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The B!E2; 01 ! 21" values for the first 21 excited states of neutron-rich 132,134,136Te have been mea-
sured using Coulomb excitation of radioactive ion beams. The B!E2" values obtained for 132,134Te are in
excellent agreement with expectations based on the systematics of heavy stable Te isotopes, while that
for 136Te is unexpectedly small. These results are discussed in terms of proton-neutron configuration
mixing and shell-model calculations using realistic effective interactions.

DOI: 10.1103/PhysRevLett.88.222501 PACS numbers: 21.10.Ky, 21.60.Cs, 25.70.De, 27.60.+j

Electromagnetic transition rates provide one of the most
sensitive probes of nuclear structure. For collective rota-
tion in deformed nuclei, transition strengths are generally
the most accurate available measure of the nuclear defor-
mation. In spherical and transitional nuclei closer to closed
shells (“magic nuclei”), they are of great value in probing
the details of nuclear many-body wave functions.

While accelerated beams of stable ions have been used
to measure transition rates in most stable and proton-
rich nuclei, they are of limited use for probing neutron-
rich nuclei. Most heavy and medium-mass neutron-rich
nuclei that have been studied are populated only through
fission. Since this mechanism does not lend itself to mea-
surements of lifetimes in the appropriate range, very few
transition rates have been measured for 21 states in even-
even neutron-rich nuclei. These rates provide crucial tests
of theoretical predictions, such as the quenching of shell
structures in neutron-rich nuclei [1].

The region around 132Sn, with its closed shells of both
protons and neutrons, is one for which transition rates
would be especially helpful. Although it is expected to be
one of the most rigid doubly magic nuclei [2], B!E2; 01 !
21" values in 132Sn and its neighbors remain unknown.
These quantities could provide important clues regarding
several unexplained anomalies, such as a very low-lying
21 state in 134Sn, and the reported difficulties with some
shell-model calculations [3] in reproducing the energy
spectra of nearby nuclei with 84 neutrons. Since the usual
techniques using stable beams cannot be applied here,
new methods for measuring transition rates are required.

The Holifield Radioactive Ion Beam Facility (HRIBF)
at the Oak Ridge National Laboratory has recently pro-
duced the world’s first postaccelerated beams of heavy

neutron-rich nuclei. At the HRIBF, fragments from proton-
induced fission in a uranium carbide target are extracted,
ionized, charge-exchanged, and injected into a 25 MV tan-
dem accelerator. Intensities on target can be as high as
108 ions per second. In general, the beams are isobarically
contaminated, i.e., contain significant numbers of other nu-
clear species with the same mass.

These neutron-rich radioactive ion beams (RIBs) open
the possibility of a wide range of new spectroscopic stud-
ies around 132Sn, including Coulomb excitation in inverse
kinematics. Because of the weak beams, high 21 energies,
and low B!E2" values, these experiments are challenging;
other problems include the impurity of the RIB, and back-
ground radiation from stopped beam. We have recently de-
veloped a novel method for measuring Coulomb excitation
of a RIB, in which scattered target nuclei are detected at
forward angles and are used both as a clean trigger for se-
lecting g rays and to normalize to the integrated beam cur-
rent through Rutherford scattering. This Letter reports on
the first application of this technique, to the measurement
of the B!E2; 01 ! 21

1 " value in 132,134,136Te. Preliminary
results have been reported in Ref. [4]. A measurement for
132,134Te using a different method has also been performed
by Barton et al. [5] using these beams at the HRIBF.

Beams of 132Te at 396 and 350 MeV, and of 134,136Te
at 396 MeV, were used to bombard a natural carbon foil
of 0.83 mg#cm2 thickness, located at the target position of
the recoil mass spectrometer (RMS) [6]. Energetic carbon
nuclei from target-beam collisions were detected at labo-
ratory angles between 7± and 44± in the HyBall array [7]
of 95 CsI crystals. Any signal in the HyBall served as
a trigger for recording the events. Gamma rays, detected
by eight segmented clover Ge detectors of the CLARION
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Figure 7. Values of B(E2; 0+ → 2+) for even–even Sn and Te isotopes obtained in Coulex studies
at the HRIBF. See the text for discussion.

B(E2) value, further supporting the close similarity between this nucleus and its heavier
analog, 208Pb [26].

The results of the N = 82 measurements provide significant new data on low-lying
collective strength in these regions allowing us to test theoretical models. They also provided
a puzzle, especially the results for 136Te. Across the table of nuclides, the excitation energy
of the first 2+ states are, broadly speaking, inversely related to the strength of the transition
or B(E2; 0+ → 2+) [24]. In Te isotopes, across the N = 82 shell closure, this relationship
does not hold. Both the energies of the first 2+ and the B(E2; 0+ → 2+) decrease by about
40%. This puzzle was addressed in QRPA calculations of [28] who found that reduction of the
neutron pairing gap above N = 82 could explain this behavior within their QRPA calculations
(see also [29]). The structure of neutron-rich nuclei near 132Sn has also been addressed by
configuration interaction calculations based on microscopic effective interactions [30, 31].
Figure 7 shows the B(E2) values for both the Te and the Sn isotope chains including new
measurements in the Sn isotopes with improved statistics. The B(E2) values for Te isotopes
shown in figure 7 are taken from a reanalysis of the experiment of [25]. In a later measurement
with the same carbon target, it was discovered that the energy loss of the beam in the target
was significantly larger than expected. The lowered mean beam energy results in B(E2) values
that are 18% to 26% higher than reported in [25].

The detailed spectroscopic study of the evolution of the N = 50 shell closure will soon
be within reach of experiments for the entire isotonic chain from the very neutron-rich 78Ni
to the self-conjugate 100Sn. Without the continuous improvement and new developments of
the ISOL beams, this would have not been possible. Currently the characterization of the
N = 50 shell gap, and its evolution with very-large neutron excess, represents an area of
intense effort worldwide. At the HRIBF, we are studying the behavior of the B(E2) along
the N = 50 shell closure [32]. Our studies of 82Ge and 84Se together with the 80Zn studied at
ISOLDE [33] allow an excellent opportunity to investigate the role of the proton f5/2, p3/2, p1/2

and g1/2 orbitals in the evolution of the N = 50 shell. Previously, we were able to delineate the
behavior of the B(E2) values between N = 40 and N = 50 of Ge and Se isotopes [27]. Other
experimental programs underway at the HRIBF include measurements of static quadrupole
moments of the first 2+ states and Coulex of odd-A nuclei.
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Coulomb excitation of 124,126,128Sn
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High-precision measurements of 〈01||M(E2)||21〉 matrix elements from the Coulomb excitation of 124,126,128Sn
on a 12C target are presented. The extracted B(E2) values decrease monotonically from the neutron midshell
toward the 132Sn double-shell closure, despite a near constancy in the first 2+ level energy. Furthermore, Coulomb
excitation of 124,126,128Sn on an enriched 50Ti target, combined with the results from the 12C target, provide a
measure of the static quadrupole moments, Q(21

+) (expected to be zero for a spherical shape). These new results
confirm that the unstable neutron-rich 126,128Sn isotopes have deformations consistent with zero. The present
study marks the first report on measured 21

+ static quadrupole moments for unstable closed-shell nuclei.

DOI: 10.1103/PhysRevC.84.061303 PACS number(s): 25.70.De, 23.20.−g, 21.10.Ky, 27.60.+j

The study of nuclei far from stability, particularly with
respect to shell closures [1], has become a topic of high
interest with the advent of radioactive ion beams (RIBs). For
example, Coulomb-excitation studies of Sn nuclei approaching
the N = 82 neutron shell closure require the use of unstable
Sn beams—cf. Fig. 1. The Sn isotopes are of special interest in
that they constitute the longest double-magic (N = Z = 50,
100Sn) to double-magic (Z = 50, N = 82, 132Sn) isotopic
chain available for nuclear structure study. They provide a
unique opportunity for testing and improving shell-model
theories. Closed-shell nuclei are widely assumed to be spher-
ical in their low-lying states; testing this assumption, partic-
ularly for radioactive neutron-rich nuclei close to the 132Sn
double-shell closure, requires high-precision measurements
of 〈01||M(E2)||21〉 and 〈21||M(E2)||21〉 electric-quadrupole
matrix elements for the first 2+ levels. In this Rapid Communi-
cation, direct measurements of a spherical shape in radioactive
semimagic nuclei are reported for the first time.

A method for measuring the Coulomb excitation of
RIBs using inverse kinematics (Aprojectile > Atarget) has been
developed at the Holifield Radioactive Ion Beam Facility
(HRIBF) [3]. With this method, scattered target nuclei are
measured at forward angles relative to the beam direction
(corresponding to backward angles in the center-of-mass
frame) to provide a clean trigger for selecting the γ -ray
transitions from the Coulomb-excited beam and to normal-
ize the integrated beam current through Rutherford scat-
tering. Preliminary B(E2; 01

+ → 21
+) = 〈01||M(E2)||21〉2

results from HRIBF have been reported previously using
this technique for neutron-rich 126,128,130,132,134Sn RIBs [4].

*Present address: Nuclear Physics, US Department of Energy, SC-
26/Germantown Building, 1000 Independence Ave., SW Washington,
DC 20585.

†Present address: Instituto de Ciencias Nucleares, UNAM, AP 70-
543, 04510 México, D.F., México.

FIG. 1. The 21
+ energies [2] of the Sn isotopic chain.

In the present study, 124Sn(stable) and 126,128Sn(unstable)
are remeasured to obtain high-precision 〈01||M(E2)||21〉
and 〈21||M(E2)||21〉 matrix elements. This is the first
report of measured 21

+ static quadrupole moments,
Q(21

+) = 0.7579 × 〈21
+||M(E2)||21

+〉, for the unstable
Sn isotopes.

Beams of 124,126,128Sn at an energy of 3 MeV per nucleon
were studied by Coulomb excitation on two ∼1.2 mg/cm2

targets: a natural 12C target and a 90.5% enriched 50Ti target.
The energy loss of the 124Sn beam (at 3 MeV per nucleon)
through each target was measured by a Bragg detector at
zero degrees and resulted in 82(1) MeV energy loss for the
12C target and 58(2) MeV energy loss for the enriched 50Ti
target. Comparisons of experimental and simulated γ -ray
Doppler shifts further support these measured energy losses.
The 126,128Sn RIBs were clean from isobaric contamination
due to a chemical technique developed at HRIBF, which is
based on the formation of the SnS+ molecular ion [5]. The
RIB intensities were ∼2 × 106 126Sn/s and 5 × 105 128Sn/s.
However, only 81.1(21)% of the 128Sn beam was in the ground
state, 01

+, with the remainder in the metastable 7− state. This
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In the present study, 124Sn(stable) and 126,128Sn(unstable)
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The energy loss of the 124Sn beam (at 3 MeV per nucleon)
through each target was measured by a Bragg detector at
zero degrees and resulted in 82(1) MeV energy loss for the
12C target and 58(2) MeV energy loss for the enriched 50Ti
target. Comparisons of experimental and simulated γ -ray
Doppler shifts further support these measured energy losses.
The 126,128Sn RIBs were clean from isobaric contamination
due to a chemical technique developed at HRIBF, which is
based on the formation of the SnS+ molecular ion [5]. The
RIB intensities were ∼2 × 106 126Sn/s and 5 × 105 128Sn/s.
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state, 01
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TABLE I. “Input” E2 matrix elements (in eb with no iλ = i2 = −1 phase) used in the Coulex analysis of 21
+ for 124,126,128Sn. A (±) sign

is given for 〈01
+||M(E2)||22

+〉 to indicate alteration of the sign of the quadrupole interference term, P3, in Eq. (2); see text for details.

Z = 50 N 〈01
+||M(E2)||22

+〉 〈21
+||M(E2)||02

+〉 〈21
+||M(E2)||22

+〉 〈21
+||M(E2)||41

+〉 〈21
+||M(E2)||42

+〉
124Sn 74 (±)0.0148(49)a (+)0.183(31) (+)0.5653(65)a (+)0.398(25)a (+)0.60(30)a

126Sn 76 (±)0.0133(46) (+)0.166(39) (+)0.69(15) (+)0.351(47) (+)0.53(27)
128Sn 78 (±)0.0117(46) (+)0.150(46) (+)0.76(27) (+)0.273(88) (+)0.50(27)

aAdopted experimental values [2]; extrapolation otherwise.

The 〈21||M(E2)||21〉 matrix elements for 124,126,128Sn can
be extracted from the 50Ti target data when combined with
the results from the 12C target data. However, the Coulex
analysis of the heavier 50Ti target data requires the inclusion
of higher-lying states because of interference and virtual
excitation effects on the 21

+ Coulex cross sections. There are
no observed γ -ray transitions from higher-lying states in the
present study, but the effect of those states should be included
in the Coulex analysis even if γ rays from those states are
unobserved [11].

Figure 4 and Table I show the levels and input E2 matrix
elements used in the Coulex analysis when including the effect
of higher-lying states. While the majority of the energies are
experimentally known [2], many of the E2 matrix elements
are not known (at least for 126,128Sn). The unknown transition
E2 matrix elements are estimated from extrapolations of the
adopted literature [2] (as a function of neutron number). The
error bars assigned to these extrapolated values represent the
uncertainty in the extrapolation. The unknown diagonal E2
matrix elements are excluded since there are no systematics
from which to extrapolate, and their impact on the extracted
E2 matrix elements is negligible (i.e., <0.001 eb impact).
While these higher-lying states and their E2 matrix elements
have no appreciable impact on the extracted 〈01||M(E2)||21〉

values from the 12C target data, they do impact the extracted
〈21||M(E2)||21〉 values from the 50Ti target data. Furthermore,
because the 21

+ state (where reorientation depends on
〈21||M(E2)||21〉) experiences interference from the 01-22-21
path, both signs of the quadrupole interference term [9,12,13],

P3 = 〈01||M(E2)||21〉〈21||M(E2)||22〉〈22||M(E2)||01〉, (2)

must be considered; the signs of the other matrix elements have
no impact. No iλ = i2 = −1 phase (i.e., iλ〈I ′||M(E2)||I 〉 =
−〈I ′||M(E2)||I 〉, which is sometimes included in the
definition of E2 matrix elements [8]) is used in the present
study. While the sign of P3 can be experimentally determined,
no measurement has been reported for 124,126,128Sn.

The extracted 〈21||M(E2)||21〉 matrix elements for
124,126,128Sn are presented in Table II, both with and without
higher-lying states included in the Coulex analysis. The un-
certainties assigned to the input E2 matrix elements in Table I
have been propagated into these results. The general effect of
including the higher-lying states is that the 〈21||M(E2)||21〉
matrix elements are systematically shifted by an average of
0.11 eb toward prolate deformation. However, both sets of
results are consistent with zero deformation. The only other
Sn Coulex study to include higher-lying states in the analysis

TABLE II. Summary of E2 matrix-element results (in eb with no iλ phase) and the related B(E2) e2b2 and Q(21
+) eb values.

Z = 50 N 〈01
+||M(E2)||21

+〉 〈21
+||M(E2)||21

+〉 P3 〈21
+||M(E2)||21

+〉a

without high-lying with high-lying

124Sn 74 (+)0.403(7) +0.04(9) + −0.08(11)
− −0.05(11)

126Sn 76 (+)0.356(11) +0.10(15) + −0.03(15)
− +0.01(15)

128Sn 78 (+)0.282(9) −0.02(24) + −0.17(25)
− −0.11(25)

Z = 50 N B(E2; 01
+ → 21

+)b Q(21
+)c P3 Q(21

+)a,c

without high-lying with high-lying

124Sn 74 0.162(6) +0.03(7) + −0.06(8)
− −0.04(8)

126Sn 76 0.127(8) +0.08(11) + −0.02(11)
− +0.01(11)

128Sn 78 0.080(5) −0.02(18) + −0.13(19)
− −0.08(19)

aTaking the higher-lying levels into account—cf. Fig. 4.
bB(E2; 01

+ → 21
+) = 5 × B(E2; 21

+ → 01
+) = 〈01

+||M(E2)||21
+〉2.

cQ(21
+) = 0.7579 × 〈2+

1 ||M(E2)||21
+〉.
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be extracted from the 50Ti target data when combined with
the results from the 12C target data. However, the Coulex
analysis of the heavier 50Ti target data requires the inclusion
of higher-lying states because of interference and virtual
excitation effects on the 21

+ Coulex cross sections. There are
no observed γ -ray transitions from higher-lying states in the
present study, but the effect of those states should be included
in the Coulex analysis even if γ rays from those states are
unobserved [11].

Figure 4 and Table I show the levels and input E2 matrix
elements used in the Coulex analysis when including the effect
of higher-lying states. While the majority of the energies are
experimentally known [2], many of the E2 matrix elements
are not known (at least for 126,128Sn). The unknown transition
E2 matrix elements are estimated from extrapolations of the
adopted literature [2] (as a function of neutron number). The
error bars assigned to these extrapolated values represent the
uncertainty in the extrapolation. The unknown diagonal E2
matrix elements are excluded since there are no systematics
from which to extrapolate, and their impact on the extracted
E2 matrix elements is negligible (i.e., <0.001 eb impact).
While these higher-lying states and their E2 matrix elements
have no appreciable impact on the extracted 〈01||M(E2)||21〉

values from the 12C target data, they do impact the extracted
〈21||M(E2)||21〉 values from the 50Ti target data. Furthermore,
because the 21

+ state (where reorientation depends on
〈21||M(E2)||21〉) experiences interference from the 01-22-21
path, both signs of the quadrupole interference term [9,12,13],

P3 = 〈01||M(E2)||21〉〈21||M(E2)||22〉〈22||M(E2)||01〉, (2)

must be considered; the signs of the other matrix elements have
no impact. No iλ = i2 = −1 phase (i.e., iλ〈I ′||M(E2)||I 〉 =
−〈I ′||M(E2)||I 〉, which is sometimes included in the
definition of E2 matrix elements [8]) is used in the present
study. While the sign of P3 can be experimentally determined,
no measurement has been reported for 124,126,128Sn.

The extracted 〈21||M(E2)||21〉 matrix elements for
124,126,128Sn are presented in Table II, both with and without
higher-lying states included in the Coulex analysis. The un-
certainties assigned to the input E2 matrix elements in Table I
have been propagated into these results. The general effect of
including the higher-lying states is that the 〈21||M(E2)||21〉
matrix elements are systematically shifted by an average of
0.11 eb toward prolate deformation. However, both sets of
results are consistent with zero deformation. The only other
Sn Coulex study to include higher-lying states in the analysis

TABLE II. Summary of E2 matrix-element results (in eb with no iλ phase) and the related B(E2) e2b2 and Q(21
+) eb values.

Z = 50 N 〈01
+||M(E2)||21

+〉 〈21
+||M(E2)||21

+〉 P3 〈21
+||M(E2)||21

+〉a

without high-lying with high-lying

124Sn 74 (+)0.403(7) +0.04(9) + −0.08(11)
− −0.05(11)

126Sn 76 (+)0.356(11) +0.10(15) + −0.03(15)
− +0.01(15)

128Sn 78 (+)0.282(9) −0.02(24) + −0.17(25)
− −0.11(25)

Z = 50 N B(E2; 01
+ → 21

+)b Q(21
+)c P3 Q(21

+)a,c

without high-lying with high-lying

124Sn 74 0.162(6) +0.03(7) + −0.06(8)
− −0.04(8)

126Sn 76 0.127(8) +0.08(11) + −0.02(11)
− +0.01(11)

128Sn 78 0.080(5) −0.02(18) + −0.13(19)
− −0.08(19)

aTaking the higher-lying levels into account—cf. Fig. 4.
bB(E2; 01

+ → 21
+) = 5 × B(E2; 21

+ → 01
+) = 〈01

+||M(E2)||21
+〉2.

cQ(21
+) = 0.7579 × 〈2+

1 ||M(E2)||21
+〉.
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Neutron-rich nuclei in the vicinity of double-magic-shell
closures away from the line of stability are currently of
great interest. This interest is motivated by the endeavor
to understand the nuclear many-body system at extreme
neutron excess and fueled by new experimental data which
have become available in recent years due to the progress
made in the production of radioactive ion beams (RIBs). On
the journey toward the neutron drip line one needs a reliable
theoretical model which incorporates the known features of the
nuclear many-body system and has enough predictive power
for a wide range of nuclei. The nuclear shell model provides
the basic framework for understanding the detailed structure
of complex nuclei as arising from the individual motion of
nucleons and the effective nuclear interaction between them.
In this model, nuclei with a few nucleons outside doubly closed
shells play a special role. They provide direct information on
the single-particle energies and the best testing ground for
different components of the effective interaction.

In this context, a good example is given by 136Te where
a reduction of both the Ex(2+

1 ) and the B(E2; 2+
1 → 0+

1 )
with respect to the lighter isotopes is observed [1]. This
simultaneous decrease clearly violates the empirical rules for
properties of quadrupole collective states [2,3]. In addition, the
fact that the B(E2; 2+

1 → 0+
1 ) in 136Te is significantly lower

than the one in 132Te implies a considerable difference between
the structures of the 2+

1 states in these nuclei. As matter of
fact, it is suggested [4–6] that neutron dominance in the wave
function of the 2+

1 state in 136Te is the main reason for the
observed peculiar properties. This proton-neutron asymmetry
is a combined effect of the asymmetry in the excitation energies
of the basic 2+ proton [Ex(2+

1 ; 134Te) = 1279 keV] and
neutron [Ex(2+

1 ; 134Sn) = 762 keV] configurations and the
weak proton-neutron interaction which cannot compensate

for the above energy difference [5]. The situation in 132Te
is quite different; the excitation energy of the basic neutron
2+ configuration in 132Te [Ex(2+

1 ; 130Sn) = 1221 keV] is
comparable to the excitation energy of the basic proton 2+

configuration. This suggests that the 2+
1 state of 132Te has a

more balanced proton-neutron character than that of 136Te,
which leads to a B(E2; 2+

1 → 0+
1 ) value in agreement with

the expected trends. A direct proof for the above scenario
might come from a comparison of the magnetic moments
of the 2+

1 states in 132Te [7–9] and 136Te. Another way to
investigate the proton-neutron balance of the wave function is
based on the decay properties of the isovector analog of the
2+

1 state [10], the one-phonon state with mixed proton-neutron
symmetry 2+

1,MS [11]. The one-phonon 2+ vibrational states
in even-even nuclei are the simplest collective excitations.
Due to the two-fluid nature of nuclear matter they appear
as a symmetric [the one-phonon 2+

1 fully symmetric state
(FSS)] or an antisymmetric combination of the involved proton
and neutron configurations. Because of its isovector nature
the 2+

1,MS state decays with a strong M1 transition to the
one-phonon FSS and with a weak E2 transition to the ground
state. This unique decay serves as an experimental fingerprint
for the 2+

1,MS state. In the framework of IBM-2 [11] the one-
phonon FS and mixed-symmetry state (MSS) are orthogonal
states, built on the same microscopic configurations. Moreover,
it has been shown that the absolute B(M1; 2+

1,MS → 2+
1 )

strength is highly sensitive to the proton-neutron balance of the
wave functions through a mechanism dubbed configurational
isospin polarization (CIP) [12]. The CIP mechanism and its
manifestations have been experimentally confirmed in 92Zr
[13]. The case of significant CIP, which can be expected in
136Te, should be manifested by comparatively small absolute
M1 rates. The opposite case of vanishing CIP can be expected
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Neutron-rich nuclei in the vicinity of double-magic-shell
closures away from the line of stability are currently of
great interest. This interest is motivated by the endeavor
to understand the nuclear many-body system at extreme
neutron excess and fueled by new experimental data which
have become available in recent years due to the progress
made in the production of radioactive ion beams (RIBs). On
the journey toward the neutron drip line one needs a reliable
theoretical model which incorporates the known features of the
nuclear many-body system and has enough predictive power
for a wide range of nuclei. The nuclear shell model provides
the basic framework for understanding the detailed structure
of complex nuclei as arising from the individual motion of
nucleons and the effective nuclear interaction between them.
In this model, nuclei with a few nucleons outside doubly closed
shells play a special role. They provide direct information on
the single-particle energies and the best testing ground for
different components of the effective interaction.

In this context, a good example is given by 136Te where
a reduction of both the Ex(2+

1 ) and the B(E2; 2+
1 → 0+

1 )
with respect to the lighter isotopes is observed [1]. This
simultaneous decrease clearly violates the empirical rules for
properties of quadrupole collective states [2,3]. In addition, the
fact that the B(E2; 2+

1 → 0+
1 ) in 136Te is significantly lower

than the one in 132Te implies a considerable difference between
the structures of the 2+

1 states in these nuclei. As matter of
fact, it is suggested [4–6] that neutron dominance in the wave
function of the 2+

1 state in 136Te is the main reason for the
observed peculiar properties. This proton-neutron asymmetry
is a combined effect of the asymmetry in the excitation energies
of the basic 2+ proton [Ex(2+

1 ; 134Te) = 1279 keV] and
neutron [Ex(2+

1 ; 134Sn) = 762 keV] configurations and the
weak proton-neutron interaction which cannot compensate

for the above energy difference [5]. The situation in 132Te
is quite different; the excitation energy of the basic neutron
2+ configuration in 132Te [Ex(2+

1 ; 130Sn) = 1221 keV] is
comparable to the excitation energy of the basic proton 2+

configuration. This suggests that the 2+
1 state of 132Te has a

more balanced proton-neutron character than that of 136Te,
which leads to a B(E2; 2+

1 → 0+
1 ) value in agreement with

the expected trends. A direct proof for the above scenario
might come from a comparison of the magnetic moments
of the 2+

1 states in 132Te [7–9] and 136Te. Another way to
investigate the proton-neutron balance of the wave function is
based on the decay properties of the isovector analog of the
2+

1 state [10], the one-phonon state with mixed proton-neutron
symmetry 2+

1,MS [11]. The one-phonon 2+ vibrational states
in even-even nuclei are the simplest collective excitations.
Due to the two-fluid nature of nuclear matter they appear
as a symmetric [the one-phonon 2+

1 fully symmetric state
(FSS)] or an antisymmetric combination of the involved proton
and neutron configurations. Because of its isovector nature
the 2+

1,MS state decays with a strong M1 transition to the
one-phonon FSS and with a weak E2 transition to the ground
state. This unique decay serves as an experimental fingerprint
for the 2+

1,MS state. In the framework of IBM-2 [11] the one-
phonon FS and mixed-symmetry state (MSS) are orthogonal
states, built on the same microscopic configurations. Moreover,
it has been shown that the absolute B(M1; 2+

1,MS → 2+
1 )

strength is highly sensitive to the proton-neutron balance of the
wave functions through a mechanism dubbed configurational
isospin polarization (CIP) [12]. The CIP mechanism and its
manifestations have been experimentally confirmed in 92Zr
[13]. The case of significant CIP, which can be expected in
136Te, should be manifested by comparatively small absolute
M1 rates. The opposite case of vanishing CIP can be expected
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Neutron-rich nuclei in the vicinity of double-magic-shell
closures away from the line of stability are currently of
great interest. This interest is motivated by the endeavor
to understand the nuclear many-body system at extreme
neutron excess and fueled by new experimental data which
have become available in recent years due to the progress
made in the production of radioactive ion beams (RIBs). On
the journey toward the neutron drip line one needs a reliable
theoretical model which incorporates the known features of the
nuclear many-body system and has enough predictive power
for a wide range of nuclei. The nuclear shell model provides
the basic framework for understanding the detailed structure
of complex nuclei as arising from the individual motion of
nucleons and the effective nuclear interaction between them.
In this model, nuclei with a few nucleons outside doubly closed
shells play a special role. They provide direct information on
the single-particle energies and the best testing ground for
different components of the effective interaction.

In this context, a good example is given by 136Te where
a reduction of both the Ex(2+

1 ) and the B(E2; 2+
1 → 0+
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with respect to the lighter isotopes is observed [1]. This
simultaneous decrease clearly violates the empirical rules for
properties of quadrupole collective states [2,3]. In addition, the
fact that the B(E2; 2+

1 → 0+
1 ) in 136Te is significantly lower

than the one in 132Te implies a considerable difference between
the structures of the 2+

1 states in these nuclei. As matter of
fact, it is suggested [4–6] that neutron dominance in the wave
function of the 2+

1 state in 136Te is the main reason for the
observed peculiar properties. This proton-neutron asymmetry
is a combined effect of the asymmetry in the excitation energies
of the basic 2+ proton [Ex(2+

1 ; 134Te) = 1279 keV] and
neutron [Ex(2+

1 ; 134Sn) = 762 keV] configurations and the
weak proton-neutron interaction which cannot compensate

for the above energy difference [5]. The situation in 132Te
is quite different; the excitation energy of the basic neutron
2+ configuration in 132Te [Ex(2+

1 ; 130Sn) = 1221 keV] is
comparable to the excitation energy of the basic proton 2+

configuration. This suggests that the 2+
1 state of 132Te has a

more balanced proton-neutron character than that of 136Te,
which leads to a B(E2; 2+

1 → 0+
1 ) value in agreement with

the expected trends. A direct proof for the above scenario
might come from a comparison of the magnetic moments
of the 2+

1 states in 132Te [7–9] and 136Te. Another way to
investigate the proton-neutron balance of the wave function is
based on the decay properties of the isovector analog of the
2+

1 state [10], the one-phonon state with mixed proton-neutron
symmetry 2+

1,MS [11]. The one-phonon 2+ vibrational states
in even-even nuclei are the simplest collective excitations.
Due to the two-fluid nature of nuclear matter they appear
as a symmetric [the one-phonon 2+

1 fully symmetric state
(FSS)] or an antisymmetric combination of the involved proton
and neutron configurations. Because of its isovector nature
the 2+

1,MS state decays with a strong M1 transition to the
one-phonon FSS and with a weak E2 transition to the ground
state. This unique decay serves as an experimental fingerprint
for the 2+

1,MS state. In the framework of IBM-2 [11] the one-
phonon FS and mixed-symmetry state (MSS) are orthogonal
states, built on the same microscopic configurations. Moreover,
it has been shown that the absolute B(M1; 2+

1,MS → 2+
1 )

strength is highly sensitive to the proton-neutron balance of the
wave functions through a mechanism dubbed configurational
isospin polarization (CIP) [12]. The CIP mechanism and its
manifestations have been experimentally confirmed in 92Zr
[13]. The case of significant CIP, which can be expected in
136Te, should be manifested by comparatively small absolute
M1 rates. The opposite case of vanishing CIP can be expected
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to understand the nuclear many-body system at extreme
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one-phonon FSS and with a weak E2 transition to the ground
state. This unique decay serves as an experimental fingerprint
for the 2+

1,MS state. In the framework of IBM-2 [11] the one-
phonon FS and mixed-symmetry state (MSS) are orthogonal
states, built on the same microscopic configurations. Moreover,
it has been shown that the absolute B(M1; 2+

1,MS → 2+
1 )

strength is highly sensitive to the proton-neutron balance of the
wave functions through a mechanism dubbed configurational
isospin polarization (CIP) [12]. The CIP mechanism and its
manifestations have been experimentally confirmed in 92Zr
[13]. The case of significant CIP, which can be expected in
136Te, should be manifested by comparatively small absolute
M1 rates. The opposite case of vanishing CIP can be expected
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Experimental'idenKficaKon'of'the''2+'MSS'in'132Te'

|''

♦  strong'M1'and'weak'E2'transiKon'rates'to''the'2+FS'state''
♦  'weak'E2'transiKon'rate''to'the''0+''ground'state'

Signatures'of'the'MS'2+'state:'

2+'

0+'

2+'

0.69'MeV'

1.66'MeV'
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FIG. 2. (Color online) The experimental [26] (EXP) and the
calculated (SM) spectra of low-lying states of 132Te.

Our effective interaction was tested on several nuclei in
the mass range of 132Sn, giving a good description of their
spectroscopic properties. However, the agreement between
experiment and theory obtained for 130Sn in the N = 82
neutron shell, with two neutron holes, is not as good as that for
134Te with two proton particles. The calculated excited states
in the former all lie above the experimental ones by about
250–300 keV, while for the latter the discrepancy between
calculated and experimental energies is at most 80 keV, except
for the second 2+ state, where it reaches 200 keV. Since
we are focusing here on FS and MS states of 132Te, it may
be convenient to have the same quality in the description
of the proton and neutron systems. To this end, we have
reduced the J π = 0+ neutron-neutron matrix elements by a
factor of 0.9 and found that the agreement between theory and
experiment in 130Sn improves substantially. The discrepancy
in the energies becomes at most 100 keV.

The calculated energy spectrum of low-lying states of 132Te
is compared with experimental data in Fig. 2. The shell-model
calculations reproduce the ordering and the excitation energies
of the states. The largest deviations between the calculated
energies and the experimental data are 91 keV for the 2+

1
state and 177 keV for the 2+

3 state while for the other states
the deviations are less than 50 keV. The calculated and the
experimental electromagnetic properties of 2+

1 and 2+
2 states

are summarized in Table I. The E2 transition rates have been
calculated using effective proton and neutron charges of 1.7e
and 0.7e, respectively, which lead to B(E2) values for 134Te
and 130Sn quite close to experiment. As regards the magnetic
properties, we have used free orbital neutron and proton gl

factors, while the free gs factors are both multiplied by 0.7.
With this choice, which corresponds to the most commonly
adopted one, we can also reproduce the magnetic moments of
the yrast 6+ states of 134Te and 132Te [38].

All the experimental values in Table I are well repro-
duced except the B(M1; 2+

2 → 2+
1 ) strength for which the

calculations reproduce only the lower limit. We have verified
that this is also the case when using matrix elements of the
effective M1 operator, which, consistently with the two-body
interaction, are derived at second order in perturbation theory.
By adjusting the effective gyromagnetic factors, the calculated
B(M1; 2+

2 → 2+
1 ) can be raised up to 0.35–0.50 µ2

N under
the condition that the experimental µ(2+

1 ) is also reproduced

TABLE I. Comparison of the available experimental data on the
electromagnetic properties of the 2+

1 and the 2+
2 states in 132Te with

results of the shell-model calculations.

Observable Unit Experiment Shell Model

B(E2; 2+
1 → 0+

1 ) W.u. 10(1)a 7.8
µ(2+

1 ) µN +0.92(10)b 0.68
B(E2; 2+

2 → 0+
1 ) W.u. 0.5(1)c 0.21

B(E2; 2+
2 → 2+

1 ) W.u. 0–20c 0.24
B(M1; 2+

2 → 2+
1 ) µ2

N 5.4(3.5)c (>0.23d) 0.20
µ(2+

2 ) 0.69

aFrom Ref. [1] and the present work.
bFrom Refs. [8,9] and the present work.
cFrom the Coulomb excitation analysis in this work and the branching
ratio of the decay of 2+

2 from Ref. [26].
dFrom the Coulomb excitation analysis and the detectability limit for
1665-keV transition in this work.

(Table I). We present here the shell-model results obtained with
the commonly used gyromagnetic factors. Even with these
gyromagnetic factors (see Table I) the calculated B(M1; 2+

2 →
2+

1 ) value is large enough to firmly conclude that the 2+
2 state

of 132Te is the one-phonon MSS.
The MS character of the calculated 2+

2 state of 132Te is
evident from the structure of its wave function too. In terms
of the basic 2+ proton and neutron excitations the shell-model
wave functions of the ground and the two lowest lying 2+

states can be presented as follows:

|0+
1 〉 = 0.94|0+

1 〉ν |0+
1 〉π + · · · , (1)

|2+
1 〉 = 0.66|0+

1 〉ν |2+
1 〉π + 0.62|2+

1 〉ν |0+
1 〉π + · · · , (2)

|2+
2 〉 = 0.58|0+

1 〉ν |2+
1 〉π − 0.63|2+

1 〉ν |0+
1 〉π + · · · , (3)

where π (ν) denote the respective excitations in 134Te (130Sn)
and “· · ·” means minor components. Equations (2) and (3)
indicate almost equal proton and neutron contributions to
the 2+

1 and the 2+
2 states of 132Te; i.e., no CIP is present.

This is due to almost equal energies of the basic 2+ proton
[Ex(2+

1 ; 134Te) = 1279 keV] and neutron [Ex(2+
1 ; 130Sn) =

1221 keV] configurations which even in the case of very
weak proton-neutron interaction leads to one-phonon 2+ states
with a balanced proton-neutron character. The main difference
between Eqs. (2) and (3) is the opposite sign of the neutron
and proton components of the wave function of the 2+

2 state
[see Eq. (3)] which makes it antisymmetric with respect to
interchanges of proton and neutron components in the wave
function. Equation (3) represents a shell-model wave function
which describes a MSS. The isovector character of this
wave function leads to the relatively large B(M1; 2+

2 → 2+
1 )

value. The shell-model calculations confirm the nature of the
two lowest lying 2+ states of 132Te as FS and MS states,
respectively, with balanced neutron and proton components.
This provides confidence in the reliability of the model when
applied to the more exotic nucleus 136Te. It is of great interest
to study the proton-neutron balance in the wave functions
of the one-phonon states of 136Te where the effect of CIP
is expected to be more pronounced than in the case of
132Te.
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4. Construction and diagonalization of the energy matrices 

3. Two-body matrix  elements  

1. Model space 

2. Single-particle energies 

Main steps 
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Realis=c'shell+model'effec=ve'interac=on'

from the free nucleon-nucleon potential 

"  Understand the  properties of nuclei  starting from 
the forces between nucleons �

"  No adjustable parameter in the calculation of 
two-body matrix elements �

ij |Veff | kl〉
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Deriva=on'of'Veff'

  Two main ingredients 

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

•  Nucleon-nucleon potential 
 
•  Many-body  theory 



'''''''A.'Gargano'
Sezione'di'Napoli'

Coulomb'excita=on'with'RiBs'
Firenze,'September'27+28,'2012'

Potentials which reproduce the two-body data 
(deuteron properties and the NN scattering data up 

to the inelastic threshold) with 
    χ2/Ndata ~ 1   

Nucleon+nucleon'poten=al''

 
•  Nijmegen II 
•  CD-Bonn  
•  Argonne V18  
•  N3LO Chiral potential  
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Problem:'

these'poten=als'have'a'strongly'repulsive'''
short+range'component''''

#'
cannot'be'used'directly'in'nucler'structure'

perturba=ve'calcula=ons'

Vlow-k approach 
 
construction of an NN potential confined within a 
low-momentum space  (defined by a cutoff Λ) 

Remedy:'



'''''''A.'Gargano'
Sezione'di'Napoli'

Coulomb'excita=on'with'RiBs'
Firenze,'September'27+28,'2012'

Hψi = (H 0 +H1 )ψi = Eiψ i

Schrödinger'equa=on''for'A'nucleons''

H 0 = T +U

H1 =VNN −U

PHeff Pψi = P(H 0 +Veff )Pψi = EiPψ i

P""'projec=on'operator'onto'the'chosen'model'space'

Shell+model'equa=on''for'N+valence'nucleons'

Realis=c'shell+model'effec=ve'interac=on'
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Defined 
$  in the nuclear medium 
$  in a subspace of the Hilbert space  
$  accounts perturbatively 
%  for configurations beyond the chosen                                                  

model space  
%  for core polarization effects'

Veff different from VNN  
'
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Many'body''theory''

+'box'folded+diagram'method'

Veff  is written as a perturbative expansion 
in terms of the 
 
 

 
 
& collection of diagrams with Vlow-k  in  
the interaction vertices  

ˆ'Q-box    

ˆ'Q
 ''
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Many'body''theory''

+'box'folded+diagram'method'

Veff  is written as a perturbative expansion 
in terms of the 
 
 

 
 
& collection of diagrams with Vlow-k  in  
the interaction vertices  

ˆ'Q-box    

ˆ'Q
 ''

“bubble”'=1p+1h'diagram'
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'132Sn'core'

 Single proton energies from         133Sb 
 

 Single neutron energies from        133Sn 
 

 Single neutron-hole energies from  131Sn 

VNN'CD'Bonn'potenKal''+'Coulomb'force''
'for'protons'

Vlow`k'with'Λ=2.2'fm`1'
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6+'Calc'

6+'yrast'state'in'Sn'isotopes'

6+'in'126Sn'Phys.'Rev.C'85,'054316'(2012)''''
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`1,1'

`0,7'

`0,3'

0,1'

0' 2' 4' 6'
J 

'(νf7/2)2'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

Veff'

Vlow`k'

V1h1p'

`1,4'

`1'

`0,6'

`0,2'
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eV

)'

J 

'(νh11/2)`2''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

Diagonal matrix elements of the interaction for the 
(νh11/2)-2  and   (νf7/2)2   configurations 
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'
en=0.7'e'

B(E2;'2+'!'0+)''in'W.u.'
Expt[1]' Expt[2]' Calc'

126Sn' 6.8(4)' 5.3(16)' 3.6'

128Sn' 4.2(3)' 3.8(3)' 2.6'

130Sn' 1.2(3)' 1.4'

134Sn' 1.4(2)' 1.6'

136Sn' 2.8'

[1]'Phys.Rev.'C'84,'061303'(2011)'''[2]'Nucl.Phys.'A'746,'83c'(2004);'Nucl.Phys.'A'752,'264c'(2005)''''
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Q(2+)'for'Sn'isotopes'[in'eb]'

Expt' Calc'
Without'high'lying'states' With'high'lying'states'

126Sn' +0.08(11)' `0.02(11)'
+0.01(11)'

+0.02'

128Sn' `0.02(18)' `0.13(19)'
`0.08(19)'

`0.005'

130Sn' `0.02'

134Sn' `0.02'

136Sn' `0.13'

Expt'from'Phys.Rev.'C'84,'061303'(2011)'
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Some'predic=ons'for'134Sn'&'136Sn'
134Sn' 136Sn'

Expt' Calc' Calc'
B(E2:21+!0+)''[in'W.u.]' 1.4(2)' 1.6' 2.8'
B(E2:4+!2+)''' 1.7' 0.83'
B(E2:6+!4+)' 0.89(17)' 0.82' 0.12'
B(E2:22+!0+)' 0.35' 0.06'
B(E2:22+!21+)' 2.93' 1.8'
B(E2:22+!4+)' 0.23' 1.0'
B(M1:22+!21+)' 0.02' 0.09'x'10`2'

Q(21+)'''[in'eb]' `0.02' `0.13'
Q(22+)''' `0.03' +0.06'
μ(21+)''''[in'nm]' `0.57' +0.46'
μ(22+)' `0.25' +0.54'

134Sn' 136Sn'
0+'
'

80%''(f7/2)2' 64%''(f7/2)4'

2+' 85%''(f7/2)2' 66%''(f7/2)4'

4+' 94%''(f7/2)2' 75%''(f7/2)4'

6+' 98%''(f7/2)2' 83%''(f7/2)4'

22+' 80%''f7/2p3/2' 64%''(f7/2)4'
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en=0.7'e'ep=1.7'e'

2+'excita=on'energy'

B(E2;'2+!0+)'
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2+  MSS in  136Te 
Expt' Calc'

2+'

0+'

2+'

0.96'MeV'

1.57'MeV'

0+'

2+'

0.95'MeV'

1.55'MeV'

B(E2; 22

+   →    01

+ ) =  0.67   W.u.
B(E2; 22

+  →   21

+ ) =  9.6  W.u.

23

+   1.88 MeV B(E2;  23

+  →    01

+ ) =  1.04   W.u.
B(E2;  23

+  →    21

+ ) =  1.4   W.u.

B(M1; 22

+  →    21

+ ) =  0.19   µN

2

B(M1;  23

+  →    21

+ ) =  0.18   µN

2

2+'
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Wave'funcKons'of'136Te''

+= +++
gsgsgs 0 Sn;0 Te;85.00 134134

++= +++++
gsgs 0 Sn;2 Te;36.02 Sn;0 Te;72.02 134

1
134

1
134134

1

++= +++++
2

134134
1

134134
2 2 Sn;0 Te;60.02 Sn;0 Te;42.02 gsgs

+−= +++++
gsgs 0 Sn;2 Te;78.02 Sn;0 Te;31.02 134

1
134

1
134134

3
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" 132Sn'region'is'a'quite'interesKng'region'to'test'
the'shell'structure''

" CE'in'inverse'kinemaKcs'is'a'proper'technique'to'
study'the'properKes'of'these'nuclei'

"  Future'experiments'
$  Missing'data'
$  Higher`precision'measurements'
$  MulKpole'Coulomb'excitaKons'

Conclusions'
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