case of
"shell quenching”
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Precision Mass Measurements beyond **Sn: Anomalous Behavior of Odd-Even
Staggering of Binding Energies

J. Hakala,™ J. Dobaczewski, D. Gorelov, T. Eronen,Jr A. Jokinen, A. Kankainen, V. S. Kolhinen, M. Kortelainen,
I.D. Moore, H. Penttild, S. Rinta-Antila, J. Rissanen, A. Saastamoinen, V. Sonnenschein, and J. Aystéi

Department of Physics, P.O. Box 35 (YFL), FI-40014 University of Jyvdskyld, Finland
(Received 5 March 2012; published 16 July 2012)

Atomic masses of the neutron-rich isotopes '217128Cd, 129131, 130=135gp 131=136Gh and 1327140Te have
been measured with high precision (10 ppb) using the Penning-trap mass spectrometer JYFLTRAP.
Among these, the masses of four r-process nuclei '*>Sn, '36Sb, and '3*!4°Te were measured for the first
time. An empirical neutron pairing gap expressed as the odd-even staggering of isotopic masses shows a
strong quenching across N = 82 for Sn, with a Z dependence that is unexplainable by the current
theoretical models.
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ACHN, Z) = %[B(N +1,Z)+ B(N —1,2Z) —2B(N, Z)]

self-consistent calculations with

SLy4 Skyrme energy density functional

+ contact pairing force
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L

ACHN, Z) = S[B(N +1,2) + B(N —1,Z) — 2B(N, Z)]

SM calculations
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ACHN, Z) = %[B(N +1,Z)+ B(N —1,2) —2B(N, 2)]

ol .\z\ SM calculations
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® The drop of 0.5 MeV in the observed OES for Sn when crossing N = 82 is accounted
for by the different pairing properties of V  for neutron particles and neutron holes

When going to Te and Xe, the N = 81 and 83 lines come closer to each other as a

result of the p-n V. (repulsive in the particle-hole channel, attractive in the
particle-particle channel). The two lines would be parallel should one ignore this

Interaction L. Coraggio et al, PRC 88, 041301(R) 2013)
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Binding energies relative to 13?Sn

of Sn, Sb,Te, Xe
Nucleus Bealc Bexpt

(MeV) (MeV)~
134g, 5.98 6.03
135q 8.37 8.30
134gy, 12.74 12.84
1351, 16.32 16.58
136g} 18.81 19.47
134, 20.81 20.57
135, 23.82 23.83
136, 28.26 28.60
137 31.15 31.55
136, 40.32 39.04
137 43.83 43.06
138, 48.89 48.73

Expt from PRL 109,032501 (2012)
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Outlook

®Test of the optimized chiral potential

®Role of genuine and effective three-body
forces

® Microscopic origin of the properties of the
shell-model interaction

&®Further studies of nuclei far from
stability
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