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The only region around a heavy, neutron
rich doubly-closed shell nucleus far-off  
stability experimentally accessible today

➢ gives important information, from the 
nuclear structure point of  view,  on the 
shell evolution and  the underlying
driving forces
Ø is of  great relevance (especially
nuclei with Z<50) for the description of  
the rapid neutron capture process of  
nucleosynthesis
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Why 132Sn region?

Experimental information	→	allowsus to	test	nuclear models
(for	shell model:		single-particle energies,	two-body	matrix elements of	the	residual
interaction and	effective electromagneticoperators) and	to	ascertain their capability
to	provide reliable predictions for	nuclei	

ü which arestill unaccessible for	present experiments

The only region around a heavy, neutron-
rich doubly-closed shell nucleus far-off  
stability experimentally accessible today

➢ gives important information, from the 
nuclear structure point of  view,  on the 
shell evolution and  the underlying
driving forces
Ø is of  great relevance (especially
nuclei with Z<50) for the description of  
the rapid neutron capture process of  
nucleosynthesis

ü involved in	0ν2β decay (130Te,	136Xe)



A.	Gargano
San	Servolo,	Venice

2016

The “realistic” Shell Model

Heffψα = H0 +Veffψα = Eαψα    with H0 = T +U

in	the	model	space for	only valence nucleons
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The “realistic” Shell Model

Heffψα = H0 +Veffψα = Eαψα    with H0 = T +U

in	the	model	space for	only valence nucleons

Effective shell-model hamiltonian

The shell-model hamiltonian has to take into account in an
effective way all the degrees of freedom not explicitly
considered

Two alternative approaches
phenomenological
microscopic

VNN (+VNNN)) many-body theory) H
eff

Definition
The eigenvalues of H

eff

belong to the set of eigenvalues of the
full nuclear hamiltonian

Nunzio Itaco Theory for open-shell nuclei near the limits of stability

in the full Hilbert space

[for 2 valence-nucleon systems]
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The “realistic” Shell Model

Heffψα = H0 +Veffψα = Eαψα    with H0 = T +U

in	the	model	space for	only valence nucleons

Heff takes into account in an effective way all the degrees of  freedom not
considered explicitly: namely core nucleons and excitations of  valence nucleons

into the shells above the model space

Effective shell-model hamiltonian

The shell-model hamiltonian has to take into account in an
effective way all the degrees of freedom not explicitly
considered

Two alternative approaches
phenomenological
microscopic

VNN (+VNNN)) many-body theory) H
eff

Definition
The eigenvalues of H

eff

belong to the set of eigenvalues of the
full nuclear hamiltonian

Nunzio Itaco Theory for open-shell nuclei near the limits of stability

[for 2 valence-nucleon systems]

in the full Hilbert space



Flow chart of a RSMC
• Choice of  the free NN potential

• Choice of  the model space better tailored to study the system
under investigation

• Derivation of  the effective Hamiltonian making use of  many-
body theory

• Diagonalization of  the Hamiltonian matrix & calculations of  
physical observables as energies, electromagnetic transition
probabilities*, …

*Need to use microscopic effective operators consistent with the effective Hamiltonian
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Realistic nucleon-nucleon potential: VNN

Several realistic potentials �2/datum ' 1:
CD-Bonn, Argonne V18, Nijmegen, ...

Strong short-range
repulsion

How to handle the short-range repulsion ?
Brueckner G matrix
low-momentum NN potentials

V
low�k

(Lee-Suzuki or SRG)
chiral potentials rooted in EFT

Nunzio Itaco Theory for open-shell nuclei near the limits of stability

1st step: choice of the NN potential
short-range repulsion
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or derived by the chiral effective field theory



1st step: choice of the NN potential

• normalization procedure for VNN

short-range repulsion
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low momentum potentials:

ü Vlow-k	
preserves the	properties of the	original NN		potential up	to	a	
momentum-space cutoff Λ

ü chiral potentials defined for	momenta below a	low
cutoff

Realistic nucleon-nucleon potential: VNN

Several realistic potentials �2/datum ' 1:
CD-Bonn, Argonne V18, Nijmegen, ...

Strong short-range
repulsion

How to handle the short-range repulsion ?
Brueckner G matrix
low-momentum NN potentials

V
low�k

(Lee-Suzuki or SRG)
chiral potentials rooted in EFT

Nunzio Itaco Theory for open-shell nuclei near the limits of stability

or derived by the chiral effective field theory
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2nd step: choice of the model space

133Sn

133Sb
131Sn

131In

50

82

132Sn



3rd step: derivation of the effective interaction by the 
folded diagram method

where H1 =Vlow-k – U; P= model space; Q=1-P; ε= PH0P;   

L. Coraggio et al. / Annals of Physics 327 (2012) 2125–2151 2129

2.1. The Krenciglowa–Kuo iterative technique

This iterative approach originates from the observation that Eq. (19), coupled with the recursive
expression for the operator !, Eq. (16), leads to the iterative equation:

Heff
1 (!n) =

1X

m=0

"

�PH1Q
✓ �1

✏0 � QHQ

◆m+1

QH1P

#

[Heff
1 (!n�1)]m. (20)

It should be noted that the quantity inside the square brackets in Eq. (20), which from now on we
write as Q̂m(✏0), is equal to:

Q̂m(✏0) = �PH1Q
✓ �1

✏0 � QHQ

◆m+1

QH1P = 1
m!

"
dmQ̂ (⌘)

d⌘m

#

⌘=✏0

. (21)

This identity allows to rewrite Eq. (20) in the final form:

Heff
1 (!n) =

1X

m=0

1
m!

"
dmQ̂ (⌘)

d⌘m

#

⌘=✏0

[Heff
1 (!n�1)]m =

1X

m=0

Q̂m(✏0)[Heff
1 (!n�1)]m. (22)

The above approach is known as the Krenciglowa–Kuo iterative method, since, if we make the
assumption Heff

1 (!0) = Q̂ (✏0), Eq. (22) can be rewritten as

Heff =
1X

i=0

Fi, (23)

where

F0 = Q̂ (✏0)

F1 = Q̂1(✏0)Q̂ (✏0)

F2 = Q̂2(✏0)Q̂ (✏0)Q̂ (✏0) + Q̂1(✏0)Q̂1(✏0)Q̂ (✏0)

. . . . (24)

This is the well-known folded-diagram expansion of the effective hamiltonian as introduced by
Kuo and Krenciglowa in [16], where the following operatorial identity has been demonstrated:

Q̂1Q̂ = �Q̂
Z

Q̂ , (25)

the integral sign representing the so-called folding operation [17].

2.2. The Lee–Suzuki iterative technique

Suzuki and Lee [6] suggested another iterative technique, which can be introduced by rearranging
Eq. (19) so as to have an explicit expression of the effective hamiltonian Heff

1 in terms of the operators
! and Q̂ :

Heff
1 (!) =

✓
1 + PH1Q

1
✏0 � QHQ

!

◆�1

Q̂ (✏0). (26)

The above equation can be rewritten in an iterative form:

Heff
1 (!n) =

✓
1 + PH1Q

1
✏0 � QHQ

!n�1

◆�1

Q̂ (✏0), (27)

H = (T + U) + (VNN � U) = H
0

+H
1

, (3)

namely as a one-body component H
0

, which describes the independent motion of the nucleons,
and a residual interaction H

1

.
The e↵ective Hamiltonian, H

e↵

, is defined through the model-space eigenvalue problem

H
e↵

P | ↵i = H
0

P | ↵i+He↵

1

P | ↵i = E↵P ↵, (4)

where the E↵ and the corresponding  ↵ are a subset of the eigenvalues and eigenfunctions of
the original Hamiltonian. Clearly, H

e↵

acts only on the model space defined in terms of the
eigenvalues of H

0

through the projection operator P .
A well-established approach to the determination of the e↵ective Hamiltonian is given by

the Q̂-box folded-diagram expansion. A detailed description of this approach can be found in
Refs. [8, 9], so we will not touch upon it here. We would like, however, to highlight the main
points involved in the derivation of H

e↵

, so as to make clear the present stage of development.
Within a degenerate model space, PH

0

P = ✏
0

, iterative techniques [10] can be used to
construct the e↵ective Hamiltonian. These, as the Krenciglowa-Kuo (KK) and the Lee-Suzuki
(LS) ones, are based on an expansion of He↵

1

in terms of the Q̂-box and its derivatives, the
Q̂-box being defined as

Q̂(✏) = PH
1

P + PH
1

Q
1

✏�QHQ
QH

1

P, (5)

where the operator Q is the complement of P .
Once the Q̂-box is calculated, we derive He↵

1

by means of the LS technique, which yields
converged results after a small number of iterations. The calculation of the Q̂-box, however, is
the most critical step of our procedure. This is performed by writing the term 1/(✏�QHQ) in
equation (5) as a power series, which leads to a perturbative calculation to be performed under
some approximations. A diagrammatic representation of the Q̂-box, including one- and two-
body diagrams up to third order in the interaction, is given in Ref. [9]. Clearly, only diagrams
up to a finite order can be included and the state-of-the-art calculations do not go beyond the
third order. One should also consider that the evaluation of the diagrams composing the Q̂-box
requires, in principle, a summation over all the states of the Q space. The truncation of this
infinite space is, therefore, another source of approximation. Both the order-by-order and the
intermediate-state convergence of the e↵ective interaction expansion are briefly reviewed in [8, 11]
where references to previous works are given, while in [9] they are discussed in detail focusing on
p-shell nuclei. In section 3, results of shell-model calculations with e↵ective interactions derived
by including diagrams up to second as well as third order are reported and compared with
experimental data.

In concluding this outline of the theoretical framework, it is worth mentioning two other
points entering our procedure. Our e↵ective Hamiltonian is derived for a two-valence-particle
nucleus but is then used for systems with a larger number of valence particles. This means
that we only include one- and two-body forces neglecting higher-body terms, which arise as an
e↵ect of the nuclear medium even if an NN potential is used. The one-body force gives the
theoretical single-particle energies as resulting from the sum of the eigenvalues ofH

0

and the one-
body contributions of He↵

1

. In most realistic shell-model calculations, however, these energies
are replaced by values taken from experiment. Furthermore, we note that the perturbation
expansion is performed for H

1

= V
NN

� U , which gives rise to (V � U)-insertion diagrams (see
[9]), which are in general neglected with the exception of the first-order ones. As a matter of
fact, these are exactly zero only when taking for U a self-consistent Hartree-Fock potential,
whereas an harmonic oscillator potential is generally used. In the next section we shall present

Heff is written as a	series in	terms of		the	 - box	and	its derivatives.	
For	instance

Q̂
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Heff is written as a	series in	terms of		the	 - box	and	its derivatives.	
For	instance

Q̂
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The	series is summed by	iterative	techniques
(Krenciglowa-Kuo,	Lee-Suzuki)

where H1 =Vlow-k – U; P= model space; Q=1-P; ε= PH0P;   



Perturbative calculation

2-body diagrams up to 2nd order:
V        V1p1h       V2p         V2p2h

1-body diagrams up to 2nd 
order S-box
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Results in 132Sn region
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Model	space:	one major	shell for	
protons/neutrons

with	SP	energies from	experiment

Veff @ second order

Vlow-k

(Λ=2.2 fm-1) + Coulomb interaction

CD-Bonn
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Energy	spectra and	electromagnetic propertis of	nuclei	 below and	above Z=50	
Behavior of	odd- even mass	staggering around 132Sn
Evolution of	single-particle states beyond 132Sn
Mixed-symmetry states
Predictions for	exotic Sn	isotopes with	N>82
Proton-neutron multiplets
Similarity of	nuclear structure in	the	132Sn	and	208Pb	regions
Role of	three-nucleon forces in	neutron-rich nuclei	beyond 132Sn

Realistic shell-model studies around 132Sn
F. Andreozzi, L. Coraggio, A. Covello, A. Gargano, T.T.S. Kuo, and A. Porrino, Structure of neutron-rich
nuclei around 132Sn, Phys. Rev. C 56, R16 (1997)

satisfactory description of	nuclear structure properties,
although some	problems still remain to	be	solved
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• R. Liča, H. Mach, L. M. Fraile, A. Gargano et al, Fast-timing study of the l-forbidden 1/2+→3/2+ M1 transition in 129Sn,
Phys. Rev. C 93, 044303 (2016)
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Realistic shell-model studies around 132Sn
F. Andreozzi, L. Coraggio, A. Covello, A. Gargano, T.T.S. Kuo, and A. Porrino, Structure of neutron-rich
nuclei around 132Sn, Phys. Rev. C 56, R16 (1997)

satisfactory description of	nuclear structure properties,
although some	problems still remain to	be	solved

Ø 1/2+ →3/2+ M1	transition in	129Sn

Ø (π	g9/2)−1	⊗ ν	f7/2multiplet in	132In
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The levels in 129Sn populated from the β− decay of 129In isomers were investigated at the ISOLDE facility
of CERN using the newly commissioned ISOLDE Decay Station (IDS). The lowest 1/2+ state and the 3/2+

ground state in 129Sn are expected to have configurations dominated by the neutron s1/2 (l = 0) and d3/2 (l = 2)
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FIG. 5. Difference (offset) between each γ -ray time distribution
centroid and the quadratic fit representing the walk curves shown
in Fig. 4. Each point is the average of the values obtained from
the two LaBr3(Ce) detectors. The only point with a significant offset
τ = 28(15) ps is the 315-keV centroid which translates into a half-life
of T1/2 = 19(10) ps.

keV transition from 129Sn was corrected for the internal
conversion, the M1 coefficient being 0.025 [17]. This yielded a
B(M1) transition rate of 6.4(30) × 10−2 µ2

N = 3.6(19) × 10−2

W.u. indicating a relatively fast transition, contrary to the
expected retarded transition.

III. THEORETICAL INTERPRETATION

With the assumption of dominant 2s1/2 and 1d3/2 configura-
tions for the 1/2+ and 3/2+ ground state in 129Sn, respectively,
one would expect a small value of the B(M1) transition rate
between them, because of the l-forbidden nature of the #l=2
(2s1/2−1d3/2) M1 transition, in contrast to our measurement
of a somewhat fast transition.

To understand the properties of these two low-lying levels
and the measured half-life, shell-model calculations have
been performed for 129Sn using a realistic two-body effective
interaction. This interaction was derived [18] in the hole-
hole formalism starting from the CD-Bonn potential [19],
renormalized by means of the Vlow−k approach with a cutoff
momentum $= 2.2 fm−1. In our calculations, 132Sn is con-
sidered as a closed core with neutron holes occupying the five
orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 of the 50–82 shell.
The single-hole energies were taken from the experimental
spectrum of 131Sn. Proton and neutron excitations across the
50 and 82 shells were not explicitly included in the calculations
but accounted for by the core polarization contributions to the
effective interaction. Based on previous studies in the region,
the matrix elements for the J π = 0+ channel were reduced
by a factor of 0.9. More details about the derivation of the
effective interaction can be found in [20]. No other adjustable
parameters were needed in the calculations.

The calculated excitation energy of the yrast 1/2+ state is
294 keV, which is in very close agreement with the experi-
mental value of 315 keV. Its wave-function configurations as

TABLE II. Percentage of the wave-function configurations for the
3/2+ ground state and the 1/2+ 315-keV state in 129Sn. One of the
three neuron holes is always occupying the 1d3/2 and 2s1/2 orbitals
in the case of the 3/2+ and 1/2+ states, respectively (see text for
details).

J π (nlj )−2

(0h11/2)−2 (1d3/2)−2 (2s1/2)−2 (1d5/2)−2 (0g7/2)−2

3/2+ 69% 12% 8% 6% 5%
1/2+ 60% 27% 7% 5%

well as those of the 3/2+ ground state are provided in Table II.
Only configurations with a percentage !5% are reported for
the 3/2+ and 1/2+ state, both of which are characterized by
one neutron hole in the 1d3/2 and 2s1/2 orbital, respectively.
It can be observed that the wave functions of both states
are essentially composed of the configurations with the two
remaining neutron holes in the 0h11/2 and 1d3/2 orbitals, the
former being the dominant one.

With an effective neutron charge eeff = 0.7e and g factors
equal to gfree

l = 0, gs = 0.7gfree
s = −2.68 [20], the resulting

reduced transition probabilities are B(E2,1/2+ → 3/2+) =
32.89 e2fm4 and B(M1,1/2+ → 3/2+) = 0.58 × 10−4 µ2

N .
Then, using the conversion coefficients 0.030 and 0.025 for
the E2 and M1 transition, respectively [17], as well as the
experimental excitation energy for the 1/2+ state, the transition
probabilities T (E2) = 0.13 × 109 s−1 and T (M1) = 0.03 ×
109 s−1 are obtained, leading to a half-life of T1/2 = 4 ns,
which clearly overestimates the experimental value by two
orders of magnitude.

To reconcile experiment and theory, the #l = 0 selection
rule in the M1 transition bare operator was relaxed by making
use of an effective operator in which the core excitations are
microscopically taken into account [21]. Within this approach,
the calculation of the single-particle matrix elements (MEs) of
this effective M1 operator is performed by means of many-
body perturbation theory, consistently with the derivation of
the effective two-body interaction including diagrams up to
second order in Vlow−k.

The calculated effective M1 matrix elements are listed in
Table III and compared to those obtained using gfree

l , gs =
−2.68. We see that all the new MEs are only slightly different
with respect to the previous ones. However, as a major change,
the off-diagonal #l = 2 MEs becomes different from zero,
and, in particular, the ⟨1d3/2||M1||2s1/2⟩ changes from zero to
0.10µN . This result has a great relevance on the calculation
of the M1 transition rate because of the sizable value of the
corresponding one-body transition density (∼0.9) as arising
from the structure of the 3/2+ and 1/2+ wave functions (see
Table II). In fact, with the microscopic M1 MEs shown in
Table III, a B(M1,1/2+ → 3/2+) = 0.55 × 10−2 µ2

N value is
obtained, leading to a transition probability T (M1) ∼ 3.42 ×
109 s−1, which is a factor 100 larger than the one obtained with
gfree

l , gs = −2.68.
Concerning the B(E2,1/2+ → 3/2+), it was found that

no substantial change is produced by using a microscopic
effective E2 operator, derived within the same framework of

044303-5

Eexc (in	keV)
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The levels in 129Sn populated from the β− decay of 129In isomers were investigated at the ISOLDE facility
of CERN using the newly commissioned ISOLDE Decay Station (IDS). The lowest 1/2+ state and the 3/2+

ground state in 129Sn are expected to have configurations dominated by the neutron s1/2 (l = 0) and d3/2 (l = 2)
single-particle states, respectively. Consequently, these states should be connected by a somewhat slow l-forbidden
M1 transition. Using fast-timing spectroscopy we have measured the half-life of the 1/2+ 315.3-keV state, T1/2 =
19(10) ps, which corresponds to a moderately fast M1 transition. Shell-model calculations using the CD-Bonn
effective interaction, with standard effective charges and g factors, predict a 4-ns half-life for this level. We can
reconcile the shell-model calculations to the measured T1/2 value by the renormalization of the M1 effective
operator for neutron holes.
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I. INTRODUCTION

Experimental information on nuclei far from the stability
line is of great importance for the development of nuclear
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models describing the structure of nuclei at or close to the
drip lines. As the N/Z ratio increases, several aspects of
the effective interaction between protons and neutrons are
revealed, providing unique views into the nuclear structure. In
this context, the predictive power of nuclear models is subject
to a stringent scrutiny, especially when the measurement of
the electromagnetic transition probabilities connecting nuclear
states can be achieved. These are, in fact, key observables for
a reasonably fine tuning of the nuclear models.

The regions around doubly magic nuclei attract strong
interest both from the point of view of experiment and theory,
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FIG. 5. Difference (offset) between each γ -ray time distribution
centroid and the quadratic fit representing the walk curves shown
in Fig. 4. Each point is the average of the values obtained from
the two LaBr3(Ce) detectors. The only point with a significant offset
τ = 28(15) ps is the 315-keV centroid which translates into a half-life
of T1/2 = 19(10) ps.

keV transition from 129Sn was corrected for the internal
conversion, the M1 coefficient being 0.025 [17]. This yielded a
B(M1) transition rate of 6.4(30) × 10−2 µ2

N = 3.6(19) × 10−2

W.u. indicating a relatively fast transition, contrary to the
expected retarded transition.

III. THEORETICAL INTERPRETATION

With the assumption of dominant 2s1/2 and 1d3/2 configura-
tions for the 1/2+ and 3/2+ ground state in 129Sn, respectively,
one would expect a small value of the B(M1) transition rate
between them, because of the l-forbidden nature of the #l=2
(2s1/2−1d3/2) M1 transition, in contrast to our measurement
of a somewhat fast transition.

To understand the properties of these two low-lying levels
and the measured half-life, shell-model calculations have
been performed for 129Sn using a realistic two-body effective
interaction. This interaction was derived [18] in the hole-
hole formalism starting from the CD-Bonn potential [19],
renormalized by means of the Vlow−k approach with a cutoff
momentum $= 2.2 fm−1. In our calculations, 132Sn is con-
sidered as a closed core with neutron holes occupying the five
orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 of the 50–82 shell.
The single-hole energies were taken from the experimental
spectrum of 131Sn. Proton and neutron excitations across the
50 and 82 shells were not explicitly included in the calculations
but accounted for by the core polarization contributions to the
effective interaction. Based on previous studies in the region,
the matrix elements for the J π = 0+ channel were reduced
by a factor of 0.9. More details about the derivation of the
effective interaction can be found in [20]. No other adjustable
parameters were needed in the calculations.

The calculated excitation energy of the yrast 1/2+ state is
294 keV, which is in very close agreement with the experi-
mental value of 315 keV. Its wave-function configurations as

TABLE II. Percentage of the wave-function configurations for the
3/2+ ground state and the 1/2+ 315-keV state in 129Sn. One of the
three neuron holes is always occupying the 1d3/2 and 2s1/2 orbitals
in the case of the 3/2+ and 1/2+ states, respectively (see text for
details).

J π (nlj )−2

(0h11/2)−2 (1d3/2)−2 (2s1/2)−2 (1d5/2)−2 (0g7/2)−2

3/2+ 69% 12% 8% 6% 5%
1/2+ 60% 27% 7% 5%

well as those of the 3/2+ ground state are provided in Table II.
Only configurations with a percentage !5% are reported for
the 3/2+ and 1/2+ state, both of which are characterized by
one neutron hole in the 1d3/2 and 2s1/2 orbital, respectively.
It can be observed that the wave functions of both states
are essentially composed of the configurations with the two
remaining neutron holes in the 0h11/2 and 1d3/2 orbitals, the
former being the dominant one.

With an effective neutron charge eeff = 0.7e and g factors
equal to gfree

l = 0, gs = 0.7gfree
s = −2.68 [20], the resulting

reduced transition probabilities are B(E2,1/2+ → 3/2+) =
32.89 e2fm4 and B(M1,1/2+ → 3/2+) = 0.58 × 10−4 µ2

N .
Then, using the conversion coefficients 0.030 and 0.025 for
the E2 and M1 transition, respectively [17], as well as the
experimental excitation energy for the 1/2+ state, the transition
probabilities T (E2) = 0.13 × 109 s−1 and T (M1) = 0.03 ×
109 s−1 are obtained, leading to a half-life of T1/2 = 4 ns,
which clearly overestimates the experimental value by two
orders of magnitude.

To reconcile experiment and theory, the #l = 0 selection
rule in the M1 transition bare operator was relaxed by making
use of an effective operator in which the core excitations are
microscopically taken into account [21]. Within this approach,
the calculation of the single-particle matrix elements (MEs) of
this effective M1 operator is performed by means of many-
body perturbation theory, consistently with the derivation of
the effective two-body interaction including diagrams up to
second order in Vlow−k.

The calculated effective M1 matrix elements are listed in
Table III and compared to those obtained using gfree

l , gs =
−2.68. We see that all the new MEs are only slightly different
with respect to the previous ones. However, as a major change,
the off-diagonal #l = 2 MEs becomes different from zero,
and, in particular, the ⟨1d3/2||M1||2s1/2⟩ changes from zero to
0.10µN . This result has a great relevance on the calculation
of the M1 transition rate because of the sizable value of the
corresponding one-body transition density (∼0.9) as arising
from the structure of the 3/2+ and 1/2+ wave functions (see
Table II). In fact, with the microscopic M1 MEs shown in
Table III, a B(M1,1/2+ → 3/2+) = 0.55 × 10−2 µ2

N value is
obtained, leading to a transition probability T (M1) ∼ 3.42 ×
109 s−1, which is a factor 100 larger than the one obtained with
gfree

l , gs = −2.68.
Concerning the B(E2,1/2+ → 3/2+), it was found that

no substantial change is produced by using a microscopic
effective E2 operator, derived within the same framework of
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of T1/2 = 19(10) ps.
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conversion, the M1 coefficient being 0.025 [17]. This yielded a
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W.u. indicating a relatively fast transition, contrary to the
expected retarded transition.
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one would expect a small value of the B(M1) transition rate
between them, because of the l-forbidden nature of the #l=2
(2s1/2−1d3/2) M1 transition, in contrast to our measurement
of a somewhat fast transition.

To understand the properties of these two low-lying levels
and the measured half-life, shell-model calculations have
been performed for 129Sn using a realistic two-body effective
interaction. This interaction was derived [18] in the hole-
hole formalism starting from the CD-Bonn potential [19],
renormalized by means of the Vlow−k approach with a cutoff
momentum $= 2.2 fm−1. In our calculations, 132Sn is con-
sidered as a closed core with neutron holes occupying the five
orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 of the 50–82 shell.
The single-hole energies were taken from the experimental
spectrum of 131Sn. Proton and neutron excitations across the
50 and 82 shells were not explicitly included in the calculations
but accounted for by the core polarization contributions to the
effective interaction. Based on previous studies in the region,
the matrix elements for the J π = 0+ channel were reduced
by a factor of 0.9. More details about the derivation of the
effective interaction can be found in [20]. No other adjustable
parameters were needed in the calculations.

The calculated excitation energy of the yrast 1/2+ state is
294 keV, which is in very close agreement with the experi-
mental value of 315 keV. Its wave-function configurations as
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3/2+ ground state and the 1/2+ 315-keV state in 129Sn. One of the
three neuron holes is always occupying the 1d3/2 and 2s1/2 orbitals
in the case of the 3/2+ and 1/2+ states, respectively (see text for
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(0h11/2)−2 (1d3/2)−2 (2s1/2)−2 (1d5/2)−2 (0g7/2)−2
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well as those of the 3/2+ ground state are provided in Table II.
Only configurations with a percentage !5% are reported for
the 3/2+ and 1/2+ state, both of which are characterized by
one neutron hole in the 1d3/2 and 2s1/2 orbital, respectively.
It can be observed that the wave functions of both states
are essentially composed of the configurations with the two
remaining neutron holes in the 0h11/2 and 1d3/2 orbitals, the
former being the dominant one.

With an effective neutron charge eeff = 0.7e and g factors
equal to gfree

l = 0, gs = 0.7gfree
s = −2.68 [20], the resulting

reduced transition probabilities are B(E2,1/2+ → 3/2+) =
32.89 e2fm4 and B(M1,1/2+ → 3/2+) = 0.58 × 10−4 µ2
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Then, using the conversion coefficients 0.030 and 0.025 for
the E2 and M1 transition, respectively [17], as well as the
experimental excitation energy for the 1/2+ state, the transition
probabilities T (E2) = 0.13 × 109 s−1 and T (M1) = 0.03 ×
109 s−1 are obtained, leading to a half-life of T1/2 = 4 ns,
which clearly overestimates the experimental value by two
orders of magnitude.

To reconcile experiment and theory, the #l = 0 selection
rule in the M1 transition bare operator was relaxed by making
use of an effective operator in which the core excitations are
microscopically taken into account [21]. Within this approach,
the calculation of the single-particle matrix elements (MEs) of
this effective M1 operator is performed by means of many-
body perturbation theory, consistently with the derivation of
the effective two-body interaction including diagrams up to
second order in Vlow−k.

The calculated effective M1 matrix elements are listed in
Table III and compared to those obtained using gfree

l , gs =
−2.68. We see that all the new MEs are only slightly different
with respect to the previous ones. However, as a major change,
the off-diagonal #l = 2 MEs becomes different from zero,
and, in particular, the ⟨1d3/2||M1||2s1/2⟩ changes from zero to
0.10µN . This result has a great relevance on the calculation
of the M1 transition rate because of the sizable value of the
corresponding one-body transition density (∼0.9) as arising
from the structure of the 3/2+ and 1/2+ wave functions (see
Table II). In fact, with the microscopic M1 MEs shown in
Table III, a B(M1,1/2+ → 3/2+) = 0.55 × 10−2 µ2

N value is
obtained, leading to a transition probability T (M1) ∼ 3.42 ×
109 s−1, which is a factor 100 larger than the one obtained with
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keV transition from 129Sn was corrected for the internal
conversion, the M1 coefficient being 0.025 [17]. This yielded a
B(M1) transition rate of 6.4(30) × 10−2 µ2

N = 3.6(19) × 10−2

W.u. indicating a relatively fast transition, contrary to the
expected retarded transition.
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With the assumption of dominant 2s1/2 and 1d3/2 configura-
tions for the 1/2+ and 3/2+ ground state in 129Sn, respectively,
one would expect a small value of the B(M1) transition rate
between them, because of the l-forbidden nature of the #l=2
(2s1/2−1d3/2) M1 transition, in contrast to our measurement
of a somewhat fast transition.

To understand the properties of these two low-lying levels
and the measured half-life, shell-model calculations have
been performed for 129Sn using a realistic two-body effective
interaction. This interaction was derived [18] in the hole-
hole formalism starting from the CD-Bonn potential [19],
renormalized by means of the Vlow−k approach with a cutoff
momentum $= 2.2 fm−1. In our calculations, 132Sn is con-
sidered as a closed core with neutron holes occupying the five
orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 of the 50–82 shell.
The single-hole energies were taken from the experimental
spectrum of 131Sn. Proton and neutron excitations across the
50 and 82 shells were not explicitly included in the calculations
but accounted for by the core polarization contributions to the
effective interaction. Based on previous studies in the region,
the matrix elements for the J π = 0+ channel were reduced
by a factor of 0.9. More details about the derivation of the
effective interaction can be found in [20]. No other adjustable
parameters were needed in the calculations.

The calculated excitation energy of the yrast 1/2+ state is
294 keV, which is in very close agreement with the experi-
mental value of 315 keV. Its wave-function configurations as

TABLE II. Percentage of the wave-function configurations for the
3/2+ ground state and the 1/2+ 315-keV state in 129Sn. One of the
three neuron holes is always occupying the 1d3/2 and 2s1/2 orbitals
in the case of the 3/2+ and 1/2+ states, respectively (see text for
details).
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well as those of the 3/2+ ground state are provided in Table II.
Only configurations with a percentage !5% are reported for
the 3/2+ and 1/2+ state, both of which are characterized by
one neutron hole in the 1d3/2 and 2s1/2 orbital, respectively.
It can be observed that the wave functions of both states
are essentially composed of the configurations with the two
remaining neutron holes in the 0h11/2 and 1d3/2 orbitals, the
former being the dominant one.

With an effective neutron charge eeff = 0.7e and g factors
equal to gfree

l = 0, gs = 0.7gfree
s = −2.68 [20], the resulting

reduced transition probabilities are B(E2,1/2+ → 3/2+) =
32.89 e2fm4 and B(M1,1/2+ → 3/2+) = 0.58 × 10−4 µ2
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Then, using the conversion coefficients 0.030 and 0.025 for
the E2 and M1 transition, respectively [17], as well as the
experimental excitation energy for the 1/2+ state, the transition
probabilities T (E2) = 0.13 × 109 s−1 and T (M1) = 0.03 ×
109 s−1 are obtained, leading to a half-life of T1/2 = 4 ns,
which clearly overestimates the experimental value by two
orders of magnitude.

To reconcile experiment and theory, the #l = 0 selection
rule in the M1 transition bare operator was relaxed by making
use of an effective operator in which the core excitations are
microscopically taken into account [21]. Within this approach,
the calculation of the single-particle matrix elements (MEs) of
this effective M1 operator is performed by means of many-
body perturbation theory, consistently with the derivation of
the effective two-body interaction including diagrams up to
second order in Vlow−k.

The calculated effective M1 matrix elements are listed in
Table III and compared to those obtained using gfree

l , gs =
−2.68. We see that all the new MEs are only slightly different
with respect to the previous ones. However, as a major change,
the off-diagonal #l = 2 MEs becomes different from zero,
and, in particular, the ⟨1d3/2||M1||2s1/2⟩ changes from zero to
0.10µN . This result has a great relevance on the calculation
of the M1 transition rate because of the sizable value of the
corresponding one-body transition density (∼0.9) as arising
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(Received 12 January 2016; published 4 April 2016)

The levels in 129Sn populated from the β− decay of 129In isomers were investigated at the ISOLDE facility
of CERN using the newly commissioned ISOLDE Decay Station (IDS). The lowest 1/2+ state and the 3/2+

ground state in 129Sn are expected to have configurations dominated by the neutron s1/2 (l = 0) and d3/2 (l = 2)
single-particle states, respectively. Consequently, these states should be connected by a somewhat slow l-forbidden
M1 transition. Using fast-timing spectroscopy we have measured the half-life of the 1/2+ 315.3-keV state, T1/2 =
19(10) ps, which corresponds to a moderately fast M1 transition. Shell-model calculations using the CD-Bonn
effective interaction, with standard effective charges and g factors, predict a 4-ns half-life for this level. We can
reconcile the shell-model calculations to the measured T1/2 value by the renormalization of the M1 effective
operator for neutron holes.
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models describing the structure of nuclei at or close to the
drip lines. As the N/Z ratio increases, several aspects of
the effective interaction between protons and neutrons are
revealed, providing unique views into the nuclear structure. In
this context, the predictive power of nuclear models is subject
to a stringent scrutiny, especially when the measurement of
the electromagnetic transition probabilities connecting nuclear
states can be achieved. These are, in fact, key observables for
a reasonably fine tuning of the nuclear models.

The regions around doubly magic nuclei attract strong
interest both from the point of view of experiment and theory,
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FIG. 5. Difference (offset) between each γ -ray time distribution
centroid and the quadratic fit representing the walk curves shown
in Fig. 4. Each point is the average of the values obtained from
the two LaBr3(Ce) detectors. The only point with a significant offset
τ = 28(15) ps is the 315-keV centroid which translates into a half-life
of T1/2 = 19(10) ps.

keV transition from 129Sn was corrected for the internal
conversion, the M1 coefficient being 0.025 [17]. This yielded a
B(M1) transition rate of 6.4(30) × 10−2 µ2

N = 3.6(19) × 10−2

W.u. indicating a relatively fast transition, contrary to the
expected retarded transition.

III. THEORETICAL INTERPRETATION

With the assumption of dominant 2s1/2 and 1d3/2 configura-
tions for the 1/2+ and 3/2+ ground state in 129Sn, respectively,
one would expect a small value of the B(M1) transition rate
between them, because of the l-forbidden nature of the #l=2
(2s1/2−1d3/2) M1 transition, in contrast to our measurement
of a somewhat fast transition.

To understand the properties of these two low-lying levels
and the measured half-life, shell-model calculations have
been performed for 129Sn using a realistic two-body effective
interaction. This interaction was derived [18] in the hole-
hole formalism starting from the CD-Bonn potential [19],
renormalized by means of the Vlow−k approach with a cutoff
momentum $= 2.2 fm−1. In our calculations, 132Sn is con-
sidered as a closed core with neutron holes occupying the five
orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 of the 50–82 shell.
The single-hole energies were taken from the experimental
spectrum of 131Sn. Proton and neutron excitations across the
50 and 82 shells were not explicitly included in the calculations
but accounted for by the core polarization contributions to the
effective interaction. Based on previous studies in the region,
the matrix elements for the J π = 0+ channel were reduced
by a factor of 0.9. More details about the derivation of the
effective interaction can be found in [20]. No other adjustable
parameters were needed in the calculations.

The calculated excitation energy of the yrast 1/2+ state is
294 keV, which is in very close agreement with the experi-
mental value of 315 keV. Its wave-function configurations as

TABLE II. Percentage of the wave-function configurations for the
3/2+ ground state and the 1/2+ 315-keV state in 129Sn. One of the
three neuron holes is always occupying the 1d3/2 and 2s1/2 orbitals
in the case of the 3/2+ and 1/2+ states, respectively (see text for
details).

J π (nlj )−2

(0h11/2)−2 (1d3/2)−2 (2s1/2)−2 (1d5/2)−2 (0g7/2)−2

3/2+ 69% 12% 8% 6% 5%
1/2+ 60% 27% 7% 5%

well as those of the 3/2+ ground state are provided in Table II.
Only configurations with a percentage !5% are reported for
the 3/2+ and 1/2+ state, both of which are characterized by
one neutron hole in the 1d3/2 and 2s1/2 orbital, respectively.
It can be observed that the wave functions of both states
are essentially composed of the configurations with the two
remaining neutron holes in the 0h11/2 and 1d3/2 orbitals, the
former being the dominant one.

With an effective neutron charge eeff = 0.7e and g factors
equal to gfree

l = 0, gs = 0.7gfree
s = −2.68 [20], the resulting

reduced transition probabilities are B(E2,1/2+ → 3/2+) =
32.89 e2fm4 and B(M1,1/2+ → 3/2+) = 0.58 × 10−4 µ2

N .
Then, using the conversion coefficients 0.030 and 0.025 for
the E2 and M1 transition, respectively [17], as well as the
experimental excitation energy for the 1/2+ state, the transition
probabilities T (E2) = 0.13 × 109 s−1 and T (M1) = 0.03 ×
109 s−1 are obtained, leading to a half-life of T1/2 = 4 ns,
which clearly overestimates the experimental value by two
orders of magnitude.

To reconcile experiment and theory, the #l = 0 selection
rule in the M1 transition bare operator was relaxed by making
use of an effective operator in which the core excitations are
microscopically taken into account [21]. Within this approach,
the calculation of the single-particle matrix elements (MEs) of
this effective M1 operator is performed by means of many-
body perturbation theory, consistently with the derivation of
the effective two-body interaction including diagrams up to
second order in Vlow−k.

The calculated effective M1 matrix elements are listed in
Table III and compared to those obtained using gfree

l , gs =
−2.68. We see that all the new MEs are only slightly different
with respect to the previous ones. However, as a major change,
the off-diagonal #l = 2 MEs becomes different from zero,
and, in particular, the ⟨1d3/2||M1||2s1/2⟩ changes from zero to
0.10µN . This result has a great relevance on the calculation
of the M1 transition rate because of the sizable value of the
corresponding one-body transition density (∼0.9) as arising
from the structure of the 3/2+ and 1/2+ wave functions (see
Table II). In fact, with the microscopic M1 MEs shown in
Table III, a B(M1,1/2+ → 3/2+) = 0.55 × 10−2 µ2

N value is
obtained, leading to a transition probability T (M1) ∼ 3.42 ×
109 s−1, which is a factor 100 larger than the one obtained with
gfree

l , gs = −2.68.
Concerning the B(E2,1/2+ → 3/2+), it was found that

no substantial change is produced by using a microscopic
effective E2 operator, derived within the same framework of

044303-5

Eexc (in	keV)
Calc Expt

1/2+ 294 315

Percentage of	the	wf configurations
3/2+	è (1d3/2)-1	(nlj)-2 &		1/2+	è (2s1/2)-1	(nlj)-2

B(E2;	1/2+ è 3/2+) B(M1;	1/2+ è 3/2+)

32.89	e2 fm4 0.58	x	10-4 µΝ2

T(E2) T(M1) T1/2
0.13	x109 s-1 0.03	x	109	s-1 4	ns

two order of	magnitude larger than the
experimental value
T1/2=	19(10)	ps
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FIG. 5. Difference (offset) between each γ -ray time distribution
centroid and the quadratic fit representing the walk curves shown
in Fig. 4. Each point is the average of the values obtained from
the two LaBr3(Ce) detectors. The only point with a significant offset
τ = 28(15) ps is the 315-keV centroid which translates into a half-life
of T1/2 = 19(10) ps.

keV transition from 129Sn was corrected for the internal
conversion, the M1 coefficient being 0.025 [17]. This yielded a
B(M1) transition rate of 6.4(30) × 10−2 µ2

N = 3.6(19) × 10−2

W.u. indicating a relatively fast transition, contrary to the
expected retarded transition.

III. THEORETICAL INTERPRETATION

With the assumption of dominant 2s1/2 and 1d3/2 configura-
tions for the 1/2+ and 3/2+ ground state in 129Sn, respectively,
one would expect a small value of the B(M1) transition rate
between them, because of the l-forbidden nature of the #l=2
(2s1/2−1d3/2) M1 transition, in contrast to our measurement
of a somewhat fast transition.

To understand the properties of these two low-lying levels
and the measured half-life, shell-model calculations have
been performed for 129Sn using a realistic two-body effective
interaction. This interaction was derived [18] in the hole-
hole formalism starting from the CD-Bonn potential [19],
renormalized by means of the Vlow−k approach with a cutoff
momentum $= 2.2 fm−1. In our calculations, 132Sn is con-
sidered as a closed core with neutron holes occupying the five
orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 of the 50–82 shell.
The single-hole energies were taken from the experimental
spectrum of 131Sn. Proton and neutron excitations across the
50 and 82 shells were not explicitly included in the calculations
but accounted for by the core polarization contributions to the
effective interaction. Based on previous studies in the region,
the matrix elements for the J π = 0+ channel were reduced
by a factor of 0.9. More details about the derivation of the
effective interaction can be found in [20]. No other adjustable
parameters were needed in the calculations.

The calculated excitation energy of the yrast 1/2+ state is
294 keV, which is in very close agreement with the experi-
mental value of 315 keV. Its wave-function configurations as

TABLE II. Percentage of the wave-function configurations for the
3/2+ ground state and the 1/2+ 315-keV state in 129Sn. One of the
three neuron holes is always occupying the 1d3/2 and 2s1/2 orbitals
in the case of the 3/2+ and 1/2+ states, respectively (see text for
details).

J π (nlj )−2

(0h11/2)−2 (1d3/2)−2 (2s1/2)−2 (1d5/2)−2 (0g7/2)−2

3/2+ 69% 12% 8% 6% 5%
1/2+ 60% 27% 7% 5%

well as those of the 3/2+ ground state are provided in Table II.
Only configurations with a percentage !5% are reported for
the 3/2+ and 1/2+ state, both of which are characterized by
one neutron hole in the 1d3/2 and 2s1/2 orbital, respectively.
It can be observed that the wave functions of both states
are essentially composed of the configurations with the two
remaining neutron holes in the 0h11/2 and 1d3/2 orbitals, the
former being the dominant one.

With an effective neutron charge eeff = 0.7e and g factors
equal to gfree

l = 0, gs = 0.7gfree
s = −2.68 [20], the resulting

reduced transition probabilities are B(E2,1/2+ → 3/2+) =
32.89 e2fm4 and B(M1,1/2+ → 3/2+) = 0.58 × 10−4 µ2

N .
Then, using the conversion coefficients 0.030 and 0.025 for
the E2 and M1 transition, respectively [17], as well as the
experimental excitation energy for the 1/2+ state, the transition
probabilities T (E2) = 0.13 × 109 s−1 and T (M1) = 0.03 ×
109 s−1 are obtained, leading to a half-life of T1/2 = 4 ns,
which clearly overestimates the experimental value by two
orders of magnitude.

To reconcile experiment and theory, the #l = 0 selection
rule in the M1 transition bare operator was relaxed by making
use of an effective operator in which the core excitations are
microscopically taken into account [21]. Within this approach,
the calculation of the single-particle matrix elements (MEs) of
this effective M1 operator is performed by means of many-
body perturbation theory, consistently with the derivation of
the effective two-body interaction including diagrams up to
second order in Vlow−k.

The calculated effective M1 matrix elements are listed in
Table III and compared to those obtained using gfree

l , gs =
−2.68. We see that all the new MEs are only slightly different
with respect to the previous ones. However, as a major change,
the off-diagonal #l = 2 MEs becomes different from zero,
and, in particular, the ⟨1d3/2||M1||2s1/2⟩ changes from zero to
0.10µN . This result has a great relevance on the calculation
of the M1 transition rate because of the sizable value of the
corresponding one-body transition density (∼0.9) as arising
from the structure of the 3/2+ and 1/2+ wave functions (see
Table II). In fact, with the microscopic M1 MEs shown in
Table III, a B(M1,1/2+ → 3/2+) = 0.55 × 10−2 µ2

N value is
obtained, leading to a transition probability T (M1) ∼ 3.42 ×
109 s−1, which is a factor 100 larger than the one obtained with
gfree

l , gs = −2.68.
Concerning the B(E2,1/2+ → 3/2+), it was found that

no substantial change is produced by using a microscopic
effective E2 operator, derived within the same framework of
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in Fig. 4. Each point is the average of the values obtained from
the two LaBr3(Ce) detectors. The only point with a significant offset
τ = 28(15) ps is the 315-keV centroid which translates into a half-life
of T1/2 = 19(10) ps.

keV transition from 129Sn was corrected for the internal
conversion, the M1 coefficient being 0.025 [17]. This yielded a
B(M1) transition rate of 6.4(30) × 10−2 µ2

N = 3.6(19) × 10−2

W.u. indicating a relatively fast transition, contrary to the
expected retarded transition.

III. THEORETICAL INTERPRETATION

With the assumption of dominant 2s1/2 and 1d3/2 configura-
tions for the 1/2+ and 3/2+ ground state in 129Sn, respectively,
one would expect a small value of the B(M1) transition rate
between them, because of the l-forbidden nature of the #l=2
(2s1/2−1d3/2) M1 transition, in contrast to our measurement
of a somewhat fast transition.

To understand the properties of these two low-lying levels
and the measured half-life, shell-model calculations have
been performed for 129Sn using a realistic two-body effective
interaction. This interaction was derived [18] in the hole-
hole formalism starting from the CD-Bonn potential [19],
renormalized by means of the Vlow−k approach with a cutoff
momentum $= 2.2 fm−1. In our calculations, 132Sn is con-
sidered as a closed core with neutron holes occupying the five
orbitals 0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2 of the 50–82 shell.
The single-hole energies were taken from the experimental
spectrum of 131Sn. Proton and neutron excitations across the
50 and 82 shells were not explicitly included in the calculations
but accounted for by the core polarization contributions to the
effective interaction. Based on previous studies in the region,
the matrix elements for the J π = 0+ channel were reduced
by a factor of 0.9. More details about the derivation of the
effective interaction can be found in [20]. No other adjustable
parameters were needed in the calculations.

The calculated excitation energy of the yrast 1/2+ state is
294 keV, which is in very close agreement with the experi-
mental value of 315 keV. Its wave-function configurations as

TABLE II. Percentage of the wave-function configurations for the
3/2+ ground state and the 1/2+ 315-keV state in 129Sn. One of the
three neuron holes is always occupying the 1d3/2 and 2s1/2 orbitals
in the case of the 3/2+ and 1/2+ states, respectively (see text for
details).

J π (nlj )−2

(0h11/2)−2 (1d3/2)−2 (2s1/2)−2 (1d5/2)−2 (0g7/2)−2

3/2+ 69% 12% 8% 6% 5%
1/2+ 60% 27% 7% 5%

well as those of the 3/2+ ground state are provided in Table II.
Only configurations with a percentage !5% are reported for
the 3/2+ and 1/2+ state, both of which are characterized by
one neutron hole in the 1d3/2 and 2s1/2 orbital, respectively.
It can be observed that the wave functions of both states
are essentially composed of the configurations with the two
remaining neutron holes in the 0h11/2 and 1d3/2 orbitals, the
former being the dominant one.

With an effective neutron charge eeff = 0.7e and g factors
equal to gfree

l = 0, gs = 0.7gfree
s = −2.68 [20], the resulting

reduced transition probabilities are B(E2,1/2+ → 3/2+) =
32.89 e2fm4 and B(M1,1/2+ → 3/2+) = 0.58 × 10−4 µ2

N .
Then, using the conversion coefficients 0.030 and 0.025 for
the E2 and M1 transition, respectively [17], as well as the
experimental excitation energy for the 1/2+ state, the transition
probabilities T (E2) = 0.13 × 109 s−1 and T (M1) = 0.03 ×
109 s−1 are obtained, leading to a half-life of T1/2 = 4 ns,
which clearly overestimates the experimental value by two
orders of magnitude.

To reconcile experiment and theory, the #l = 0 selection
rule in the M1 transition bare operator was relaxed by making
use of an effective operator in which the core excitations are
microscopically taken into account [21]. Within this approach,
the calculation of the single-particle matrix elements (MEs) of
this effective M1 operator is performed by means of many-
body perturbation theory, consistently with the derivation of
the effective two-body interaction including diagrams up to
second order in Vlow−k.

The calculated effective M1 matrix elements are listed in
Table III and compared to those obtained using gfree

l , gs =
−2.68. We see that all the new MEs are only slightly different
with respect to the previous ones. However, as a major change,
the off-diagonal #l = 2 MEs becomes different from zero,
and, in particular, the ⟨1d3/2||M1||2s1/2⟩ changes from zero to
0.10µN . This result has a great relevance on the calculation
of the M1 transition rate because of the sizable value of the
corresponding one-body transition density (∼0.9) as arising
from the structure of the 3/2+ and 1/2+ wave functions (see
Table II). In fact, with the microscopic M1 MEs shown in
Table III, a B(M1,1/2+ → 3/2+) = 0.55 × 10−2 µ2

N value is
obtained, leading to a transition probability T (M1) ∼ 3.42 ×
109 s−1, which is a factor 100 larger than the one obtained with
gfree

l , gs = −2.68.
Concerning the B(E2,1/2+ → 3/2+), it was found that

no substantial change is produced by using a microscopic
effective E2 operator, derived within the same framework of
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The levels in 129Sn populated from the β− decay of 129In isomers were investigated at the ISOLDE facility
of CERN using the newly commissioned ISOLDE Decay Station (IDS). The lowest 1/2+ state and the 3/2+

ground state in 129Sn are expected to have configurations dominated by the neutron s1/2 (l = 0) and d3/2 (l = 2)
single-particle states, respectively. Consequently, these states should be connected by a somewhat slow l-forbidden
M1 transition. Using fast-timing spectroscopy we have measured the half-life of the 1/2+ 315.3-keV state, T1/2 =
19(10) ps, which corresponds to a moderately fast M1 transition. Shell-model calculations using the CD-Bonn
effective interaction, with standard effective charges and g factors, predict a 4-ns half-life for this level. We can
reconcile the shell-model calculations to the measured T1/2 value by the renormalization of the M1 effective
operator for neutron holes.
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I. INTRODUCTION

Experimental information on nuclei far from the stability
line is of great importance for the development of nuclear
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models describing the structure of nuclei at or close to the
drip lines. As the N/Z ratio increases, several aspects of
the effective interaction between protons and neutrons are
revealed, providing unique views into the nuclear structure. In
this context, the predictive power of nuclear models is subject
to a stringent scrutiny, especially when the measurement of
the electromagnetic transition probabilities connecting nuclear
states can be achieved. These are, in fact, key observables for
a reasonably fine tuning of the nuclear models.

The regions around doubly magic nuclei attract strong
interest both from the point of view of experiment and theory,
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FIG. 19. Examples of nonfolded and folded diagrams which
contribute to the matrix elements of an operator (denoted by
the letter E). These contributions arise from the numerator
of Eq. (2.70).

below the level of the operator 8. The upper folds arise
from expanding out &„& and must lie above the operator
8; they are folded upwards. Energy denominators are
given by operating between the interactions (including 8)
with (e„,.—H, ) ' up to the level of 8 and with (e„z—II,) '
above this level. Apart from these caveats we can use
the rules of Appendix C.
To complete our analysis we need to discuss the nor-

malization terms which arise in the denominator of Eq.
(2.70). We can treat the normalization

N„= &e, ~n"„n„~en) (2.72)

V;)i

in just the same way as the numerator by replacing 5 by
the unit operator —this, of course, requires that initial
and final states be the same. In this case Fig. 19(a) has
the value 1, since our states are normalized to unity.
Figure 19(b) does not arise, since the unit operator can-
not connect particle and hole states. Figure 19(c) does
occur, and we represent it as in Fig. 20(a); the horizon-
tal line here represents the unit operator. As a prac-
tical matter this simply gives us an additional energy
denominator. Figure 19(d) gives us Fig. 20(b). Proceed-
ing thus with the horizontal line notation we can enumer-
ate the diagrams.
A formal note in passing: Using the energy-dependent

Thus what is needed is the derivative of the effective in-
teraction, since that has the effect of squaring each of
the energy denominators in turn as required for the nor-
malization. One could try to write the normalization di-
agrams in terms of the "downward folded" effective in-
teraction expansion; however, it is neater to use the
procedure of Fig. 20.
Now we have separate expansions for the numerator of

Eq. (2.70) and for the norms N„, and N„.z (which are
raised to the power 2) of the denominator, and we
could stop at this point. It is desirable, however, to ob-
tain a diagram series for the whole valence term; in-
deed, for the many valence-particle case this is neces-
sary if we are to eliminate unlinked terms. To this end
we write

N ' ' =(1+8) ' ' =-1 —28+—,'8 ~ ~ ~ vV (2.74)

(e„,.+ e„—e,—e,)' (2.76)

which is what is needed for Fig. 20(a).
Some more complicated illustrations of the diagram

series for the whole valence part of Eq. (2.70) are shown
in Fig. 22. The diagrams of Fig. 22(a) correspond to

whereby 9 is defined, and a binomial expansion has been
made (Brandow, 1967). Carrying out this expansion for
the initial and final states, we can represent the 0, 8', . . .
terms by diagrams folded once, twice, . . . into the ser-
ies of diagrams we have obtained for the numerator of
Eq. (2.70). The signs follow correctly, but the factors
of —,', —,', etc. are awkward and have to be put in explicit-
ly so they will be shown on the diagram.
Let us see how this goes. The simplest diagrams are

those of Fig. 21, which arise from the product of Fig.
19(a) with the normalization contribution to 8 of Fig.
20(a). Two diagrams arise, since we need to normalize
both the initial and the final state. The horizontal bar is
fixed at the level of the operator 8 and can be erased.
The energy denominators are given by the rule stated
above, namely, for the first diagram

1 1Xe„,.—(e, eee —e ) e„e—(eeee, +e, —e„—e„,.))

V ik

Vf
---- Vi

---E I

2

FIG. 20. Diagrams contributing to the wave function normali-
zation. The horizontal bar indicates a squared energy denomi-
nator at that level.

pIQ. 21. Lowest-order contributions to the matrix element
of an operator which arise from the normalization of the initial
or final wave function.
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A. Korgul,15 T. Kröll,16 J. Kurcewicz,1 S. Lalkovski,17 I. Lazarus,18 M. V. Lund,10 M. Madurga,1 R. Mărginean,2 I. Marroquı́n,6
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The levels in 129Sn populated from the β− decay of 129In isomers were investigated at the ISOLDE facility
of CERN using the newly commissioned ISOLDE Decay Station (IDS). The lowest 1/2+ state and the 3/2+

ground state in 129Sn are expected to have configurations dominated by the neutron s1/2 (l = 0) and d3/2 (l = 2)
single-particle states, respectively. Consequently, these states should be connected by a somewhat slow l-forbidden
M1 transition. Using fast-timing spectroscopy we have measured the half-life of the 1/2+ 315.3-keV state, T1/2 =
19(10) ps, which corresponds to a moderately fast M1 transition. Shell-model calculations using the CD-Bonn
effective interaction, with standard effective charges and g factors, predict a 4-ns half-life for this level. We can
reconcile the shell-model calculations to the measured T1/2 value by the renormalization of the M1 effective
operator for neutron holes.
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I. INTRODUCTION

Experimental information on nuclei far from the stability
line is of great importance for the development of nuclear
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models describing the structure of nuclei at or close to the
drip lines. As the N/Z ratio increases, several aspects of
the effective interaction between protons and neutrons are
revealed, providing unique views into the nuclear structure. In
this context, the predictive power of nuclear models is subject
to a stringent scrutiny, especially when the measurement of
the electromagnetic transition probabilities connecting nuclear
states can be achieved. These are, in fact, key observables for
a reasonably fine tuning of the nuclear models.

The regions around doubly magic nuclei attract strong
interest both from the point of view of experiment and theory,
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TABLE III. Comparison between the single-hole neutron M1
matrix elements (in µN ) obtained using g factors gfree

l = 0, gs =
−2.68 (I), and those of the effective M1 operator (II) (see text for
details).

a b ⟨a||M1||b⟩(I) ⟨a||M1||b⟩(II)

0g7/2 0g7/2 1.65 1.36
0g7/2 1d5/2 0 0.15
1d5/2 1d5/2 − 1.92 − 1.89
1d5/2 1d3/2 2.05 1.88
1d3/2 1d3/2 1.02 1.05
1d3/2 2s1/2 0 0.10
2s1/2 2s1/2 − 1.62 − 1.61

0h11/2 0h11/2 − 2.49 − 2.48

the M1 operator. The calculated effective charge (expressed as
the ME of the effective operator divided by the corresponding
proton ME of the free operator) ranges from 0.8 to 1.2. The
⟨1d3/2||E2||2s1/2⟩ ME which, as in the M1 case, plays a major
role in the 1/2+ → 3/2+ transition, has a value of ∼0.8.
Consequently, the T (E2) increases only by a factor slightly
greater than 1. It is worth noting that an enhancement of the
T (E2) similar to the one obtained for the M1 transition would
require a neutron effective charge equal to 10, a value without
any physical meaning.

On these grounds, we may conclude that the half-life of
the 1/2+ state arises essentially from the M1 transition and,
making use of the new T (M1) value, becomes about 200 ps,
which is still an order of magnitude larger compared to the
experimental data, but clearly different from the previous
calculated value indicating that the renormalization of the
bare M1 operator induced by core-polarization effects largely
contribute to the short half-life of the 1/2+ level in 129Sn. In
this context, we cannot exclude the possibility that the still
existing difference between the experimental and calculated
half-life may be from higher-order diagrams not included in
the calculation of the M1 effective operator.

IV. SUMMARY AND CONCLUSIONS

The half-life of the lowest 1/2+ state in 129Sn populated
in the β− decay of 129In is reported for the first time. The
measurement was carried out at the recently commissioned
ISOLDE Decay Station.

The 315.3-keV 1/2+ state is expected to have a configura-
tion dominated by the νs1/2 single-particle orbit while the 3/2+

ground state is expected to be predominantly the νd3/2 state.
Therefore, it is expected that they are connected by a retarded
l-forbidden M1 transition. The advanced time-delayed βγ γ (t)
fast-timing method was used to measure the 315.3-keV level
half-life, yielding a value T1/2 = 19(10) ps, and implying an
enhanced transition rate of B(M1) = 0.036(19) W.u.

Realistic shell-model calculations, with an effective interac-
tion derived from the CD-Bonn nucleon-nucleon potential lead
to a 4-ns half-life for the 1/2+ level, when standard effective
charge and g factors are employed. However, by using an
effective M1 operator derived within the same framework of
the effective interaction, we calculate a half-life that is 20 times
shorter, closer to the experimental value.

In conclusion, the short half-life of the 1/2+ level in 129Sn
does not necessarily imply a change in the shell structure,
but can be explained as from the renormalization of the M1
operator.

It will be of great interest extending this investigation to the
next odd Sn isotope, 131Sn, the nearest neighbor below 132Sn
in the 50–82 shell. Furthermore, it will be important to probe
the interactions for neutron particles in the 82–126 shell for
133Sn, across the N = 82 gap.
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FIG. 19. Examples of nonfolded and folded diagrams which
contribute to the matrix elements of an operator (denoted by
the letter E). These contributions arise from the numerator
of Eq. (2.70).

below the level of the operator 8. The upper folds arise
from expanding out &„& and must lie above the operator
8; they are folded upwards. Energy denominators are
given by operating between the interactions (including 8)
with (e„,.—H, ) ' up to the level of 8 and with (e„z—II,) '
above this level. Apart from these caveats we can use
the rules of Appendix C.
To complete our analysis we need to discuss the nor-

malization terms which arise in the denominator of Eq.
(2.70). We can treat the normalization

N„= &e, ~n"„n„~en) (2.72)

V;)i

in just the same way as the numerator by replacing 5 by
the unit operator —this, of course, requires that initial
and final states be the same. In this case Fig. 19(a) has
the value 1, since our states are normalized to unity.
Figure 19(b) does not arise, since the unit operator can-
not connect particle and hole states. Figure 19(c) does
occur, and we represent it as in Fig. 20(a); the horizon-
tal line here represents the unit operator. As a prac-
tical matter this simply gives us an additional energy
denominator. Figure 19(d) gives us Fig. 20(b). Proceed-
ing thus with the horizontal line notation we can enumer-
ate the diagrams.
A formal note in passing: Using the energy-dependent

Thus what is needed is the derivative of the effective in-
teraction, since that has the effect of squaring each of
the energy denominators in turn as required for the nor-
malization. One could try to write the normalization di-
agrams in terms of the "downward folded" effective in-
teraction expansion; however, it is neater to use the
procedure of Fig. 20.
Now we have separate expansions for the numerator of

Eq. (2.70) and for the norms N„, and N„.z (which are
raised to the power 2) of the denominator, and we
could stop at this point. It is desirable, however, to ob-
tain a diagram series for the whole valence term; in-
deed, for the many valence-particle case this is neces-
sary if we are to eliminate unlinked terms. To this end
we write

N ' ' =(1+8) ' ' =-1 —28+—,'8 ~ ~ ~ vV (2.74)

(e„,.+ e„—e,—e,)' (2.76)

which is what is needed for Fig. 20(a).
Some more complicated illustrations of the diagram

series for the whole valence part of Eq. (2.70) are shown
in Fig. 22. The diagrams of Fig. 22(a) correspond to

whereby 9 is defined, and a binomial expansion has been
made (Brandow, 1967). Carrying out this expansion for
the initial and final states, we can represent the 0, 8', . . .
terms by diagrams folded once, twice, . . . into the ser-
ies of diagrams we have obtained for the numerator of
Eq. (2.70). The signs follow correctly, but the factors
of —,', —,', etc. are awkward and have to be put in explicit-
ly so they will be shown on the diagram.
Let us see how this goes. The simplest diagrams are

those of Fig. 21, which arise from the product of Fig.
19(a) with the normalization contribution to 8 of Fig.
20(a). Two diagrams arise, since we need to normalize
both the initial and the final state. The horizontal bar is
fixed at the level of the operator 8 and can be erased.
The energy denominators are given by the rule stated
above, namely, for the first diagram
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FIG. 20. Diagrams contributing to the wave function normali-
zation. The horizontal bar indicates a squared energy denomi-
nator at that level.

pIQ. 21. Lowest-order contributions to the matrix element
of an operator which arise from the normalization of the initial
or final wave function.
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The levels in 129Sn populated from the β− decay of 129In isomers were investigated at the ISOLDE facility
of CERN using the newly commissioned ISOLDE Decay Station (IDS). The lowest 1/2+ state and the 3/2+

ground state in 129Sn are expected to have configurations dominated by the neutron s1/2 (l = 0) and d3/2 (l = 2)
single-particle states, respectively. Consequently, these states should be connected by a somewhat slow l-forbidden
M1 transition. Using fast-timing spectroscopy we have measured the half-life of the 1/2+ 315.3-keV state, T1/2 =
19(10) ps, which corresponds to a moderately fast M1 transition. Shell-model calculations using the CD-Bonn
effective interaction, with standard effective charges and g factors, predict a 4-ns half-life for this level. We can
reconcile the shell-model calculations to the measured T1/2 value by the renormalization of the M1 effective
operator for neutron holes.
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I. INTRODUCTION

Experimental information on nuclei far from the stability
line is of great importance for the development of nuclear
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models describing the structure of nuclei at or close to the
drip lines. As the N/Z ratio increases, several aspects of
the effective interaction between protons and neutrons are
revealed, providing unique views into the nuclear structure. In
this context, the predictive power of nuclear models is subject
to a stringent scrutiny, especially when the measurement of
the electromagnetic transition probabilities connecting nuclear
states can be achieved. These are, in fact, key observables for
a reasonably fine tuning of the nuclear models.

The regions around doubly magic nuclei attract strong
interest both from the point of view of experiment and theory,
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in just the same way as the numerator by replacing 5 by
the unit operator —this, of course, requires that initial
and final states be the same. In this case Fig. 19(a) has
the value 1, since our states are normalized to unity.
Figure 19(b) does not arise, since the unit operator can-
not connect particle and hole states. Figure 19(c) does
occur, and we represent it as in Fig. 20(a); the horizon-
tal line here represents the unit operator. As a prac-
tical matter this simply gives us an additional energy
denominator. Figure 19(d) gives us Fig. 20(b). Proceed-
ing thus with the horizontal line notation we can enumer-
ate the diagrams.
A formal note in passing: Using the energy-dependent

Thus what is needed is the derivative of the effective in-
teraction, since that has the effect of squaring each of
the energy denominators in turn as required for the nor-
malization. One could try to write the normalization di-
agrams in terms of the "downward folded" effective in-
teraction expansion; however, it is neater to use the
procedure of Fig. 20.
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Eq. (2.70) and for the norms N„, and N„.z (which are
raised to the power 2) of the denominator, and we
could stop at this point. It is desirable, however, to ob-
tain a diagram series for the whole valence term; in-
deed, for the many valence-particle case this is neces-
sary if we are to eliminate unlinked terms. To this end
we write
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which is what is needed for Fig. 20(a).
Some more complicated illustrations of the diagram
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in Fig. 22. The diagrams of Fig. 22(a) correspond to

whereby 9 is defined, and a binomial expansion has been
made (Brandow, 1967). Carrying out this expansion for
the initial and final states, we can represent the 0, 8', . . .
terms by diagrams folded once, twice, . . . into the ser-
ies of diagrams we have obtained for the numerator of
Eq. (2.70). The signs follow correctly, but the factors
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ly so they will be shown on the diagram.
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those of Fig. 21, which arise from the product of Fig.
19(a) with the normalization contribution to 8 of Fig.
20(a). Two diagrams arise, since we need to normalize
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fixed at the level of the operator 8 and can be erased.
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or final wave function.
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TABLE III. Comparison between the single-hole neutron M1
matrix elements (in µN ) obtained using g factors gfree

l = 0, gs =
−2.68 (I), and those of the effective M1 operator (II) (see text for
details).

a b ⟨a||M1||b⟩(I) ⟨a||M1||b⟩(II)

0g7/2 0g7/2 1.65 1.36
0g7/2 1d5/2 0 0.15
1d5/2 1d5/2 − 1.92 − 1.89
1d5/2 1d3/2 2.05 1.88
1d3/2 1d3/2 1.02 1.05
1d3/2 2s1/2 0 0.10
2s1/2 2s1/2 − 1.62 − 1.61

0h11/2 0h11/2 − 2.49 − 2.48

the M1 operator. The calculated effective charge (expressed as
the ME of the effective operator divided by the corresponding
proton ME of the free operator) ranges from 0.8 to 1.2. The
⟨1d3/2||E2||2s1/2⟩ ME which, as in the M1 case, plays a major
role in the 1/2+ → 3/2+ transition, has a value of ∼0.8.
Consequently, the T (E2) increases only by a factor slightly
greater than 1. It is worth noting that an enhancement of the
T (E2) similar to the one obtained for the M1 transition would
require a neutron effective charge equal to 10, a value without
any physical meaning.

On these grounds, we may conclude that the half-life of
the 1/2+ state arises essentially from the M1 transition and,
making use of the new T (M1) value, becomes about 200 ps,
which is still an order of magnitude larger compared to the
experimental data, but clearly different from the previous
calculated value indicating that the renormalization of the
bare M1 operator induced by core-polarization effects largely
contribute to the short half-life of the 1/2+ level in 129Sn. In
this context, we cannot exclude the possibility that the still
existing difference between the experimental and calculated
half-life may be from higher-order diagrams not included in
the calculation of the M1 effective operator.

IV. SUMMARY AND CONCLUSIONS

The half-life of the lowest 1/2+ state in 129Sn populated
in the β− decay of 129In is reported for the first time. The
measurement was carried out at the recently commissioned
ISOLDE Decay Station.

The 315.3-keV 1/2+ state is expected to have a configura-
tion dominated by the νs1/2 single-particle orbit while the 3/2+

ground state is expected to be predominantly the νd3/2 state.
Therefore, it is expected that they are connected by a retarded
l-forbidden M1 transition. The advanced time-delayed βγ γ (t)
fast-timing method was used to measure the 315.3-keV level
half-life, yielding a value T1/2 = 19(10) ps, and implying an
enhanced transition rate of B(M1) = 0.036(19) W.u.

Realistic shell-model calculations, with an effective interac-
tion derived from the CD-Bonn nucleon-nucleon potential lead
to a 4-ns half-life for the 1/2+ level, when standard effective
charge and g factors are employed. However, by using an
effective M1 operator derived within the same framework of
the effective interaction, we calculate a half-life that is 20 times
shorter, closer to the experimental value.

In conclusion, the short half-life of the 1/2+ level in 129Sn
does not necessarily imply a change in the shell structure,
but can be explained as from the renormalization of the M1
operator.

It will be of great interest extending this investigation to the
next odd Sn isotope, 131Sn, the nearest neighbor below 132Sn
in the 50–82 shell. Furthermore, it will be important to probe
the interactions for neutron particles in the 82–126 shell for
133Sn, across the N = 82 gap.
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A. Korgul,15 T. Kröll,16 J. Kurcewicz,1 S. Lalkovski,17 I. Lazarus,18 M. V. Lund,10 M. Madurga,1 R. Mărginean,2 I. Marroquı́n,6
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models describing the structure of nuclei at or close to the
drip lines. As the N/Z ratio increases, several aspects of
the effective interaction between protons and neutrons are
revealed, providing unique views into the nuclear structure. In
this context, the predictive power of nuclear models is subject
to a stringent scrutiny, especially when the measurement of
the electromagnetic transition probabilities connecting nuclear
states can be achieved. These are, in fact, key observables for
a reasonably fine tuning of the nuclear models.

The regions around doubly magic nuclei attract strong
interest both from the point of view of experiment and theory,
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4Grupo de Fı́sica Nuclear, Facultad de CC. Fı́sicas, Universidad Complutense, CEI Moncloa, E-28040 Madrid, Spain
5Istituto Nazionale di Fisica Nucleare, Complesso Universitario di Monte S. Angelo, Via Cintia - I-80126 Napoli, Italy

6Instituto de Estructura de la Materia, CSIC, Serrano 113 bis, E-28006 Madrid, Spain
7KU Leuven, Instituut voor Kern- en Stralingsfysica, Celestijnenlaan 200D, B-3001 Leuven, Belgium

8University of York, Dept Phys, York YO10 5DD, N Yorkshire, United Kingdom
9Istituto Nazionale di Fisica Nucleare, Sezione di Milano, I-20133 Milano, Italy

10Department of Physics and Astronomy, Aarhus University, DK-8000, Aarhus C, Denmark
11School of Engineering and Computing, University of the West of Scotland, Paisley, PA1 2BE, United Kingdom

12University of Jyvaskyla, Department of Physics, P.O. Box 35, FIN-40014 University of Jyvaskyla, Finland
13Helsinki Institute of Physics, University of Helsinki, P.O. Box 64, FIN-00014 Helsinki, Finland

14Department of Physics, Oliver Lodge Laboratory, University of Liverpool, Liverpool L69 7ZE, United Kingdom
15Faculty of Physics, University of Warsaw, PL 02-093 Warszawa, Poland

16Institut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt, Germany
17Department of Physics, University of Surrey, Guildford GU2 7XH, United Kingdom

18STFC Daresbury, Daresbury, Warrington WA4 4AD, United Kingdom
19IFIC, CSIC-Universitat de València, E-46980 València, Spain
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TABLE III. Comparison between the single-hole neutron M1
matrix elements (in µN ) obtained using g factors gfree

l = 0, gs =
−2.68 (I), and those of the effective M1 operator (II) (see text for
details).

a b ⟨a||M1||b⟩(I) ⟨a||M1||b⟩(II)

0g7/2 0g7/2 1.65 1.36
0g7/2 1d5/2 0 0.15
1d5/2 1d5/2 − 1.92 − 1.89
1d5/2 1d3/2 2.05 1.88
1d3/2 1d3/2 1.02 1.05
1d3/2 2s1/2 0 0.10
2s1/2 2s1/2 − 1.62 − 1.61

0h11/2 0h11/2 − 2.49 − 2.48

the M1 operator. The calculated effective charge (expressed as
the ME of the effective operator divided by the corresponding
proton ME of the free operator) ranges from 0.8 to 1.2. The
⟨1d3/2||E2||2s1/2⟩ ME which, as in the M1 case, plays a major
role in the 1/2+ → 3/2+ transition, has a value of ∼0.8.
Consequently, the T (E2) increases only by a factor slightly
greater than 1. It is worth noting that an enhancement of the
T (E2) similar to the one obtained for the M1 transition would
require a neutron effective charge equal to 10, a value without
any physical meaning.

On these grounds, we may conclude that the half-life of
the 1/2+ state arises essentially from the M1 transition and,
making use of the new T (M1) value, becomes about 200 ps,
which is still an order of magnitude larger compared to the
experimental data, but clearly different from the previous
calculated value indicating that the renormalization of the
bare M1 operator induced by core-polarization effects largely
contribute to the short half-life of the 1/2+ level in 129Sn. In
this context, we cannot exclude the possibility that the still
existing difference between the experimental and calculated
half-life may be from higher-order diagrams not included in
the calculation of the M1 effective operator.

IV. SUMMARY AND CONCLUSIONS

The half-life of the lowest 1/2+ state in 129Sn populated
in the β− decay of 129In is reported for the first time. The
measurement was carried out at the recently commissioned
ISOLDE Decay Station.

The 315.3-keV 1/2+ state is expected to have a configura-
tion dominated by the νs1/2 single-particle orbit while the 3/2+

ground state is expected to be predominantly the νd3/2 state.
Therefore, it is expected that they are connected by a retarded
l-forbidden M1 transition. The advanced time-delayed βγ γ (t)
fast-timing method was used to measure the 315.3-keV level
half-life, yielding a value T1/2 = 19(10) ps, and implying an
enhanced transition rate of B(M1) = 0.036(19) W.u.

Realistic shell-model calculations, with an effective interac-
tion derived from the CD-Bonn nucleon-nucleon potential lead
to a 4-ns half-life for the 1/2+ level, when standard effective
charge and g factors are employed. However, by using an
effective M1 operator derived within the same framework of
the effective interaction, we calculate a half-life that is 20 times
shorter, closer to the experimental value.

In conclusion, the short half-life of the 1/2+ level in 129Sn
does not necessarily imply a change in the shell structure,
but can be explained as from the renormalization of the M1
operator.

It will be of great interest extending this investigation to the
next odd Sn isotope, 131Sn, the nearest neighbor below 132Sn
in the 50–82 shell. Furthermore, it will be important to probe
the interactions for neutron particles in the 82–126 shell for
133Sn, across the N = 82 gap.
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Sumikama, Z. Y. Xu, H. Baba, F. Browne, N. Fukuda, N. Inabe,
T. Isobe, H. S. Jung, D. Kameda, G. D. Kim, Y.-K. Kim, I.
Kojouharov, T. Kubo, N. Kurz, Y. K. Kwon, Z. Li, H. Sakurai,
H. Schaffner, Y. Shimizu, H. Suzuki, H. Takeda, Z. Vajta, H.
Watanabe, J. Wu, A. Yagi, K. Yoshinaga, S. Bönig, J.-M. Daugas,
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B(M1;	1/2+ è 3/2+) T(M1)

0.55	x	10-2 µΝ
2 3.42	x	109 s-1

20	times shorter than the	T1/2	obtainedwith	empirical
g	factors and	closer to	the	experimental value [19(10)ps]

T1/2=	200	ps

No	substantial change is produced by	using a	microscopic effective E2	operator!
Effective charge for																																		~0.8		➤ an	increase in	T(E2)	sligthly >1

M1 effective operator

E2?

An	enhancement of	the	T	(E2)	similar to	the	one obtained for	the	M1	transition would require
a	neutron effective charge equal to	10,	a	valuewithout any physicalmeaning!!

→		the	T1/2(1/2+)	arises essentially from	the	M1	transition
→	 the	still existing difference between the	experimental and	calculated half-life	may be	from	
higher-order diagramsnot included in	the	calculation of	the	M1	effective operator
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The levels in 129Sn populated from the β− decay of 129In isomers were investigated at the ISOLDE facility
of CERN using the newly commissioned ISOLDE Decay Station (IDS). The lowest 1/2+ state and the 3/2+

ground state in 129Sn are expected to have configurations dominated by the neutron s1/2 (l = 0) and d3/2 (l = 2)
single-particle states, respectively. Consequently, these states should be connected by a somewhat slow l-forbidden
M1 transition. Using fast-timing spectroscopy we have measured the half-life of the 1/2+ 315.3-keV state, T1/2 =
19(10) ps, which corresponds to a moderately fast M1 transition. Shell-model calculations using the CD-Bonn
effective interaction, with standard effective charges and g factors, predict a 4-ns half-life for this level. We can
reconcile the shell-model calculations to the measured T1/2 value by the renormalization of the M1 effective
operator for neutron holes.

DOI: 10.1103/PhysRevC.93.044303

I. INTRODUCTION

Experimental information on nuclei far from the stability
line is of great importance for the development of nuclear

*Deceased.

Published by the American Physical Society under the terms of the
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models describing the structure of nuclei at or close to the
drip lines. As the N/Z ratio increases, several aspects of
the effective interaction between protons and neutrons are
revealed, providing unique views into the nuclear structure. In
this context, the predictive power of nuclear models is subject
to a stringent scrutiny, especially when the measurement of
the electromagnetic transition probabilities connecting nuclear
states can be achieved. These are, in fact, key observables for
a reasonably fine tuning of the nuclear models.

The regions around doubly magic nuclei attract strong
interest both from the point of view of experiment and theory,
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TABLE III. Comparison between the single-hole neutron M1
matrix elements (in µN ) obtained using g factors gfree

l = 0, gs =
−2.68 (I), and those of the effective M1 operator (II) (see text for
details).

a b ⟨a||M1||b⟩(I) ⟨a||M1||b⟩(II)

0g7/2 0g7/2 1.65 1.36
0g7/2 1d5/2 0 0.15
1d5/2 1d5/2 − 1.92 − 1.89
1d5/2 1d3/2 2.05 1.88
1d3/2 1d3/2 1.02 1.05
1d3/2 2s1/2 0 0.10
2s1/2 2s1/2 − 1.62 − 1.61

0h11/2 0h11/2 − 2.49 − 2.48

the M1 operator. The calculated effective charge (expressed as
the ME of the effective operator divided by the corresponding
proton ME of the free operator) ranges from 0.8 to 1.2. The
⟨1d3/2||E2||2s1/2⟩ ME which, as in the M1 case, plays a major
role in the 1/2+ → 3/2+ transition, has a value of ∼0.8.
Consequently, the T (E2) increases only by a factor slightly
greater than 1. It is worth noting that an enhancement of the
T (E2) similar to the one obtained for the M1 transition would
require a neutron effective charge equal to 10, a value without
any physical meaning.

On these grounds, we may conclude that the half-life of
the 1/2+ state arises essentially from the M1 transition and,
making use of the new T (M1) value, becomes about 200 ps,
which is still an order of magnitude larger compared to the
experimental data, but clearly different from the previous
calculated value indicating that the renormalization of the
bare M1 operator induced by core-polarization effects largely
contribute to the short half-life of the 1/2+ level in 129Sn. In
this context, we cannot exclude the possibility that the still
existing difference between the experimental and calculated
half-life may be from higher-order diagrams not included in
the calculation of the M1 effective operator.

IV. SUMMARY AND CONCLUSIONS

The half-life of the lowest 1/2+ state in 129Sn populated
in the β− decay of 129In is reported for the first time. The
measurement was carried out at the recently commissioned
ISOLDE Decay Station.

The 315.3-keV 1/2+ state is expected to have a configura-
tion dominated by the νs1/2 single-particle orbit while the 3/2+

ground state is expected to be predominantly the νd3/2 state.
Therefore, it is expected that they are connected by a retarded
l-forbidden M1 transition. The advanced time-delayed βγ γ (t)
fast-timing method was used to measure the 315.3-keV level
half-life, yielding a value T1/2 = 19(10) ps, and implying an
enhanced transition rate of B(M1) = 0.036(19) W.u.

Realistic shell-model calculations, with an effective interac-
tion derived from the CD-Bonn nucleon-nucleon potential lead
to a 4-ns half-life for the 1/2+ level, when standard effective
charge and g factors are employed. However, by using an
effective M1 operator derived within the same framework of
the effective interaction, we calculate a half-life that is 20 times
shorter, closer to the experimental value.

In conclusion, the short half-life of the 1/2+ level in 129Sn
does not necessarily imply a change in the shell structure,
but can be explained as from the renormalization of the M1
operator.

It will be of great interest extending this investigation to the
next odd Sn isotope, 131Sn, the nearest neighbor below 132Sn
in the 50–82 shell. Furthermore, it will be important to probe
the interactions for neutron particles in the 82–126 shell for
133Sn, across the N = 82 gap.
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First observation of γ rays emitted from excited states south-east of 132Sn:
The π g−1

9/2 ⊗ ν f7/2 multiplet of 132In83
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8LPSC, Université Joseph Fourier Grenoble 1, CNRS/IN2P3, Institut National Polytechnique de Grenoble,

F-38026 Grenoble Cedex, France
9Department of Physics, Tohoku University, Aoba, Sendai, Miyagi 980-8578, Japan

10Department of Physics, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, 113-0033 Tokyo, Japan
11School of Computing, Engineering and Mathematics, University of Brighton, Brighton BN2 4JG, United Kingdom

12Physik Department E12, Technische Universität München, D-85748 Garching, Germany
13Institut Laue-Langevin, B.P. 156, F-38042 Grenoble Cedex 9, France

14Department of Physics, Chung-Ang University, Seoul 156-756, Republic of Korea
15Rare Isotope Science Project, Institute for Basic Science, Daejeon 305-811, Republic of Korea
16Department of Nuclear Engineering, Hanyang University, Seoul 133-791, Republic of Korea

17School of Physics and State key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
18MTA Atomki, P.O. Box 51, Debrecen H-4001, Hungary

19Department of Physics, Osaka University, Machikaneyama-machi 1-1, Osaka 560-0043 Toyonaka, Japan
20Department of Physics, Faculty of Science and Technology, Tokyo University of Science, 2641 Yamazaki, Noda, Chiba, Japan

21Institut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt, Germany
22CEA, DAM, DIF, 91297 Arpajon cedex, France

23Instituto de Fı́sica Corpuscular, CSIC-Univ. of Valencia, E-46980 Paterna, Spain
24Seconda Universit di Napoli, Dipartimento di Matematica e Fisica, 2-81100 Caserta, Italy

25IKP, University of Cologne, D-50937 Cologne, Germany
26Instituut voor Kern- en StralingsFysica, K.U. Leuven, B-3001 Heverlee, Belgium

27Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki, 319-1195, Japan
(Received 15 December 2015; published 7 April 2016)

For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.

DOI: 10.1103/PhysRevC.93.041301

The region of the chart of nuclides south-east of doubly
magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid

*Present address: Department of Physics, University of Notre Dame,
Notre Dame, Indiana 46556, USA.

neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 4. Lowest particle-hole and, respectively, particle-particle
multiplets in (a) 132In and (b) 134Sb. Filled circles correspond to
negative-parity and open circles to positive-parity states. Results
of SM calculations using realistic effective interactions are shown
in black (for 134Sb from Ref. [28]), while SM estimates based on
a scaling of TBMEs from the 208Pb region are given in green.
Experimentally proposed states are represented by red dots (for 134Sb
from Ref. [29]). For 132In, the dashed red line represents the level
energies obtained assuming that the six γ rays observed in the present
experiment form a cascade from the 1− state to the 7− ground state
while the full red line results from the assumption that one low-energy
transition escaped observation (see text for details).

high-precision CD-Bonn NN potential [25], renormalized by
means of the Vlow−k approach [24] with a cutoff momentum
" = 2.2 fm−1. The Q̂ box is obtained by including diagrams
up to second order in Vlow−k , which are computed within
the harmonic-oscillator basis with !ω = 7.88 MeV. It is
worth pointing out that the neutron-proton effective interaction
has been explicitly derived in the particle-hole formalism as
described in Ref. [26]. All calculations are performed with the
OXBASH shell-model code [27]. The four multiplets calculated
at lowest excitation energy in the proton-hole, neutron-particle
nucleus 132In are shown in Fig. 4(a). As expected, the members
of the πg−1

9/2 ⊗ νf7/2 multiplet form the negative-parity yrast
sequence while the πp−1

1/2 ⊗ νf7/2 configuration at energies
slightly above 500 keV is the lowest positive-parity one. The
second excited 3−–6− states, belonging to the πg−1

9/2 ⊗ νp3/2
configuration, are positioned about 0.75–1.0 MeV above the
yrast line. Finally, the πp−1

3/2 ⊗ νf7/2 multiplet is predicted at
excitation energies around 1.5 MeV.

For a start, we assume in the following that the six observed
γ rays correspond to the expected cascade of M1 transitions
from the 1− member of the πg−1

9/2 ⊗ νf7/2 multiplet down
to the 7− ground state. This assumption is based on the
observation made in several experimental studies [29–32] that,
due to the E5 dependence of β decay, β-delayed neutron
emission tends to populate states at low excitation energy
in the daughter nucleus. For example, in the decay of the
(7/2−) ground state of 135Sn via neutron emission to excited
states in 134Sb [29], a case which is very similar to the one
discussed here with respect to the relative excitation energies
of different configurations in the daughter nucleus as shown
in Fig. 4(b), primarily the members of the πg7/2 ⊗ νf7/2

multiplet are populated. The 1− and 2− states with excitation
energies around 900 keV, which belong to the πd5/2 ⊗ νf7/2
configuration, receive at most 6% of the total feeding [29]. The
resulting excitation energies, assuming that all six observed
transitions connect states of the πg−1

9/2 ⊗ νf7/2 multiplet and
ordering them according to their energies, are compared to the
results of the SM calculations in Fig. 4(a). In this scenario,
the experimental energies are systematically higher than the
calculated ones, leading to a total energy spread which is twice
as large as theoretically predicted. The average difference
between experimental and calculated excitation energies is
≈300 keV, which corresponds to roughly 50% of the SM
energy spread.

Realistic SM calculations using the same approach as
described above have been reported in the past for a num-
ber of proton-particle, neutron-hole multiplets, namely, the
πg9/2 ⊗ νg−1

9/2, the πg7/2 ⊗ νd−1
3/2 and the πh9/2 ⊗ νf −1

5/2 states
in 90Nb49, 132Sb81, and 208Bi125 [26,33–35], respectively, and
also for the particle-particle nuclei 210Bi [36] and 134Sb [28].
For 134Sb, the results of SM calculations are included in
Fig. 4(b). These calculations very nicely reproduce the shape
of the πg7/2 ⊗ νf7/2 multiplet, only slightly overestimating
the spread in energy, and also agree with experiment for
the excitation energies of the 1− and 2− members of the
πd5/2 ⊗ νf7/2 configuration. In all the cases listed above, the
agreement is of comparable quality and the average difference
between experimental and calculated level energies amounts
to less than 10% of the SM energy spread of the respective
multiplet. In view of this consistently obtained good agreement
between experiment and SM calculations for a significant
number of cases, the comparison shown in Fig. 4(a) seems
to disprove our original assumption that the six observed γ
transitions form a single cascade. From the experimental side
it can of course not be excluded that one or more low-energy
transitions escaped observation. For example, the calculated
energy for the 5− → 6− transition is only 6 keV. Assuming that
one of the lowest transitions within the multiplet is unobserved
and adopting an energy of 25 ± 25 keV for this transition,
excitation energy ranges can be estimated for all states of the
multiplet as shown in Fig. 4(a). Note that in this scenario the
602 keV γ ray would correspond to the decay of a higher
lying excited state, belonging to either the πp−1

1/2 ⊗ νf7/2 or
the πg−1

9/2 ⊗ νp3/2 multiplet. The resulting excitation energies
are now much closer to the SM predictions and the average
difference drops to 80 keV, i.e., 12% of the SM energy spread,
comparable to that found in all other cases studied so far. It
therefore seems likely that one of the low-energy transitions
within the multiplet indeed escaped observation.

Besides the realistic SM calculations discussed above there
is an alternative theoretical approach to studying nuclei with
only a few nucleons or holes outside the doubly magic
132Sn core. It is based on the known similarities between
the nuclear structure properties of nuclei in the 132Sn and
208Pb regions [37,38]. As was recognized already more than
30 years ago by Blomqvist [37], every proton or neutron
single-particle state in the 132Sn region with quantum numbers
(n,l,j ) has its analog state in the 208Pb region, one harmonic
oscillator shell higher, with quantum numbers (n,l + 1,j + 1).
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For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.
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The region of the chart of nuclides south-east of doubly
magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid
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neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 4. Lowest particle-hole and, respectively, particle-particle
multiplets in (a) 132In and (b) 134Sb. Filled circles correspond to
negative-parity and open circles to positive-parity states. Results
of SM calculations using realistic effective interactions are shown
in black (for 134Sb from Ref. [28]), while SM estimates based on
a scaling of TBMEs from the 208Pb region are given in green.
Experimentally proposed states are represented by red dots (for 134Sb
from Ref. [29]). For 132In, the dashed red line represents the level
energies obtained assuming that the six γ rays observed in the present
experiment form a cascade from the 1− state to the 7− ground state
while the full red line results from the assumption that one low-energy
transition escaped observation (see text for details).

high-precision CD-Bonn NN potential [25], renormalized by
means of the Vlow−k approach [24] with a cutoff momentum
" = 2.2 fm−1. The Q̂ box is obtained by including diagrams
up to second order in Vlow−k , which are computed within
the harmonic-oscillator basis with !ω = 7.88 MeV. It is
worth pointing out that the neutron-proton effective interaction
has been explicitly derived in the particle-hole formalism as
described in Ref. [26]. All calculations are performed with the
OXBASH shell-model code [27]. The four multiplets calculated
at lowest excitation energy in the proton-hole, neutron-particle
nucleus 132In are shown in Fig. 4(a). As expected, the members
of the πg−1

9/2 ⊗ νf7/2 multiplet form the negative-parity yrast
sequence while the πp−1

1/2 ⊗ νf7/2 configuration at energies
slightly above 500 keV is the lowest positive-parity one. The
second excited 3−–6− states, belonging to the πg−1

9/2 ⊗ νp3/2
configuration, are positioned about 0.75–1.0 MeV above the
yrast line. Finally, the πp−1

3/2 ⊗ νf7/2 multiplet is predicted at
excitation energies around 1.5 MeV.

For a start, we assume in the following that the six observed
γ rays correspond to the expected cascade of M1 transitions
from the 1− member of the πg−1

9/2 ⊗ νf7/2 multiplet down
to the 7− ground state. This assumption is based on the
observation made in several experimental studies [29–32] that,
due to the E5 dependence of β decay, β-delayed neutron
emission tends to populate states at low excitation energy
in the daughter nucleus. For example, in the decay of the
(7/2−) ground state of 135Sn via neutron emission to excited
states in 134Sb [29], a case which is very similar to the one
discussed here with respect to the relative excitation energies
of different configurations in the daughter nucleus as shown
in Fig. 4(b), primarily the members of the πg7/2 ⊗ νf7/2

multiplet are populated. The 1− and 2− states with excitation
energies around 900 keV, which belong to the πd5/2 ⊗ νf7/2
configuration, receive at most 6% of the total feeding [29]. The
resulting excitation energies, assuming that all six observed
transitions connect states of the πg−1

9/2 ⊗ νf7/2 multiplet and
ordering them according to their energies, are compared to the
results of the SM calculations in Fig. 4(a). In this scenario,
the experimental energies are systematically higher than the
calculated ones, leading to a total energy spread which is twice
as large as theoretically predicted. The average difference
between experimental and calculated excitation energies is
≈300 keV, which corresponds to roughly 50% of the SM
energy spread.

Realistic SM calculations using the same approach as
described above have been reported in the past for a num-
ber of proton-particle, neutron-hole multiplets, namely, the
πg9/2 ⊗ νg−1

9/2, the πg7/2 ⊗ νd−1
3/2 and the πh9/2 ⊗ νf −1

5/2 states
in 90Nb49, 132Sb81, and 208Bi125 [26,33–35], respectively, and
also for the particle-particle nuclei 210Bi [36] and 134Sb [28].
For 134Sb, the results of SM calculations are included in
Fig. 4(b). These calculations very nicely reproduce the shape
of the πg7/2 ⊗ νf7/2 multiplet, only slightly overestimating
the spread in energy, and also agree with experiment for
the excitation energies of the 1− and 2− members of the
πd5/2 ⊗ νf7/2 configuration. In all the cases listed above, the
agreement is of comparable quality and the average difference
between experimental and calculated level energies amounts
to less than 10% of the SM energy spread of the respective
multiplet. In view of this consistently obtained good agreement
between experiment and SM calculations for a significant
number of cases, the comparison shown in Fig. 4(a) seems
to disprove our original assumption that the six observed γ
transitions form a single cascade. From the experimental side
it can of course not be excluded that one or more low-energy
transitions escaped observation. For example, the calculated
energy for the 5− → 6− transition is only 6 keV. Assuming that
one of the lowest transitions within the multiplet is unobserved
and adopting an energy of 25 ± 25 keV for this transition,
excitation energy ranges can be estimated for all states of the
multiplet as shown in Fig. 4(a). Note that in this scenario the
602 keV γ ray would correspond to the decay of a higher
lying excited state, belonging to either the πp−1

1/2 ⊗ νf7/2 or
the πg−1

9/2 ⊗ νp3/2 multiplet. The resulting excitation energies
are now much closer to the SM predictions and the average
difference drops to 80 keV, i.e., 12% of the SM energy spread,
comparable to that found in all other cases studied so far. It
therefore seems likely that one of the low-energy transitions
within the multiplet indeed escaped observation.

Besides the realistic SM calculations discussed above there
is an alternative theoretical approach to studying nuclei with
only a few nucleons or holes outside the doubly magic
132Sn core. It is based on the known similarities between
the nuclear structure properties of nuclei in the 132Sn and
208Pb regions [37,38]. As was recognized already more than
30 years ago by Blomqvist [37], every proton or neutron
single-particle state in the 132Sn region with quantum numbers
(n,l,j ) has its analog state in the 208Pb region, one harmonic
oscillator shell higher, with quantum numbers (n,l + 1,j + 1).

041301-4

132In 1 proton hole in	the	28-50	shell +	
1	neutron particle in	the	50	-82	shell



A.	Gargano
San	Servolo,	Venice

2016

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 93, 041301(R) (2016)

First observation of γ rays emitted from excited states south-east of 132Sn:
The π g−1

9/2 ⊗ ν f7/2 multiplet of 132In83

A. Jungclaus,1 A. Gargano,2 H. Grawe,3 J. Taprogge,1,4,5 S. Nishimura,5 P. Doornenbal,5 G. Lorusso,5,6,7 Y. Shimizu,5
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For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.
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magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid
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neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 2. Partial particle identification plot showing all events
according to the reconstructed values of the atomic mass Z and the
mass-to-charge ratio A/q. Note the clear separation between the fully
stripped (i.e., q = Z) 132,133Cd ions and the hydrogen-like 129,130Cd
ions (q = Z − 1).

of 100 keV to 7% at 1 MeV. Note that no add-back of signals
registered in neighboring Ge crystals has been applied in the
present work.

In Ref. [1] a log f t value of 5.4 was estimated for the
first-forbidden decay ν1f7/2 → π0g9/2 from the 0+ ground
state of 132Cd (with configuration πg−2

9/2 ⊗ νf 2
7/2) to the 1−

member of the πg−1
9/2 ⊗ νf7/2 multiplet in 132In, the only

significant decay branch populating excited states in 132In
below the neutron separation energy (Pn = 60% ± 15% [1]).
For this log f t value the 1− state is expected to be populated
in 20–30% of all 132Cd decays. Consequently, taking into
account the 8600 observed decays and the γ efficiencies quoted
above, a few hundred counts are expected for the γ transitions
connecting this 1− state to the 7− ground state. However, as
discussed in Ref. [20], no distinct γ rays were observed in
the energy range below 900 keV in prompt coincidence with
the decay of 132Cd ions implanted into WAS3ABi, possibly
indicating a larger β-delayed neutron emission probability as
reported in the literature. In contrast, a number of low-energy
γ rays are observed following the 640 recorded decays of
133Cd ions. Since a “Pn value close to 100%” was reported
for 133Cd in Ref. [3], these γ rays are assumed to be emitted
from excited states in 132In.

Figure 3(a) shows the spectrum of γ rays observed in
prompt coincidence with β-decay events registered within the
first 200 ms after the implantation of an identified 133Cd ion
into WAS3ABi. Five lines at energies of 50, 103, 227, 357,
and 602 keV are clearly visible in this spectrum and there are
indications for at least one additional line in the range between
50 and 100 keV. In order to reduce the low-energy background
in this spectrum, we considered in the next step only those
events in which only one of the seven crystals in a Ge cluster
detector registered an energy deposition. This condition, which
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FIG. 3. γ -ray spectra in prompt coincidence with decay events
during the first 200 ms after the implantation of a 133Cd ion into
WAS3ABi. (a) Without further condition, (b) requiring multiplicity
one in the composite Ge detector, and (c) applying in addition a strict
spatial correlation discussed in detail in the text.

favors photopeak events over signals belonging to Compton
scattered γ rays, resulted in the γ -ray spectrum shown in
Fig. 3(b). To further clean up the spectrum a very strict spatial
correlation between the implantation and the decay is required.
Figure 3(c) is obtained when only those events are considered
in which the decay took place either in the Si detector in
which the ion was implanted or in the one in front or behind.
Furthermore, in the plane perpendicular to the beam axis, the
decay had to occur within 1 mm of the implantation position in
both the vertical and the horizontal directions. The background
is now significantly reduced as compared to Fig. 3(a), in
particular in the low-energy region. In addition to the five lines
listed above there is now clear evidence of the existence of a
sixth line at an energy of 86 keV. The statistics accumulated
in the present experiment are very limited (see Fig. 3) so that
unfortunately no conclusive γ γ coincidence information could
be obtained.

To compare these six observed γ rays with theoretical
predictions, a realistic effective interaction was derived for
the first time for nuclei in the quadrant south-east of 132Sn. We
take 132Sn as closed core and consider a model space spanned
by the four 0f5/2, 1p3/2, 1p1/2, 0g9/2 proton-hole orbitals and
the six 1f7/2, 2p3/2, 2p1/2, 0h9/2, 1f5/2, 0i13/2 neutron orbitals.
The adopted values of the neutron single-particle and proton
single-hole energies are taken from the experimental spectra
of 133Sn [21,22] and 131In [20], respectively, except those
of the ν0i13/2 and the π0f −1

5/2 orbitals, whose corresponding
states have not yet been observed. The energies of these
two orbitals are from Refs. [23] and [20], respectively. The
two-body effective interaction is derived within the framework
of the Q̂-box folded diagram expansion [24] starting from the
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For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.

DOI: 10.1103/PhysRevC.93.041301

The region of the chart of nuclides south-east of doubly
magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid

*Present address: Department of Physics, University of Notre Dame,
Notre Dame, Indiana 46556, USA.

neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 2. Partial particle identification plot showing all events
according to the reconstructed values of the atomic mass Z and the
mass-to-charge ratio A/q. Note the clear separation between the fully
stripped (i.e., q = Z) 132,133Cd ions and the hydrogen-like 129,130Cd
ions (q = Z − 1).

of 100 keV to 7% at 1 MeV. Note that no add-back of signals
registered in neighboring Ge crystals has been applied in the
present work.

In Ref. [1] a log f t value of 5.4 was estimated for the
first-forbidden decay ν1f7/2 → π0g9/2 from the 0+ ground
state of 132Cd (with configuration πg−2

9/2 ⊗ νf 2
7/2) to the 1−

member of the πg−1
9/2 ⊗ νf7/2 multiplet in 132In, the only

significant decay branch populating excited states in 132In
below the neutron separation energy (Pn = 60% ± 15% [1]).
For this log f t value the 1− state is expected to be populated
in 20–30% of all 132Cd decays. Consequently, taking into
account the 8600 observed decays and the γ efficiencies quoted
above, a few hundred counts are expected for the γ transitions
connecting this 1− state to the 7− ground state. However, as
discussed in Ref. [20], no distinct γ rays were observed in
the energy range below 900 keV in prompt coincidence with
the decay of 132Cd ions implanted into WAS3ABi, possibly
indicating a larger β-delayed neutron emission probability as
reported in the literature. In contrast, a number of low-energy
γ rays are observed following the 640 recorded decays of
133Cd ions. Since a “Pn value close to 100%” was reported
for 133Cd in Ref. [3], these γ rays are assumed to be emitted
from excited states in 132In.

Figure 3(a) shows the spectrum of γ rays observed in
prompt coincidence with β-decay events registered within the
first 200 ms after the implantation of an identified 133Cd ion
into WAS3ABi. Five lines at energies of 50, 103, 227, 357,
and 602 keV are clearly visible in this spectrum and there are
indications for at least one additional line in the range between
50 and 100 keV. In order to reduce the low-energy background
in this spectrum, we considered in the next step only those
events in which only one of the seven crystals in a Ge cluster
detector registered an energy deposition. This condition, which
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FIG. 3. γ -ray spectra in prompt coincidence with decay events
during the first 200 ms after the implantation of a 133Cd ion into
WAS3ABi. (a) Without further condition, (b) requiring multiplicity
one in the composite Ge detector, and (c) applying in addition a strict
spatial correlation discussed in detail in the text.

favors photopeak events over signals belonging to Compton
scattered γ rays, resulted in the γ -ray spectrum shown in
Fig. 3(b). To further clean up the spectrum a very strict spatial
correlation between the implantation and the decay is required.
Figure 3(c) is obtained when only those events are considered
in which the decay took place either in the Si detector in
which the ion was implanted or in the one in front or behind.
Furthermore, in the plane perpendicular to the beam axis, the
decay had to occur within 1 mm of the implantation position in
both the vertical and the horizontal directions. The background
is now significantly reduced as compared to Fig. 3(a), in
particular in the low-energy region. In addition to the five lines
listed above there is now clear evidence of the existence of a
sixth line at an energy of 86 keV. The statistics accumulated
in the present experiment are very limited (see Fig. 3) so that
unfortunately no conclusive γ γ coincidence information could
be obtained.

To compare these six observed γ rays with theoretical
predictions, a realistic effective interaction was derived for
the first time for nuclei in the quadrant south-east of 132Sn. We
take 132Sn as closed core and consider a model space spanned
by the four 0f5/2, 1p3/2, 1p1/2, 0g9/2 proton-hole orbitals and
the six 1f7/2, 2p3/2, 2p1/2, 0h9/2, 1f5/2, 0i13/2 neutron orbitals.
The adopted values of the neutron single-particle and proton
single-hole energies are taken from the experimental spectra
of 133Sn [21,22] and 131In [20], respectively, except those
of the ν0i13/2 and the π0f −1

5/2 orbitals, whose corresponding
states have not yet been observed. The energies of these
two orbitals are from Refs. [23] and [20], respectively. The
two-body effective interaction is derived within the framework
of the Q̂-box folded diagram expansion [24] starting from the
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8LPSC, Université Joseph Fourier Grenoble 1, CNRS/IN2P3, Institut National Polytechnique de Grenoble,

F-38026 Grenoble Cedex, France
9Department of Physics, Tohoku University, Aoba, Sendai, Miyagi 980-8578, Japan

10Department of Physics, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, 113-0033 Tokyo, Japan
11School of Computing, Engineering and Mathematics, University of Brighton, Brighton BN2 4JG, United Kingdom

12Physik Department E12, Technische Universität München, D-85748 Garching, Germany
13Institut Laue-Langevin, B.P. 156, F-38042 Grenoble Cedex 9, France

14Department of Physics, Chung-Ang University, Seoul 156-756, Republic of Korea
15Rare Isotope Science Project, Institute for Basic Science, Daejeon 305-811, Republic of Korea
16Department of Nuclear Engineering, Hanyang University, Seoul 133-791, Republic of Korea

17School of Physics and State key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
18MTA Atomki, P.O. Box 51, Debrecen H-4001, Hungary

19Department of Physics, Osaka University, Machikaneyama-machi 1-1, Osaka 560-0043 Toyonaka, Japan
20Department of Physics, Faculty of Science and Technology, Tokyo University of Science, 2641 Yamazaki, Noda, Chiba, Japan

21Institut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt, Germany
22CEA, DAM, DIF, 91297 Arpajon cedex, France

23Instituto de Fı́sica Corpuscular, CSIC-Univ. of Valencia, E-46980 Paterna, Spain
24Seconda Universit di Napoli, Dipartimento di Matematica e Fisica, 2-81100 Caserta, Italy

25IKP, University of Cologne, D-50937 Cologne, Germany
26Instituut voor Kern- en StralingsFysica, K.U. Leuven, B-3001 Heverlee, Belgium

27Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki, 319-1195, Japan
(Received 15 December 2015; published 7 April 2016)

For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.
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The region of the chart of nuclides south-east of doubly
magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid

*Present address: Department of Physics, University of Notre Dame,
Notre Dame, Indiana 46556, USA.

neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 2. Partial particle identification plot showing all events
according to the reconstructed values of the atomic mass Z and the
mass-to-charge ratio A/q. Note the clear separation between the fully
stripped (i.e., q = Z) 132,133Cd ions and the hydrogen-like 129,130Cd
ions (q = Z − 1).

of 100 keV to 7% at 1 MeV. Note that no add-back of signals
registered in neighboring Ge crystals has been applied in the
present work.

In Ref. [1] a log f t value of 5.4 was estimated for the
first-forbidden decay ν1f7/2 → π0g9/2 from the 0+ ground
state of 132Cd (with configuration πg−2

9/2 ⊗ νf 2
7/2) to the 1−

member of the πg−1
9/2 ⊗ νf7/2 multiplet in 132In, the only

significant decay branch populating excited states in 132In
below the neutron separation energy (Pn = 60% ± 15% [1]).
For this log f t value the 1− state is expected to be populated
in 20–30% of all 132Cd decays. Consequently, taking into
account the 8600 observed decays and the γ efficiencies quoted
above, a few hundred counts are expected for the γ transitions
connecting this 1− state to the 7− ground state. However, as
discussed in Ref. [20], no distinct γ rays were observed in
the energy range below 900 keV in prompt coincidence with
the decay of 132Cd ions implanted into WAS3ABi, possibly
indicating a larger β-delayed neutron emission probability as
reported in the literature. In contrast, a number of low-energy
γ rays are observed following the 640 recorded decays of
133Cd ions. Since a “Pn value close to 100%” was reported
for 133Cd in Ref. [3], these γ rays are assumed to be emitted
from excited states in 132In.

Figure 3(a) shows the spectrum of γ rays observed in
prompt coincidence with β-decay events registered within the
first 200 ms after the implantation of an identified 133Cd ion
into WAS3ABi. Five lines at energies of 50, 103, 227, 357,
and 602 keV are clearly visible in this spectrum and there are
indications for at least one additional line in the range between
50 and 100 keV. In order to reduce the low-energy background
in this spectrum, we considered in the next step only those
events in which only one of the seven crystals in a Ge cluster
detector registered an energy deposition. This condition, which
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FIG. 3. γ -ray spectra in prompt coincidence with decay events
during the first 200 ms after the implantation of a 133Cd ion into
WAS3ABi. (a) Without further condition, (b) requiring multiplicity
one in the composite Ge detector, and (c) applying in addition a strict
spatial correlation discussed in detail in the text.

favors photopeak events over signals belonging to Compton
scattered γ rays, resulted in the γ -ray spectrum shown in
Fig. 3(b). To further clean up the spectrum a very strict spatial
correlation between the implantation and the decay is required.
Figure 3(c) is obtained when only those events are considered
in which the decay took place either in the Si detector in
which the ion was implanted or in the one in front or behind.
Furthermore, in the plane perpendicular to the beam axis, the
decay had to occur within 1 mm of the implantation position in
both the vertical and the horizontal directions. The background
is now significantly reduced as compared to Fig. 3(a), in
particular in the low-energy region. In addition to the five lines
listed above there is now clear evidence of the existence of a
sixth line at an energy of 86 keV. The statistics accumulated
in the present experiment are very limited (see Fig. 3) so that
unfortunately no conclusive γ γ coincidence information could
be obtained.

To compare these six observed γ rays with theoretical
predictions, a realistic effective interaction was derived for
the first time for nuclei in the quadrant south-east of 132Sn. We
take 132Sn as closed core and consider a model space spanned
by the four 0f5/2, 1p3/2, 1p1/2, 0g9/2 proton-hole orbitals and
the six 1f7/2, 2p3/2, 2p1/2, 0h9/2, 1f5/2, 0i13/2 neutron orbitals.
The adopted values of the neutron single-particle and proton
single-hole energies are taken from the experimental spectra
of 133Sn [21,22] and 131In [20], respectively, except those
of the ν0i13/2 and the π0f −1

5/2 orbitals, whose corresponding
states have not yet been observed. The energies of these
two orbitals are from Refs. [23] and [20], respectively. The
two-body effective interaction is derived within the framework
of the Q̂-box folded diagram expansion [24] starting from the
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b requiring multiplicity one in	the	γ -ray detector	

c b +strict spatial correlation decay took place either in	the	Si	
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behind
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For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.
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The region of the chart of nuclides south-east of doubly
magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid
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neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 4. Lowest particle-hole and, respectively, particle-particle
multiplets in (a) 132In and (b) 134Sb. Filled circles correspond to
negative-parity and open circles to positive-parity states. Results
of SM calculations using realistic effective interactions are shown
in black (for 134Sb from Ref. [28]), while SM estimates based on
a scaling of TBMEs from the 208Pb region are given in green.
Experimentally proposed states are represented by red dots (for 134Sb
from Ref. [29]). For 132In, the dashed red line represents the level
energies obtained assuming that the six γ rays observed in the present
experiment form a cascade from the 1− state to the 7− ground state
while the full red line results from the assumption that one low-energy
transition escaped observation (see text for details).

high-precision CD-Bonn NN potential [25], renormalized by
means of the Vlow−k approach [24] with a cutoff momentum
" = 2.2 fm−1. The Q̂ box is obtained by including diagrams
up to second order in Vlow−k , which are computed within
the harmonic-oscillator basis with !ω = 7.88 MeV. It is
worth pointing out that the neutron-proton effective interaction
has been explicitly derived in the particle-hole formalism as
described in Ref. [26]. All calculations are performed with the
OXBASH shell-model code [27]. The four multiplets calculated
at lowest excitation energy in the proton-hole, neutron-particle
nucleus 132In are shown in Fig. 4(a). As expected, the members
of the πg−1

9/2 ⊗ νf7/2 multiplet form the negative-parity yrast
sequence while the πp−1

1/2 ⊗ νf7/2 configuration at energies
slightly above 500 keV is the lowest positive-parity one. The
second excited 3−–6− states, belonging to the πg−1

9/2 ⊗ νp3/2
configuration, are positioned about 0.75–1.0 MeV above the
yrast line. Finally, the πp−1

3/2 ⊗ νf7/2 multiplet is predicted at
excitation energies around 1.5 MeV.

For a start, we assume in the following that the six observed
γ rays correspond to the expected cascade of M1 transitions
from the 1− member of the πg−1

9/2 ⊗ νf7/2 multiplet down
to the 7− ground state. This assumption is based on the
observation made in several experimental studies [29–32] that,
due to the E5 dependence of β decay, β-delayed neutron
emission tends to populate states at low excitation energy
in the daughter nucleus. For example, in the decay of the
(7/2−) ground state of 135Sn via neutron emission to excited
states in 134Sb [29], a case which is very similar to the one
discussed here with respect to the relative excitation energies
of different configurations in the daughter nucleus as shown
in Fig. 4(b), primarily the members of the πg7/2 ⊗ νf7/2

multiplet are populated. The 1− and 2− states with excitation
energies around 900 keV, which belong to the πd5/2 ⊗ νf7/2
configuration, receive at most 6% of the total feeding [29]. The
resulting excitation energies, assuming that all six observed
transitions connect states of the πg−1

9/2 ⊗ νf7/2 multiplet and
ordering them according to their energies, are compared to the
results of the SM calculations in Fig. 4(a). In this scenario,
the experimental energies are systematically higher than the
calculated ones, leading to a total energy spread which is twice
as large as theoretically predicted. The average difference
between experimental and calculated excitation energies is
≈300 keV, which corresponds to roughly 50% of the SM
energy spread.

Realistic SM calculations using the same approach as
described above have been reported in the past for a num-
ber of proton-particle, neutron-hole multiplets, namely, the
πg9/2 ⊗ νg−1

9/2, the πg7/2 ⊗ νd−1
3/2 and the πh9/2 ⊗ νf −1

5/2 states
in 90Nb49, 132Sb81, and 208Bi125 [26,33–35], respectively, and
also for the particle-particle nuclei 210Bi [36] and 134Sb [28].
For 134Sb, the results of SM calculations are included in
Fig. 4(b). These calculations very nicely reproduce the shape
of the πg7/2 ⊗ νf7/2 multiplet, only slightly overestimating
the spread in energy, and also agree with experiment for
the excitation energies of the 1− and 2− members of the
πd5/2 ⊗ νf7/2 configuration. In all the cases listed above, the
agreement is of comparable quality and the average difference
between experimental and calculated level energies amounts
to less than 10% of the SM energy spread of the respective
multiplet. In view of this consistently obtained good agreement
between experiment and SM calculations for a significant
number of cases, the comparison shown in Fig. 4(a) seems
to disprove our original assumption that the six observed γ
transitions form a single cascade. From the experimental side
it can of course not be excluded that one or more low-energy
transitions escaped observation. For example, the calculated
energy for the 5− → 6− transition is only 6 keV. Assuming that
one of the lowest transitions within the multiplet is unobserved
and adopting an energy of 25 ± 25 keV for this transition,
excitation energy ranges can be estimated for all states of the
multiplet as shown in Fig. 4(a). Note that in this scenario the
602 keV γ ray would correspond to the decay of a higher
lying excited state, belonging to either the πp−1

1/2 ⊗ νf7/2 or
the πg−1

9/2 ⊗ νp3/2 multiplet. The resulting excitation energies
are now much closer to the SM predictions and the average
difference drops to 80 keV, i.e., 12% of the SM energy spread,
comparable to that found in all other cases studied so far. It
therefore seems likely that one of the low-energy transitions
within the multiplet indeed escaped observation.

Besides the realistic SM calculations discussed above there
is an alternative theoretical approach to studying nuclei with
only a few nucleons or holes outside the doubly magic
132Sn core. It is based on the known similarities between
the nuclear structure properties of nuclei in the 132Sn and
208Pb regions [37,38]. As was recognized already more than
30 years ago by Blomqvist [37], every proton or neutron
single-particle state in the 132Sn region with quantum numbers
(n,l,j ) has its analog state in the 208Pb region, one harmonic
oscillator shell higher, with quantum numbers (n,l + 1,j + 1).

041301-4

..

Expt
Calc



A.	Gargano
San	Servolo,	Venice

2016

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 93, 041301(R) (2016)

First observation of γ rays emitted from excited states south-east of 132Sn:
The π g−1

9/2 ⊗ ν f7/2 multiplet of 132In83

A. Jungclaus,1 A. Gargano,2 H. Grawe,3 J. Taprogge,1,4,5 S. Nishimura,5 P. Doornenbal,5 G. Lorusso,5,6,7 Y. Shimizu,5
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For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.
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The region of the chart of nuclides south-east of doubly
magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid
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neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 4. Lowest particle-hole and, respectively, particle-particle
multiplets in (a) 132In and (b) 134Sb. Filled circles correspond to
negative-parity and open circles to positive-parity states. Results
of SM calculations using realistic effective interactions are shown
in black (for 134Sb from Ref. [28]), while SM estimates based on
a scaling of TBMEs from the 208Pb region are given in green.
Experimentally proposed states are represented by red dots (for 134Sb
from Ref. [29]). For 132In, the dashed red line represents the level
energies obtained assuming that the six γ rays observed in the present
experiment form a cascade from the 1− state to the 7− ground state
while the full red line results from the assumption that one low-energy
transition escaped observation (see text for details).

high-precision CD-Bonn NN potential [25], renormalized by
means of the Vlow−k approach [24] with a cutoff momentum
" = 2.2 fm−1. The Q̂ box is obtained by including diagrams
up to second order in Vlow−k , which are computed within
the harmonic-oscillator basis with !ω = 7.88 MeV. It is
worth pointing out that the neutron-proton effective interaction
has been explicitly derived in the particle-hole formalism as
described in Ref. [26]. All calculations are performed with the
OXBASH shell-model code [27]. The four multiplets calculated
at lowest excitation energy in the proton-hole, neutron-particle
nucleus 132In are shown in Fig. 4(a). As expected, the members
of the πg−1

9/2 ⊗ νf7/2 multiplet form the negative-parity yrast
sequence while the πp−1

1/2 ⊗ νf7/2 configuration at energies
slightly above 500 keV is the lowest positive-parity one. The
second excited 3−–6− states, belonging to the πg−1

9/2 ⊗ νp3/2
configuration, are positioned about 0.75–1.0 MeV above the
yrast line. Finally, the πp−1

3/2 ⊗ νf7/2 multiplet is predicted at
excitation energies around 1.5 MeV.

For a start, we assume in the following that the six observed
γ rays correspond to the expected cascade of M1 transitions
from the 1− member of the πg−1

9/2 ⊗ νf7/2 multiplet down
to the 7− ground state. This assumption is based on the
observation made in several experimental studies [29–32] that,
due to the E5 dependence of β decay, β-delayed neutron
emission tends to populate states at low excitation energy
in the daughter nucleus. For example, in the decay of the
(7/2−) ground state of 135Sn via neutron emission to excited
states in 134Sb [29], a case which is very similar to the one
discussed here with respect to the relative excitation energies
of different configurations in the daughter nucleus as shown
in Fig. 4(b), primarily the members of the πg7/2 ⊗ νf7/2

multiplet are populated. The 1− and 2− states with excitation
energies around 900 keV, which belong to the πd5/2 ⊗ νf7/2
configuration, receive at most 6% of the total feeding [29]. The
resulting excitation energies, assuming that all six observed
transitions connect states of the πg−1

9/2 ⊗ νf7/2 multiplet and
ordering them according to their energies, are compared to the
results of the SM calculations in Fig. 4(a). In this scenario,
the experimental energies are systematically higher than the
calculated ones, leading to a total energy spread which is twice
as large as theoretically predicted. The average difference
between experimental and calculated excitation energies is
≈300 keV, which corresponds to roughly 50% of the SM
energy spread.

Realistic SM calculations using the same approach as
described above have been reported in the past for a num-
ber of proton-particle, neutron-hole multiplets, namely, the
πg9/2 ⊗ νg−1

9/2, the πg7/2 ⊗ νd−1
3/2 and the πh9/2 ⊗ νf −1

5/2 states
in 90Nb49, 132Sb81, and 208Bi125 [26,33–35], respectively, and
also for the particle-particle nuclei 210Bi [36] and 134Sb [28].
For 134Sb, the results of SM calculations are included in
Fig. 4(b). These calculations very nicely reproduce the shape
of the πg7/2 ⊗ νf7/2 multiplet, only slightly overestimating
the spread in energy, and also agree with experiment for
the excitation energies of the 1− and 2− members of the
πd5/2 ⊗ νf7/2 configuration. In all the cases listed above, the
agreement is of comparable quality and the average difference
between experimental and calculated level energies amounts
to less than 10% of the SM energy spread of the respective
multiplet. In view of this consistently obtained good agreement
between experiment and SM calculations for a significant
number of cases, the comparison shown in Fig. 4(a) seems
to disprove our original assumption that the six observed γ
transitions form a single cascade. From the experimental side
it can of course not be excluded that one or more low-energy
transitions escaped observation. For example, the calculated
energy for the 5− → 6− transition is only 6 keV. Assuming that
one of the lowest transitions within the multiplet is unobserved
and adopting an energy of 25 ± 25 keV for this transition,
excitation energy ranges can be estimated for all states of the
multiplet as shown in Fig. 4(a). Note that in this scenario the
602 keV γ ray would correspond to the decay of a higher
lying excited state, belonging to either the πp−1

1/2 ⊗ νf7/2 or
the πg−1

9/2 ⊗ νp3/2 multiplet. The resulting excitation energies
are now much closer to the SM predictions and the average
difference drops to 80 keV, i.e., 12% of the SM energy spread,
comparable to that found in all other cases studied so far. It
therefore seems likely that one of the low-energy transitions
within the multiplet indeed escaped observation.

Besides the realistic SM calculations discussed above there
is an alternative theoretical approach to studying nuclei with
only a few nucleons or holes outside the doubly magic
132Sn core. It is based on the known similarities between
the nuclear structure properties of nuclei in the 132Sn and
208Pb regions [37,38]. As was recognized already more than
30 years ago by Blomqvist [37], every proton or neutron
single-particle state in the 132Sn region with quantum numbers
(n,l,j ) has its analog state in the 208Pb region, one harmonic
oscillator shell higher, with quantum numbers (n,l + 1,j + 1).
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FIG. 4. Lowest particle-hole and, respectively, particle-particle
multiplets in (a) 132In and (b) 134Sb. Filled circles correspond to
negative-parity and open circles to positive-parity states. Results
of SM calculations using realistic effective interactions are shown
in black (for 134Sb from Ref. [28]), while SM estimates based on
a scaling of TBMEs from the 208Pb region are given in green.
Experimentally proposed states are represented by red dots (for 134Sb
from Ref. [29]). For 132In, the dashed red line represents the level
energies obtained assuming that the six γ rays observed in the present
experiment form a cascade from the 1− state to the 7− ground state
while the full red line results from the assumption that one low-energy
transition escaped observation (see text for details).

high-precision CD-Bonn NN potential [25], renormalized by
means of the Vlow−k approach [24] with a cutoff momentum
" = 2.2 fm−1. The Q̂ box is obtained by including diagrams
up to second order in Vlow−k , which are computed within
the harmonic-oscillator basis with !ω = 7.88 MeV. It is
worth pointing out that the neutron-proton effective interaction
has been explicitly derived in the particle-hole formalism as
described in Ref. [26]. All calculations are performed with the
OXBASH shell-model code [27]. The four multiplets calculated
at lowest excitation energy in the proton-hole, neutron-particle
nucleus 132In are shown in Fig. 4(a). As expected, the members
of the πg−1

9/2 ⊗ νf7/2 multiplet form the negative-parity yrast
sequence while the πp−1

1/2 ⊗ νf7/2 configuration at energies
slightly above 500 keV is the lowest positive-parity one. The
second excited 3−–6− states, belonging to the πg−1

9/2 ⊗ νp3/2
configuration, are positioned about 0.75–1.0 MeV above the
yrast line. Finally, the πp−1

3/2 ⊗ νf7/2 multiplet is predicted at
excitation energies around 1.5 MeV.

For a start, we assume in the following that the six observed
γ rays correspond to the expected cascade of M1 transitions
from the 1− member of the πg−1

9/2 ⊗ νf7/2 multiplet down
to the 7− ground state. This assumption is based on the
observation made in several experimental studies [29–32] that,
due to the E5 dependence of β decay, β-delayed neutron
emission tends to populate states at low excitation energy
in the daughter nucleus. For example, in the decay of the
(7/2−) ground state of 135Sn via neutron emission to excited
states in 134Sb [29], a case which is very similar to the one
discussed here with respect to the relative excitation energies
of different configurations in the daughter nucleus as shown
in Fig. 4(b), primarily the members of the πg7/2 ⊗ νf7/2

multiplet are populated. The 1− and 2− states with excitation
energies around 900 keV, which belong to the πd5/2 ⊗ νf7/2
configuration, receive at most 6% of the total feeding [29]. The
resulting excitation energies, assuming that all six observed
transitions connect states of the πg−1

9/2 ⊗ νf7/2 multiplet and
ordering them according to their energies, are compared to the
results of the SM calculations in Fig. 4(a). In this scenario,
the experimental energies are systematically higher than the
calculated ones, leading to a total energy spread which is twice
as large as theoretically predicted. The average difference
between experimental and calculated excitation energies is
≈300 keV, which corresponds to roughly 50% of the SM
energy spread.

Realistic SM calculations using the same approach as
described above have been reported in the past for a num-
ber of proton-particle, neutron-hole multiplets, namely, the
πg9/2 ⊗ νg−1

9/2, the πg7/2 ⊗ νd−1
3/2 and the πh9/2 ⊗ νf −1

5/2 states
in 90Nb49, 132Sb81, and 208Bi125 [26,33–35], respectively, and
also for the particle-particle nuclei 210Bi [36] and 134Sb [28].
For 134Sb, the results of SM calculations are included in
Fig. 4(b). These calculations very nicely reproduce the shape
of the πg7/2 ⊗ νf7/2 multiplet, only slightly overestimating
the spread in energy, and also agree with experiment for
the excitation energies of the 1− and 2− members of the
πd5/2 ⊗ νf7/2 configuration. In all the cases listed above, the
agreement is of comparable quality and the average difference
between experimental and calculated level energies amounts
to less than 10% of the SM energy spread of the respective
multiplet. In view of this consistently obtained good agreement
between experiment and SM calculations for a significant
number of cases, the comparison shown in Fig. 4(a) seems
to disprove our original assumption that the six observed γ
transitions form a single cascade. From the experimental side
it can of course not be excluded that one or more low-energy
transitions escaped observation. For example, the calculated
energy for the 5− → 6− transition is only 6 keV. Assuming that
one of the lowest transitions within the multiplet is unobserved
and adopting an energy of 25 ± 25 keV for this transition,
excitation energy ranges can be estimated for all states of the
multiplet as shown in Fig. 4(a). Note that in this scenario the
602 keV γ ray would correspond to the decay of a higher
lying excited state, belonging to either the πp−1

1/2 ⊗ νf7/2 or
the πg−1

9/2 ⊗ νp3/2 multiplet. The resulting excitation energies
are now much closer to the SM predictions and the average
difference drops to 80 keV, i.e., 12% of the SM energy spread,
comparable to that found in all other cases studied so far. It
therefore seems likely that one of the low-energy transitions
within the multiplet indeed escaped observation.

Besides the realistic SM calculations discussed above there
is an alternative theoretical approach to studying nuclei with
only a few nucleons or holes outside the doubly magic
132Sn core. It is based on the known similarities between
the nuclear structure properties of nuclei in the 132Sn and
208Pb regions [37,38]. As was recognized already more than
30 years ago by Blomqvist [37], every proton or neutron
single-particle state in the 132Sn region with quantum numbers
(n,l,j ) has its analog state in the 208Pb region, one harmonic
oscillator shell higher, with quantum numbers (n,l + 1,j + 1).
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For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.

DOI: 10.1103/PhysRevC.93.041301

The region of the chart of nuclides south-east of doubly
magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid
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Notre Dame, Indiana 46556, USA.

neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 4. Lowest particle-hole and, respectively, particle-particle
multiplets in (a) 132In and (b) 134Sb. Filled circles correspond to
negative-parity and open circles to positive-parity states. Results
of SM calculations using realistic effective interactions are shown
in black (for 134Sb from Ref. [28]), while SM estimates based on
a scaling of TBMEs from the 208Pb region are given in green.
Experimentally proposed states are represented by red dots (for 134Sb
from Ref. [29]). For 132In, the dashed red line represents the level
energies obtained assuming that the six γ rays observed in the present
experiment form a cascade from the 1− state to the 7− ground state
while the full red line results from the assumption that one low-energy
transition escaped observation (see text for details).

high-precision CD-Bonn NN potential [25], renormalized by
means of the Vlow−k approach [24] with a cutoff momentum
" = 2.2 fm−1. The Q̂ box is obtained by including diagrams
up to second order in Vlow−k , which are computed within
the harmonic-oscillator basis with !ω = 7.88 MeV. It is
worth pointing out that the neutron-proton effective interaction
has been explicitly derived in the particle-hole formalism as
described in Ref. [26]. All calculations are performed with the
OXBASH shell-model code [27]. The four multiplets calculated
at lowest excitation energy in the proton-hole, neutron-particle
nucleus 132In are shown in Fig. 4(a). As expected, the members
of the πg−1

9/2 ⊗ νf7/2 multiplet form the negative-parity yrast
sequence while the πp−1

1/2 ⊗ νf7/2 configuration at energies
slightly above 500 keV is the lowest positive-parity one. The
second excited 3−–6− states, belonging to the πg−1

9/2 ⊗ νp3/2
configuration, are positioned about 0.75–1.0 MeV above the
yrast line. Finally, the πp−1

3/2 ⊗ νf7/2 multiplet is predicted at
excitation energies around 1.5 MeV.

For a start, we assume in the following that the six observed
γ rays correspond to the expected cascade of M1 transitions
from the 1− member of the πg−1

9/2 ⊗ νf7/2 multiplet down
to the 7− ground state. This assumption is based on the
observation made in several experimental studies [29–32] that,
due to the E5 dependence of β decay, β-delayed neutron
emission tends to populate states at low excitation energy
in the daughter nucleus. For example, in the decay of the
(7/2−) ground state of 135Sn via neutron emission to excited
states in 134Sb [29], a case which is very similar to the one
discussed here with respect to the relative excitation energies
of different configurations in the daughter nucleus as shown
in Fig. 4(b), primarily the members of the πg7/2 ⊗ νf7/2

multiplet are populated. The 1− and 2− states with excitation
energies around 900 keV, which belong to the πd5/2 ⊗ νf7/2
configuration, receive at most 6% of the total feeding [29]. The
resulting excitation energies, assuming that all six observed
transitions connect states of the πg−1

9/2 ⊗ νf7/2 multiplet and
ordering them according to their energies, are compared to the
results of the SM calculations in Fig. 4(a). In this scenario,
the experimental energies are systematically higher than the
calculated ones, leading to a total energy spread which is twice
as large as theoretically predicted. The average difference
between experimental and calculated excitation energies is
≈300 keV, which corresponds to roughly 50% of the SM
energy spread.

Realistic SM calculations using the same approach as
described above have been reported in the past for a num-
ber of proton-particle, neutron-hole multiplets, namely, the
πg9/2 ⊗ νg−1

9/2, the πg7/2 ⊗ νd−1
3/2 and the πh9/2 ⊗ νf −1

5/2 states
in 90Nb49, 132Sb81, and 208Bi125 [26,33–35], respectively, and
also for the particle-particle nuclei 210Bi [36] and 134Sb [28].
For 134Sb, the results of SM calculations are included in
Fig. 4(b). These calculations very nicely reproduce the shape
of the πg7/2 ⊗ νf7/2 multiplet, only slightly overestimating
the spread in energy, and also agree with experiment for
the excitation energies of the 1− and 2− members of the
πd5/2 ⊗ νf7/2 configuration. In all the cases listed above, the
agreement is of comparable quality and the average difference
between experimental and calculated level energies amounts
to less than 10% of the SM energy spread of the respective
multiplet. In view of this consistently obtained good agreement
between experiment and SM calculations for a significant
number of cases, the comparison shown in Fig. 4(a) seems
to disprove our original assumption that the six observed γ
transitions form a single cascade. From the experimental side
it can of course not be excluded that one or more low-energy
transitions escaped observation. For example, the calculated
energy for the 5− → 6− transition is only 6 keV. Assuming that
one of the lowest transitions within the multiplet is unobserved
and adopting an energy of 25 ± 25 keV for this transition,
excitation energy ranges can be estimated for all states of the
multiplet as shown in Fig. 4(a). Note that in this scenario the
602 keV γ ray would correspond to the decay of a higher
lying excited state, belonging to either the πp−1

1/2 ⊗ νf7/2 or
the πg−1

9/2 ⊗ νp3/2 multiplet. The resulting excitation energies
are now much closer to the SM predictions and the average
difference drops to 80 keV, i.e., 12% of the SM energy spread,
comparable to that found in all other cases studied so far. It
therefore seems likely that one of the low-energy transitions
within the multiplet indeed escaped observation.

Besides the realistic SM calculations discussed above there
is an alternative theoretical approach to studying nuclei with
only a few nucleons or holes outside the doubly magic
132Sn core. It is based on the known similarities between
the nuclear structure properties of nuclei in the 132Sn and
208Pb regions [37,38]. As was recognized already more than
30 years ago by Blomqvist [37], every proton or neutron
single-particle state in the 132Sn region with quantum numbers
(n,l,j ) has its analog state in the 208Pb region, one harmonic
oscillator shell higher, with quantum numbers (n,l + 1,j + 1).

041301-4

Assumingthat one of	the	lowest transitions
within the	multiplet is unobserved and	

adoptingan	energy of	25	± 25	keV for	this
transition

\
Expt
Calc

SM	results with		effective interaction based
on	a	scaling of	TBMEs from	the	208Pb	region



A.	Gargano
San	Servolo,	Venice

2016

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 93, 041301(R) (2016)

First observation of γ rays emitted from excited states south-east of 132Sn:
The π g−1

9/2 ⊗ ν f7/2 multiplet of 132In83

A. Jungclaus,1 A. Gargano,2 H. Grawe,3 J. Taprogge,1,4,5 S. Nishimura,5 P. Doornenbal,5 G. Lorusso,5,6,7 Y. Shimizu,5

G. S. Simpson,8 P.-A. Söderström,5 T. Sumikama,9 Z. Y. Xu,10 H. Baba,5 F. Browne,11,5 N. Fukuda,5 R. Gernhäuser,12
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For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.
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The region of the chart of nuclides south-east of doubly
magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid
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neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 4. Lowest particle-hole and, respectively, particle-particle
multiplets in (a) 132In and (b) 134Sb. Filled circles correspond to
negative-parity and open circles to positive-parity states. Results
of SM calculations using realistic effective interactions are shown
in black (for 134Sb from Ref. [28]), while SM estimates based on
a scaling of TBMEs from the 208Pb region are given in green.
Experimentally proposed states are represented by red dots (for 134Sb
from Ref. [29]). For 132In, the dashed red line represents the level
energies obtained assuming that the six γ rays observed in the present
experiment form a cascade from the 1− state to the 7− ground state
while the full red line results from the assumption that one low-energy
transition escaped observation (see text for details).

high-precision CD-Bonn NN potential [25], renormalized by
means of the Vlow−k approach [24] with a cutoff momentum
" = 2.2 fm−1. The Q̂ box is obtained by including diagrams
up to second order in Vlow−k , which are computed within
the harmonic-oscillator basis with !ω = 7.88 MeV. It is
worth pointing out that the neutron-proton effective interaction
has been explicitly derived in the particle-hole formalism as
described in Ref. [26]. All calculations are performed with the
OXBASH shell-model code [27]. The four multiplets calculated
at lowest excitation energy in the proton-hole, neutron-particle
nucleus 132In are shown in Fig. 4(a). As expected, the members
of the πg−1

9/2 ⊗ νf7/2 multiplet form the negative-parity yrast
sequence while the πp−1

1/2 ⊗ νf7/2 configuration at energies
slightly above 500 keV is the lowest positive-parity one. The
second excited 3−–6− states, belonging to the πg−1

9/2 ⊗ νp3/2
configuration, are positioned about 0.75–1.0 MeV above the
yrast line. Finally, the πp−1

3/2 ⊗ νf7/2 multiplet is predicted at
excitation energies around 1.5 MeV.

For a start, we assume in the following that the six observed
γ rays correspond to the expected cascade of M1 transitions
from the 1− member of the πg−1

9/2 ⊗ νf7/2 multiplet down
to the 7− ground state. This assumption is based on the
observation made in several experimental studies [29–32] that,
due to the E5 dependence of β decay, β-delayed neutron
emission tends to populate states at low excitation energy
in the daughter nucleus. For example, in the decay of the
(7/2−) ground state of 135Sn via neutron emission to excited
states in 134Sb [29], a case which is very similar to the one
discussed here with respect to the relative excitation energies
of different configurations in the daughter nucleus as shown
in Fig. 4(b), primarily the members of the πg7/2 ⊗ νf7/2

multiplet are populated. The 1− and 2− states with excitation
energies around 900 keV, which belong to the πd5/2 ⊗ νf7/2
configuration, receive at most 6% of the total feeding [29]. The
resulting excitation energies, assuming that all six observed
transitions connect states of the πg−1

9/2 ⊗ νf7/2 multiplet and
ordering them according to their energies, are compared to the
results of the SM calculations in Fig. 4(a). In this scenario,
the experimental energies are systematically higher than the
calculated ones, leading to a total energy spread which is twice
as large as theoretically predicted. The average difference
between experimental and calculated excitation energies is
≈300 keV, which corresponds to roughly 50% of the SM
energy spread.

Realistic SM calculations using the same approach as
described above have been reported in the past for a num-
ber of proton-particle, neutron-hole multiplets, namely, the
πg9/2 ⊗ νg−1

9/2, the πg7/2 ⊗ νd−1
3/2 and the πh9/2 ⊗ νf −1

5/2 states
in 90Nb49, 132Sb81, and 208Bi125 [26,33–35], respectively, and
also for the particle-particle nuclei 210Bi [36] and 134Sb [28].
For 134Sb, the results of SM calculations are included in
Fig. 4(b). These calculations very nicely reproduce the shape
of the πg7/2 ⊗ νf7/2 multiplet, only slightly overestimating
the spread in energy, and also agree with experiment for
the excitation energies of the 1− and 2− members of the
πd5/2 ⊗ νf7/2 configuration. In all the cases listed above, the
agreement is of comparable quality and the average difference
between experimental and calculated level energies amounts
to less than 10% of the SM energy spread of the respective
multiplet. In view of this consistently obtained good agreement
between experiment and SM calculations for a significant
number of cases, the comparison shown in Fig. 4(a) seems
to disprove our original assumption that the six observed γ
transitions form a single cascade. From the experimental side
it can of course not be excluded that one or more low-energy
transitions escaped observation. For example, the calculated
energy for the 5− → 6− transition is only 6 keV. Assuming that
one of the lowest transitions within the multiplet is unobserved
and adopting an energy of 25 ± 25 keV for this transition,
excitation energy ranges can be estimated for all states of the
multiplet as shown in Fig. 4(a). Note that in this scenario the
602 keV γ ray would correspond to the decay of a higher
lying excited state, belonging to either the πp−1

1/2 ⊗ νf7/2 or
the πg−1

9/2 ⊗ νp3/2 multiplet. The resulting excitation energies
are now much closer to the SM predictions and the average
difference drops to 80 keV, i.e., 12% of the SM energy spread,
comparable to that found in all other cases studied so far. It
therefore seems likely that one of the low-energy transitions
within the multiplet indeed escaped observation.

Besides the realistic SM calculations discussed above there
is an alternative theoretical approach to studying nuclei with
only a few nucleons or holes outside the doubly magic
132Sn core. It is based on the known similarities between
the nuclear structure properties of nuclei in the 132Sn and
208Pb regions [37,38]. As was recognized already more than
30 years ago by Blomqvist [37], every proton or neutron
single-particle state in the 132Sn region with quantum numbers
(n,l,j ) has its analog state in the 208Pb region, one harmonic
oscillator shell higher, with quantum numbers (n,l + 1,j + 1).
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The	resulting excitationenergies are		
much closer to	the	SM	predictions

and	the	average difference drops to	80	keV,	
i.e.,	12%	of	the	SM	energy spread

SM	results with		effective interaction based
on	a	scaling of	TBMEs from	the	208Pb	region
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For the first time, the γ decay of excited states has been observed in a nucleus situated in the quadrant south-east
of doubly magic 132Sn, a region in which experimental information so far is limited to ground-state properties.
Six γ rays with energies of 50, 86, 103, 227, 357, and 602 keV were observed following the β-delayed neutron
emission from 133Cd85, populated in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory
at RIKEN within the EURICA project. The new experimental information is compared to the results of a modern
realistic shell-model calculation, the first one in this region very far from stability, focusing in particular on the
π0g−1

9/2 ⊗ ν1f7/2 particle-hole multiplet in 132In83. In addition, theoretical estimates based on a scaling of the
two-body matrix elements for the πh−1

11/2 ⊗ νg9/2 analog multiplet in 208Tl127, one major proton and one major
neutron shell above, are presented.

DOI: 10.1103/PhysRevC.93.041301

The region of the chart of nuclides south-east of doubly
magic 132Sn, i.e., the nuclei in proximity of 132Sn with Z < 50
and N > 82, is of great relevance to the description of the rapid

*Present address: Department of Physics, University of Notre Dame,
Notre Dame, Indiana 46556, USA.

neutron capture process of nucleosynthesis, in particular after
the break-out from the N = 82 waiting point nuclei. From
the nuclear structure point of view, the study of these nuclei,
which are the furthest off stability experimentally accessible
today, may give important information on the shell evolution
and on the underlying driving forces. They actually play a
special role within the framework of the shell model, offering
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FIG. 4. Lowest particle-hole and, respectively, particle-particle
multiplets in (a) 132In and (b) 134Sb. Filled circles correspond to
negative-parity and open circles to positive-parity states. Results
of SM calculations using realistic effective interactions are shown
in black (for 134Sb from Ref. [28]), while SM estimates based on
a scaling of TBMEs from the 208Pb region are given in green.
Experimentally proposed states are represented by red dots (for 134Sb
from Ref. [29]). For 132In, the dashed red line represents the level
energies obtained assuming that the six γ rays observed in the present
experiment form a cascade from the 1− state to the 7− ground state
while the full red line results from the assumption that one low-energy
transition escaped observation (see text for details).

high-precision CD-Bonn NN potential [25], renormalized by
means of the Vlow−k approach [24] with a cutoff momentum
" = 2.2 fm−1. The Q̂ box is obtained by including diagrams
up to second order in Vlow−k , which are computed within
the harmonic-oscillator basis with !ω = 7.88 MeV. It is
worth pointing out that the neutron-proton effective interaction
has been explicitly derived in the particle-hole formalism as
described in Ref. [26]. All calculations are performed with the
OXBASH shell-model code [27]. The four multiplets calculated
at lowest excitation energy in the proton-hole, neutron-particle
nucleus 132In are shown in Fig. 4(a). As expected, the members
of the πg−1

9/2 ⊗ νf7/2 multiplet form the negative-parity yrast
sequence while the πp−1

1/2 ⊗ νf7/2 configuration at energies
slightly above 500 keV is the lowest positive-parity one. The
second excited 3−–6− states, belonging to the πg−1

9/2 ⊗ νp3/2
configuration, are positioned about 0.75–1.0 MeV above the
yrast line. Finally, the πp−1

3/2 ⊗ νf7/2 multiplet is predicted at
excitation energies around 1.5 MeV.

For a start, we assume in the following that the six observed
γ rays correspond to the expected cascade of M1 transitions
from the 1− member of the πg−1

9/2 ⊗ νf7/2 multiplet down
to the 7− ground state. This assumption is based on the
observation made in several experimental studies [29–32] that,
due to the E5 dependence of β decay, β-delayed neutron
emission tends to populate states at low excitation energy
in the daughter nucleus. For example, in the decay of the
(7/2−) ground state of 135Sn via neutron emission to excited
states in 134Sb [29], a case which is very similar to the one
discussed here with respect to the relative excitation energies
of different configurations in the daughter nucleus as shown
in Fig. 4(b), primarily the members of the πg7/2 ⊗ νf7/2

multiplet are populated. The 1− and 2− states with excitation
energies around 900 keV, which belong to the πd5/2 ⊗ νf7/2
configuration, receive at most 6% of the total feeding [29]. The
resulting excitation energies, assuming that all six observed
transitions connect states of the πg−1

9/2 ⊗ νf7/2 multiplet and
ordering them according to their energies, are compared to the
results of the SM calculations in Fig. 4(a). In this scenario,
the experimental energies are systematically higher than the
calculated ones, leading to a total energy spread which is twice
as large as theoretically predicted. The average difference
between experimental and calculated excitation energies is
≈300 keV, which corresponds to roughly 50% of the SM
energy spread.

Realistic SM calculations using the same approach as
described above have been reported in the past for a num-
ber of proton-particle, neutron-hole multiplets, namely, the
πg9/2 ⊗ νg−1

9/2, the πg7/2 ⊗ νd−1
3/2 and the πh9/2 ⊗ νf −1

5/2 states
in 90Nb49, 132Sb81, and 208Bi125 [26,33–35], respectively, and
also for the particle-particle nuclei 210Bi [36] and 134Sb [28].
For 134Sb, the results of SM calculations are included in
Fig. 4(b). These calculations very nicely reproduce the shape
of the πg7/2 ⊗ νf7/2 multiplet, only slightly overestimating
the spread in energy, and also agree with experiment for
the excitation energies of the 1− and 2− members of the
πd5/2 ⊗ νf7/2 configuration. In all the cases listed above, the
agreement is of comparable quality and the average difference
between experimental and calculated level energies amounts
to less than 10% of the SM energy spread of the respective
multiplet. In view of this consistently obtained good agreement
between experiment and SM calculations for a significant
number of cases, the comparison shown in Fig. 4(a) seems
to disprove our original assumption that the six observed γ
transitions form a single cascade. From the experimental side
it can of course not be excluded that one or more low-energy
transitions escaped observation. For example, the calculated
energy for the 5− → 6− transition is only 6 keV. Assuming that
one of the lowest transitions within the multiplet is unobserved
and adopting an energy of 25 ± 25 keV for this transition,
excitation energy ranges can be estimated for all states of the
multiplet as shown in Fig. 4(a). Note that in this scenario the
602 keV γ ray would correspond to the decay of a higher
lying excited state, belonging to either the πp−1

1/2 ⊗ νf7/2 or
the πg−1

9/2 ⊗ νp3/2 multiplet. The resulting excitation energies
are now much closer to the SM predictions and the average
difference drops to 80 keV, i.e., 12% of the SM energy spread,
comparable to that found in all other cases studied so far. It
therefore seems likely that one of the low-energy transitions
within the multiplet indeed escaped observation.

Besides the realistic SM calculations discussed above there
is an alternative theoretical approach to studying nuclei with
only a few nucleons or holes outside the doubly magic
132Sn core. It is based on the known similarities between
the nuclear structure properties of nuclei in the 132Sn and
208Pb regions [37,38]. As was recognized already more than
30 years ago by Blomqvist [37], every proton or neutron
single-particle state in the 132Sn region with quantum numbers
(n,l,j ) has its analog state in the 208Pb region, one harmonic
oscillator shell higher, with quantum numbers (n,l + 1,j + 1).
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• Substantial progress has been made toward a microscopic
derivation of  the shell-model effective interaction

• RSMC have proved to lead to an accurate description of  the 
structure of  nuclei in 132Sn regions, which makes us confident
in their predictive power for physical quantities not yet
measured
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derivation of  the shell-model effective interaction

• RSMC have proved to lead to an accurate description of  the 
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For	a	better assessment of	RSMC	we certainly need

ü more	comprehensive experimental information

ü to	improve and	extend the	range of	applicability of	RSMC
by	addressing some	specific questions
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