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Magnetic moments of the first excited 2+ states in the semi-magic 112,114,116,122,124Sn isotopes
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The g factors of the first excited 2+ states in the 112,114,116,122,124Sn isotopes have been measured with high
accuracy using the transient field technique in combination with Coulomb excitation in inverse kinematics. The
experimental results are discussed in a qualitative way on the basis of empirical single-particle g factors of the
relevant proton and neutron orbitals and are compared to a number of different theoretical calculations. The
results are found to be best described by shell-model calculations in an extended configuration space. Clear
evidence for the contribution of neutron pair excitations from the 1d3/2 to the 0h11/2 orbital to the wave function
of the 2+

1 state in 122,124Sn has been obtained.
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I. INTRODUCTION

The chain of semi-magic Sn isotopes plays a special role
in low-energy nuclear structure research because it provides
experimental information on all 33 isotopes over a full major
neutron shell, from the N = Z nucleus 100Sn up to 132Sn and
even beyond. From the theoretical point of view, it allows us to
study the evolution of the nuclear structure from the neutron-
deficient regime close to the proton drip line via the valley
of stability up to neutron-rich regions ten neutrons above the
heaviest stable isotope. The Sn isotopes are an ideal test ground
for the study of pairing correlations in mean-field approaches
as well as the evolution of empirical single-particle energies
from the closed-shell nucleus 100Sn to single-hole energies in
132Sn in the framework of the nuclear shell model.

Since the early work of Talmi [1,2], the Sn isotopes have
been considered to be a good example for the approximate
validity of the generalized seniority scheme, mainly based
on the observation of nearly constant excitation energies of
the first excited 2+ states across the entire major N = 50–82
neutron shell and the strong pairing correlations in these semi-
magic nuclei. However, in a series of recent measurements
of E2 strength in the Sn isotopes in the lower half of the
major shell, namely, in neutron-deficient and stable 106−114Sn,
a deviation from the behavior suggested by the simple seniority
scheme has been observed [3–9]. The latter and the modern
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large-scale shell-model calculations predict a maximum in E2
strength around midshell and a symmetric parabolic decrease
toward both the N = 50 and N = 82 shell closures [3,8].
While such a behavior has indeed been observed in the upper
half of the shell, from 116Sn up to 132Sn, an unexpected increase
in E2 strengths has been reported between the midshell isotope
116Sn and its lighter neighbor, 114Sn [7], with the values then
staying nearly constant within the experimental uncertainties
down to 106Sn [3–6,8,9].

One of the arguments put forward as a possible explanation
for the observed excess of E2 strength in the neutron-deficient
Sn isotopes is the increasing importance of proton-core exci-
tations with decreasing neutron number [3,8]. The magnetic
moment of the 2+

1 state is probably one of the most sensitive
probes to measure the contribution of proton-core-excited
configurations, such as 0g−1

9/21d5/2, to the wave function of this
state. The empirical single-particle g factors of the neutron
orbitals d5/2 and g7/2, predominantly filled in the neutron-
deficient Sn isotopes, are either negative or small (g = −0.43
for d5/2 and g = +0.18 for g7/2), whereas the proton orbitals
most relevant for the proton core excitations, namely, g9/2

below and d5/2 above Z = 50, have large positive g factors
(+ 1.22 and + 1.38, respectively). Unfortunately, magnetic
moment measurements for short-lived excited states using
radioactive beams are still challenging. However, as in the Sn
isotopic chain the increase in E2 strengths has been observed in
the region of stable isotopes, namely, between midshell isotope
116Sn and its lighter neighbor, 114Sn, stable beam magnetic
moment measurements can possibly contribute to a better
understanding of the observed behavior. Two such experiments
have been performed for all stable Sn isotopes in the past,
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FIG. 1. (Color online) Sketch of the experimental setup used in
the experiments. The γ radiation is detected in four EUROBALL
cluster detectors positioned at ±65◦ and ±115◦ with respect to the
beam axis in coincidence with charged particles detected in an array
of four Si diodes.

using in both cases the transient field technique after Coulomb
excitation in normal kinematics [10,11]. However, due to the
limited accuracy achieved in these experiments, we decided to
remeasure the 2+

1 g factors in some stable Sn isotopes, namely,
112,114,116,122,124Sn, under improved experimental conditions,
aiming for a significantly higher precision of the final results.
To achieve this goal we used the transient field technique in
combination with Coulomb excitation in inverse kinematics
and a very powerful γ -ray detection setup consisting of
four EUROBALL cluster detectors (in total, 28 Ge crystals)
positioned in a horizontal plane.

II. THE EXPERIMENTAL SETUP

Two experiments have been performed at the UNILAC
accelerator of the Gesellschaft für Schwerionenforschung
(GSI). In the first, beams of 112,114,116Sn at energies of
4.0 MeV/u and, in the second, beams of 122Sn and 124Sn at
3.8 MeV/u were used with nearly identical experimental
setups, as sketched in Fig. 1. The beam particles were Coulomb
excited on the first layer of a multilayer target consisting of 0.67
mg/cm2 (0.66 mg/cm2 in the 122,124Sn runs) natural carbon.
The excited ions then experienced a transient magnetic field
during their passage through a 10.8 (10.9) mg/cm2 ferromag-
netic natural Gd layer before traversing 1.0 (1.0) mg/cm2 Ta
and finally stopping in a 4.86 (5.23) mg/cm2 Cu layer. This
multilayer target was cooled by liquid nitrogen to well below
the Curie temperature of Gd (TC = 290 K) and polarized by
a vertical magnetic field of 80 mT, the direction of which was
reversed every 3 min. A thick Ta foil was mounted behind the
target to stop the beam particles. Four Si diodes (1 cm × 1 cm
each) were placed 30 mm (27 mm) downstream above and
below the beam axis to detect the forward-scattered C target
ions in the angular ranges of 2◦–20◦ and 23◦–38◦, respectively
(2◦–22◦ and 26◦–40◦, respectively). The γ rays emitted from
the excited states populated in the Coulomb excitation of the Sn

projectiles on the C target layer were detected in coincidence
with the C ions in four EUROBALL cluster detectors, whose
centers were positioned in a horizontal plane at angles of ±65◦
and ±115◦ with respect to the beam axis at a distance of
22.5 cm (20.5 cm) from the target. The orientation of the
clusters was chosen in such a way that three capsules were lined
up vertically. An additional single Ge detector was placed at
0◦. It seems worth pointing out that this setup is extremely well
suited for g factor measurements: most of the Ge crystals are
placed, in fact, at positions highly sensitive to the observation
of small precessions of the angular correlations, namely, close
to ±65◦ and close to the plane perpendicular to the field
direction. Furthermore, the full angular correlation is measured
simultaneously without the necessity of moving detectors to
measure locally the slope of the correlation.

Each cluster detector consists of seven hexagonal tapered
Ge crystals of 55%–60% relative efficiency, as indicated in
Fig. 1. Only for the central crystal does the center of the
crystal face lie on the detector plane, i.e., the horizontal plane
containing the beam axis. Consequently, both the angle θi ,
defined as the angle between the beam axis and the projection
of the center of the crystal face onto the detector plane, and the
out-of-plane angle ϕi have to be considered in the analysis.
They can be calculated for each of the 28 individual Ge
crystals from the dimensions of the cluster detectors and the
target-detector distance. This procedure is discussed in detail
in Refs. [12,13], which present g-factor measurements using
the recoil distance transient field (RDTF) technique and a very
similar cluster detector setup.

III. DATA PREPARATION

For each of the four Si diodes a two-dimensional matrix
was sorted with the γ -ray energy detected in the Ge detectors
on one axis and the energy of the charged particle registered
in the Si detector on the other. Only those events in which the
γ -ray and the particle were detected in prompt coincidence
were considered. The random background, mainly caused by
Rutherford scattered beam particles and γ rays emitted in the
deexcitation of the Coulomb excited Gd isotopes from the
natural Gd target layer, was carefully subtracted. An example
of such a matrix for one of the inner Si diodes and the run with
the 124Sn beam is shown in Fig. 2. Interestingly, besides the γ

rays belonging to the Coulomb excited 124Sn beam particles
observed in coincidence with the C target recoils detected at
relatively high energy in the Si detector (region d in Fig. 2),
clearly additional particle-γ correlations are observed in three
different Si energy bands (regions a–c in Fig. 2).

This observation indicates that, in addition to the Coulomb
excitation of the projectile, other competing reactions involv-
ing the emission of charged particles are observed. The γ -ray
spectra obtained by projecting the matrix of Fig. 2 in the four
indicated regions, a–d, are shown in Fig. 3. Inspection of the
lines observed in each spectrum reveals that the particles in
bands a, b, and c are detected in coincidence with known γ

transitions in 130Xe, 128Te, and 126Te, respectively. The more
energetic particles of region d correspond to the carbon target
ions recoiling from the target after the Coulomb excitation
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FIG. 2. (Color online) Two-dimensional illustration of the corre-
lation between the energy of the charged particle detected in one of
the inner Si diodes and the γ -ray energy detected in the Ge detectors.

of the 124Sn beam. Although with the current setup it is
not possible to determine the nature of the detected charged
particles, it is most probable that 130Xe is populated in the
fusion-evaporation reaction 124Sn + 12C → 136Ba∗ → 130Xe +
α2n, with the evaporated α being detected in the Si detector.
128Te is excited via the transfer of an α particle from the 12C
target ion to the 124Sn projectile. The remaining 8Be decays
nearly instantaneous into two α particles, which are detected
in the Si diodes. This α transfer reaction has already previously
been successfully employed to measure magnetic moments in
unstable nuclei [14]. Finally, the most probable explanation
for the observation of γ rays belonging to 126Te [Fig. 3(c)]
is the incomplete fusion reaction between the 12C target ion
and the 124Sn beam. In this reaction the 12C ion breaks up

(a)

(b)

(c)

(d)

FIG. 3. The γ -ray spectra produced by projection of the matrix
shown in Fig. 2 on the ordinate in the ranges a, b, c, and d indicated
in Fig. 2. (a) Fusion-evaporation channel 124Sn + 12C → 136Ba∗

→130Xe +α2n, (b) α transfer channel leading to 128Te, (c) incomplete
fusion channel 124Sn + 8Be → 132Xe∗ →126Te + α2n, and (d)
Coulomb excitation channel populating excited states in 124Sn.

into an α particle and 8Be, the 8Be fuses with the 124Sn ion,
and 126Te is populated via the α2n evaporation channel, while
the high-energy α particle from the breakup is detected in the
particle detector.

IV. DATA ANALYSIS AND RESULTS

A. Angular correlations

For the determination of angular correlation coefficients,
the Ge crystals were divided into 13 different groups, accord-
ing to their angle θi with respect to the beam: θi + 0◦, ±52◦,
±65◦, ±78◦, ±102◦, ±115◦, and ±128◦ (θi + 0◦, ±51◦, ±65◦,
±79◦, ±101◦, ±115◦, and ±129◦ for the 122,124Sn runs). For
each of these 13 groups, two spectra were sorted comprising
the γ rays observed in coincidence with the 12C target recoils
in either the inner or the outer Si diodes. The two pairs of
Si detectors, inner and outer, were treated separately because
of the different kinematical conditions. Figure 4 illustrates the
relative yields available for all studied Sn isotopes. It shows the
sum spectra obtained for the Ge detectors positioned at ±65◦
with respect to the beam in coincidence with the inner pair of
Si detectors. Broad gates have been applied on the Si energy
(corresponding to region d in Fig. 2) to maximize the number
of counts of these spectra. Small contaminations from the
incomplete fusion channels (region c) in the heavy isotopes can
be accepted since the corresponding lines do not overlap with

FIG. 4. The γ -ray spectra for 112,114,116,122,124Sn for the Ge
detectors positioned at ±65◦ in coincidence with carbon ions detected
in the inner pair of Si diodes. Transitions from the α transfer
and incomplete fusion channels are labeled by dots and asterisks,
respectively.
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the lines of interest in the Sn isotopes. In all five isotopes under
study both the 2+

1 → 0+
1 and the 3−

1 → 2+
1 transitions show

pronounced line shapes, indicating subpicosecond lifetimes
for the 2+

1 and 3−
1 levels. The analysis of these Doppler-shifted

line shapes has already been discussed in Ref. [15], and the
resulting lifetimes are used for the measurements presented in
this work.

For the analysis of the angular correlations, the coordinates
θi , ϕi are converted into the spherical coordinate system with
the polar angle �i and the azimuthal angle �i . Furthermore,
since the short-lived 2+

1 and 3−
1 states in the studied Sn isotopes

decay partially during the passage of the ions through the Gd
layer before they are completely stopped in the Cu backing
of the multiplayer target, a transformation from the laboratory
into the rest frame of the nucleus is required. The formulas
used are

cos(�′
i) = cos(�i) − β

(1 − β) cos(�i)
(1)

and

� ′
i = �i, (2)

with β being the average velocity of the moving ion at the
moment of the emission of the γ ray of interest in units of c,
the velocity of light. This average velocity was deduced for
each case from the centroid of the line shapes of the 2+

1 → 0+
1

and 3−
1 → 2+

1 transitions. An uncertainty 	β = β has been
assumed to account for the velocity distribution reflected by
the width of the Doppler-shifted line shapes. In addition to the
transformation of the angles, the efficiency-corrected counting
rates W (�i) observed in the Ge detectors positioned at θi, ϕi

have to be multiplied by the appropriate solid-angle ratio to
assure that the γ -ray flux emitted into 4π of solid angle is
conserved:

W ′(�′
i) = W (�i)

[(1 − β) cos(�i)]2

1 − β2
, (3)

where all quantities in the center-of-mass frame are indicated
with a prime. The experimental angular correlations obtained
for the 2+

1 → 0+
1 transitions in 112,114,116,122,124Sn observed in

coincidence with C ions detected in the inner and outer pairs
of Si detectors are shown in Fig. 5.

The angular correlation coefficients a2 and a4 are then
determined from a fit of the function W ′(�′) = a0[1 +
a2P2(cos �′) + a4P4(cos �′)] to the data, where a0 is a normal-
ization factor. All determined angular correlation coefficients
are summarized in Table I. For the 3−

1 → 2+
1 and 4+

1 →
2+

1 transitions the available statistics are much worse. Rather
than attempting to determine correlation parameters for each
individual case as discussed above for the 2+

1 → 0+
1 transition,

the angular correlations that exhibit reasonable statistics were
fitted all together, as shown in Fig. 6, leading to average
coefficients that have then been employed for all isotopes in
the determination of the precession angles as discussed below.
Since the angular correlations are expected to be quite similar
for all cases under study, this approach seems to be justified.
From the fitted normalization factors a0, the feeding intensities
of the 3−

1 → 2+
1 and 4+

1 → 2+
1 transitions are determined and

listed in Table I.

For the determination of g factors, the logarithmic slope
S ′(θ ′

i , ϕ
′
i) of the angular correlation in a plane perpendicular to

the magnetic field direction is needed:

S(θ ′
i , ϕ

′
i) = 1

W ′(θ ′
i , ϕ

′
i)

dW ′(θ ′, ϕ′
i)

dθ ′

∣∣∣∣
θ ′
i

, (4)

with θ ′
i and ϕ′

i being the angle with respect to the beam axis
in the detector plane and the out-of-plane angle in the rest
frame of the nucleus, respectively. The detector positions
θ ′
i and ϕ′

i in this reference system are obtained from the
spherical coordinates �′

i and � ′
i defined in Eqs. (1) and (2).

Since S(θ ′
i , ϕ

′
i) depends on the out-of-plane angle ϕ′

i of the
Ge crystal, while in the analysis we combined crystals with
different values of ϕi for θi = 65◦, 115◦, we have to estimate
the systematic error introduced by this procedure. For the
correlation coefficients listed in Table I the difference between
S(65◦, 0◦) and S(65◦, 15◦) is of the order of 1%. The use of an
average value of ϕi therefore leads to a negligible contribution
to the experimental uncertainties.

FIG. 5. Experimental angular correlation functions for the 2+
1 →

0+
1 transitions in 112,114,116,122,124Sn observed in coincidence with C

ions detected in the (left) inner and (right) outer pairs of Si detectors.
Both experimental data and fits are normalized to a0 = 1 to facilitate
the comparison.
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TABLE I. Angular correlation coefficients a2 and a4 determined for the inner and outer pairs of Si detectors, respectively, for the 2+
1 → 0+

1

transition in 112,114,116,122,124Sn. I 3−→2+
and I 4+→2+

are the intensities of the 3−
1 → 2+

1 and 4+
1 → 2+

1 feeding transitions relative to that of the
2+

1 → 0+
1 transition.

Nucleus Eγ (keV) Inner Si Outer Si

a2 a4 I 3−→2+
(%) I 4+→2+

(%) a2 a4 I 3−→2+
(%) I 4+→2+

(%)

112Sn 1257 0.640(75) −0.818(82) 24.6(10) 10.7(5) 0.896(55) −0.706(63) 17.4(6) 7.7(3)
114Sn 1300 0.622(44) −0.819(48) 26.8(8) 12.2(4) 0.846(37) −0.650(41) 20.2(7) 9.8(2)
116Sn 1294 0.617(55) −0.795(60) 29.7(1) 2.2(1) 0.835(46) −0.638(51) 21.7(7) 1.7(1)
122Sn 1141 0.605(30) −0.848(31) 17.4(5) 11.1(2) 0.859(29) −0.702(29) 7.9(7) 5.5(2)
124Sn 1132 0.615(47) −0.841(52) 17.2(6) 4.8(1) 0.862(60) −0.746(67) 7.8(4) 2.2(1)

B. Precession angles

In a conventional two-detector g-factor experiment, the
precession angles are deduced from the double-counting ratios

ρθ =
√

N↑(+θ )

N↓(+θ )

N↓(−θ )

N↑(−θ )
, (5)

where N↑,↓(±θ ) are the peak areas of the relevant γ transitions
observed in a pair of detectors positioned at ±θ for the field
directions “up” and “down.” The values ρθ are defined in such a
way that they only depend on peak areas and are independent

FIG. 6. Experimental angular correlation functions for the (top)
4+

1 → 2+
1 and (bottom) 3−

1 → 2+
1 transitions in a number of Sn isotopes

and either pair of Si detectors. The solid lines are the fits to the data
points resulting in the angular correlation coefficients given. For the
3−

1 → 2+
1 transition a4 = 0 has been fixed in the fit.

of other experimental factors, such as detector efficiencies
and integral beam currents for the two field directions. In our
multidetector experiment, equivalent ρθi

values are defined as

ρθi
=

⎛
⎝ ∏

j=1,2

N
↑
j (+θi)

N
↓
j (+θi)

N
↓
j (−θi)

N
↑
j (−θi)

⎞
⎠

1/4

(6)

for θi = 52◦, 78◦, 102◦, 128◦ and

ρθi
=

⎛
⎝ ∏

j=1−3

N
↑
j (+θi)

N
↓
j (+θi)

N
↓
j (−θi)

N
↑
j (−θi)

⎞
⎠

1/6

(7)

for θi = 65◦, 115◦. These geometrical means of four and six
individual counting rate ratios constitute the natural extension
of Eq. (5) to our multidetector setup.

At this point, usully the so-called symmetric double ratios
are defined and investigated as well, which combine the count-
ing rates in pairs of detectors positioned at angles differing by
180◦ with respect to the beam axis (see, for example, Ref. [12]).
These ratios are identical to one per definition and provide, in
general, an excellent criterion as to the quality of the data, and
they help to reveal inherent systematic uncertainties. However,
in the present experiments, due to the large velocities of the
moving ions at the moment of the γ -ray emission, the slope
values are significantly different in the forward and backward
directions. For a pair of detectors positioned at + 65◦ and
−115◦ in the laboratory frame, the slopes differ by typically
10%–20% for the 2+ → 0+ transition and 20%–25% for the
3− → 2+ transition (compare Tables II and IV). Consequently,
the symmetric double ratios do not have to be identical to 1
in our case and therefore, unfortunately, cannot be used as a
consistency check of the data.

The measured effect εθi
for each γ transition of interest and

each of the six values ρθi
can be expressed as

εθi
= ρθi

− 1

ρθi
+ 1

. (8)

Finally, the precession angles
	θi

= εθi
/S(θ ′

i , ϕ
′
i) (9)

are calculated from the measured effects and logarithmic
slopes. In Tables II–IV, the values of ρθi

, the logarithmic slopes
S(θ ′

i , ϕ
′
i), and the precession angles 	θi

are summarized for
the 2+

1 → 0+
1 , the 4+

1 → 2+
1 , and the 3−

1 → 2+
1 transitions,

respectively. For the latter two transitions, the precession
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TABLE II. Precessions 	20
θi

deduced from the γ -ray spectra obtained in coincidence with C ions detected in the inner and outer pairs of
Si detectors for the 2+

1 → 0+
1 transition in 112,114,116,122,124Sn. For each transition, the detector angle in the rest frame θ ′

i , ρθi
, the logarithmic

slope S(θ ′
i ,ϕ

′
i), and the precession angle 	20

θi
are listed. The mean precession angles 	20

ave are also given.

Inner Si Outer Si

θ ′
i (deg) ρθi

S(θ ′
i ,ϕ

′
i) 	20

θi
	20

ave θ ′
i (deg) ρθi

S(θ ′
i ,ϕ

′
i) 	20

θi
	20

ave

(mrad) (mrad) (mrad) (mrad)

112Sn
54.0 0.997(18) −1.120(95) 1.2(82) 54.3 1.016(11) −1.403(76) −5.8(38)
67.0 1.034(19) −2.323(189) −7.2(40) 67.4 1.020(11) −2.686(163) −3.6(20)
79.9 1.022(34) −2.632(303) −4.2(63) −3.7 ± 2.4 80.3 1.061(21) −3.147(311) −9.3(32) −5.4 ± 1.3
104.3 1.017(28) 2.813(274) 3.0(50) 104.7 0.966(16) 3.293(250) −5.3(26)
117.0 0.967(24) 1.972(157) −8.6(64) 117.3 0.974(14) 2.215(127) −5.9(33)

114Sn
54.0 1.007(8) −1.103(56) −3.3(36) 54.3 1.030(13) −1.338(51) −10.9(49)
67.0 1.007(8) −2.295(110) −1.4(18) 67.4 0.988(14) −2.469(105) 2.4(29)
79.9 1.016(15) −2.572(173) −3.2(29) −1.7 ± 1.1 80.3 0.976(30) −2.666(170) 4.5(57) −0.2 ± 2.4
104.3 0.989(13) 2.761(158) −2.1(23) 104.7 0.988(22) 2.902(150) −2.1(38)
117.0 1.003(12) 1.945(91) 0.7(31) 117.3 1.010(20) 2.069(83) 2.4(48)

116Sn
54.1 1.001(8) −1.100(70) −0.6(38) 54.3 0.995(12) −1.323(64) 1.7(45)
67.1 0.994(8) −2.250(138) 1.2(18) 67.4 1.008(12) −2.423(130) −1.5(25)
80.0 1.013(15) −2.457(208) −2.6(29) −0.7 ± 1.3 80.3 0.990(23) −2.572(204) 1.9(45) +0.1 ± 1.6
104.4 0.975(12) 2.670(192) −4.7(24) 104.7 0.997(19) 2.823(182) −0.6(34)
117.1 1.009(12) 1.900(114) 2.3(31) 117.3 1.010(17) 2.038(103) 2.4(41)

122Sn
52.1 0.983(13) −0.920(34) 9.5(70) 52.4 1.005(26) −1.196(35) −2.1(106)
66.2 0.990(13) −2.235(69) 2.3(29) 66.5 1.049(28) −2.514(74) −9.5(53)
80.2 0.951(24) −2.592(115) 9.7(49) +5.2 ± 1.8 80.5 0.965(59) −2.923(141) 6.0(104) +2.0 ± 4.9
102.3 1.031(22) 2.768(111) 5.5(39) 102.7 1.132(57) 3.139(128) 19.7(80)
116.1 1.017(19) 2.028(62) 4.2(46) 116.5 1.037(39) 2.231(63) 8.1(83)
129.9 1.017(13) 0.742(32) 11.4(85) 130.2 1.017(25) 0.979(32) 8.4(124)

124Sn
52.6 1.009(12) −0.975(55) −4.4(60) 52.6 0.972(15) −1.222(74) 11.9(62)
66.7 0.970(12) −2.291(117) 6.6(27) 66.8 0.970(16) −2.625(167) 5.9(32)
80.8 0.951(23) −2.529(189) 9.9(49) +5.6 ± 1.8 80.8 0.900(37) −3.113(336) 16.9(68) +8.1 ± 1.9
102.9 1.013(19) 2.794(179) 2.3(34) 103.0 1.035(29) 3.343(292) 5.1(42)
116.7 1.028(17) 1.984(99) 7.0(41) 116.8 1.045(22) 2.262(138) 9.8(46)
130.4 1.019(11) 0.709(49) 13.3(77) 130.4 1.014(13) 0.953(65) 7.4(67)

analysis could only be performed for the cases in which
they were observed with sufficient statistics. Tables II–IV also
include the weighted-mean values of the precession angles
obtained for the different angle groups. It should be noted that
in the case of the 2+

1 → 0+
1 transition the values cannot be

inferred a priori to be the same due to the different feeding
from the 3−

1 and 4+
1 states.

C. g factors

For the 4+
1 and 3−

1 states, the g factors can now be
deduced directly from the measured precessions summarized
in Tables III and IV, using the calculated transient field
precessions per unit g factor, which are given by

φ(τ ) = 	/g = −μN

h̄

∫ tout

tin

BTF(t)e−t/τ dt, (10)

where τ is the lifetime of the excited state under study and
tin and tout are the times when the recoiling nuclei enter and

leave the ferromagnetic Gd target layer, respectively. For the
parametrization of the transient field strength, we adopted the
linear parametrization [16]

BTF[v(t), Z] = GaZ(v/v0), (11)

where a is the field parameter, which, in the case of a
gadolinium target, is 17 T, Z is the atomic number of the
recoiling ion, v/v0 is the velocity of the ion in units of
the Bohr velocity, and G is an attenuation factor that takes
into account the beam-induced reduction of the transient
field strength. G depends on the average energy loss of the
ions in the ferromagnetic layer [16], and for the present
experimental conditions a value of G = 0.55(5) has been
adopted. Using Eqs. (10) and (11), the integral precessions
have been calculated for the 2+

1 , 4+
1 , and 3−

1 , states taking
into account their lifetimes and the time-dependent strength
of the transient field during the passage of the excited nuclei
through the ferromagnetic layer. The resulting values φ20, φ42,
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TABLE III. Precessions 	42
θi

deduced from the γ -ray spectra obtained in coincidence with C ions detected in the inner and outer pairs of
Si detectors for the 4+

1 → 2+
1 transition in 112,114,116,122Sn. For each transition, the detector angle in the rest frame θ ′

i , ρθi
, the logarithmic slope

S(θ ′
i ,ϕ

′
i), and the precession angle 	42

θi
are listed. The mean precession angles 	42

ave are also given.

Inner Si Outer Si

θ ′
i (deg) ρθi

S(θ ′
i ,ϕ

′
i) 	42

θi
	42

ave θ ′
i (deg) ρθi

S(θ ′
i ,ϕ

′
i) 	42

θi
	42

ave

(mrad) (mrad) (mrad) (mrad)

112Sn
52.2 1.006(87) −0.554(28) −5(78) 52.2 0.903(62) −0.554(28) 92(62)
65.0 1.129(93) −0.762(43) −79(54) 65.0 1.076(57) −0.762(43) −48(35)
77.8 1.263(140) −0.598(38) −194(92) −68 ± 32 77.8 1.164(81) −0.598(38) −127(58) −26 ± 30
102.2 1.026(93) 0.598(38) 22(75) 102.2 1.014(63) 0.598(38) 11(52)
115.0 0.854(92) 0.762(43) −104(70) 115.0 0.972(76) 0.762(43) −19(51)112Sn

114Sn
52.2 1.011(27) −0.554(28) −10(24) 52.2 0.953(48) −0.554(28) 44(46)
65.0 1.000(25) −0.762(43) 0(16) 65.0 1.023(46) −0.762(43) −15(30)
77.8 1.019(34) −0.598(38) −16(28) −9 ± 10 77.8 1.098(68) −0.598(38) −78(52) −24 ± 20
102.2 0.945(29) 0.598(38) −48(26) 102.2 0.912(56) 0.598(38) −77(51)
115.0 1.024(39) 0.762(43) 15(25) 115.0 0.951(67) 0.762(43) −33(46)

116Sn
52.2 0.964(149) −0.554(28) 33(140) 52.2 0.734(243) −0.554(28) 276(292)
65.0 1.018(112) −0.762(43) −12(72) 65.0 0.858(206) −0.762(43) 100(157)
77.8 1.029(131) −0.598(38) −24(107) −20 ± 47 77.8 0.972(211) −0.598(38) 24(182) +76 ± 89
102.2 0.790(136) 0.598(38) −196(143) 102.2 0.963(223) 0.598(38) −32(194)
115.0 1.074(195) 0.762(43) 47(119) 115.0 1.238(455) 0.762(43) 140(238)

122Sn
51.1 0.957(46) −0.527(27) 41(46) 51.1 0.734(243) −0.527(27) −151(187)
65.0 0.925(39) −0.760(43) 51(28) 65.0 0.858(206) −0.760(43) 46(108)
78.9 0.909(52) −0.556(36) 86(51) +22 ± 20 78.9 0.972(211) −0.556(36) 169(180) +3 ± 58
101.1 1.025(53) 0.556(36) 22(47) 101.1 0.963(223) 0.556(36) −116(169)
115.0 0.985(58) 0.760(43) −10(39) 115.0 1.238(455) 0.760(43) −58(123)
128.9 0.931(42) 0.527(27) −68(43) 128.9 1.238(455) 0.527(27) 73(136)

and φ32 are listed for all Sn isotopes under study in Table V
together with the corresponding lifetimes employed in the
calculation. Finally, the experimental g factors obtained for
the 4+

1 and 3−
1 states are listed in Table VI and illustrated in

Fig. 7. Note that in the case of the 4+
1 state in 114Sn, the g

factor deduced from the observed precession of the 4+
1 → 2+

1
transition has to be considered as an effective value given the
significant feeding of the 4+

1 from a 5−
1 level (compare with

Fig. 4).
For the first excited 2+ states the determination of the g

factors unfortunately is not as straightforward as discussed
above for the 4+

1 and 3−
1 states. The spectra shown in Fig. 4

clearly indicate that, besides their direct excitation, the 2+
1

states in the Sn isotopes in the current experiment are also fed
from higher-lying states, in particular the 3−

1 and 4+
1 levels. The

observed intensities of the 3−
1 → 2+

1 and 4+
1 → 2+

1 transitions
amount to up to 30% and 12% of the intensity, respectively,
of the 2+

1 → 0+
1 ground-state transition (compare Table I).

Consequently, the contribution of these feeding transitions to
the observed precession of the angular correlation of the 2+

1→ 0+
1 transition has to be evaluated before the g factor of

the 2+
1 state can be deduced from the measured precession

angles. The general prescription for these feeding corrections
has been given, for example, in Refs. [18,19]. For the simple
case of only two directly populating transitions the formula
given in [18,19] can be simplified to

g(2+
1 )θi

=
dW ′

obs
dθ ′

∣∣
θ ′
i

(1 + η32 + η42)	20
θi

− η32
dW ′

320
dθ ′

∣∣
θ ′
i

	32
ave − η42

dW ′
420

dθ ′
∣∣
θ ′
i

	42
ave

dW ′
20

dθ ′
∣∣
θ ′
i

φ20 + η32
dW ′

320
dθ ′

∣∣
θ ′
i

φ320 + η42
dW ′

420
dθ ′

∣∣
θ ′
i

φ420

, (12)

where η32 and η42 are the excitation cross sections of the 3−
1 and

4+
1 states relative to the direct excitation of the 2+

1 state, which
in the present work are deduced from the observed intensities

of the 2+
1 → 0+

1 , 3−
1 → 2+

1 , and 4+
1 → 2+

1 transitions (see
Table I). W ′

obs is the observed angular correlation of the 2+
1→ 0+

1 transition, while W ′
20, W ′

320, and W ′
420 are the angular
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TABLE IV. Precessions 	32
θi

deduced from the γ -ray spectra obtained in coincidence with C ions detected in the inner and outer pairs of
Si detectors for the 3−

1 → 2+
1 transition in 112,114,116Sn. For each transition, the detector angle in the rest frame θ ′

i , ρθi
, the logarithmic slope

S(θ ′
i ,ϕ

′
i), and the precession angle 	32

θi
are listed. The mean precession angles 	32

ave are also given.

Inner Si Outer Si

θ ′
i (deg) ρθi

S(θ ′
i ,ϕ

′
i) 	32

θi
	32

ave θ ′
i (deg) ρθi

S(θ ′
i ,ϕ

′
i) 	32

θi
	32

ave

(mrad) (mrad) (mrad) (mrad)

112Sn
54.8 0.860(92) 0.512(42) −147(105) 54.8 1.102(71) 0.512(42) 94(63)
67.9 1.033(49) 0.338(32) 48(70) 67.9 1.057(35) 0.338(32) 82(50)
80.9 0.980(45) 0.146(15) −71(159) −41 ± 44 80.9 1.004(32) 0.146(15) 14(109) +47 ± 29
105.3 1.034(50) −0.242(24) −70(100) 105.3 0.994(33) −0.242(24) 12(68)
117.9 1.079(94) −0.417(37) −91(105) 117.9 1.024(60) −0.417(37) −28(70)

114Sn
54.7 1.028(32) 0.513(42) 26(30) 54.7 1.018(71) 0.513(42) 17(68)
67.9 1.041(20) 0.340(32) 59(29) 67.9 1.004(41) 0.340(32) 6(60)
80.8 1.019(20) 0.147(15) 65(68) +34 ± 16 80.8 0.977(40) 0.147(15) −80(140) +19 ± 34
105.2 1.006(19) −0.241(24) −12(39) 105.2 0.987(39) −0.241(24) 28(81)
117.8 0.970(33) −0.416(37) 37(41) 117.8 0.945(63) −0.416(37) 69(80)

116Sn
54.8 1.006(29) 0.512(42) 6(28) 54.8 0.999(57) 0.512(42) −1(55)
67.9 0.983(18) 0.338(32) −26(28) 67.9 0.934(33) 0.338(32) −102(53)
80.9 0.996(18) 0.146(15) −15(63) +3 ± 15 80.9 0.982(33) 0.146(15) −63(117) −12 ± 36
105.3 0.985(19) −0.242(24) 30(40) 105.3 0.946(33) −0.242(24) 114(72)
117.9 0.976(29) −0.417(37) 29(36) 117.9 0.986(52) −0.417(37) 17(63)

TABLE V. Calculated integral precession angles φ20, φ32, and φ42 for the 2+
1 → 0+

1 , 3−
1 → 2+

1 , and 4+
1 → 2+

1 transitions [calculated using
Eq. (10)] and for the 2+

1 → 0+
1 transition after population of the 2+

1 state from the 3−
1 and 4+

1 levels, φ320 and φ420, respectively [calculated using
Eq. (13)] for g = 1 and G = 0.55(5).

τ (ps)a

Nucleus 2+
1 3−

1 4+
1 −φ20 (mrad) −φ32 (mrad) −φ42(mrad) −φ320 (mrad) −φ420 (mrad)

112Sn 0.65(4) 0.31(2) 4.8(9) 72(7) 43(4) 122(12) 56(6) 8(1)
114Sn 0.60(4) 0.52(3) 7.6(6) 69(7) 64(6) 126(13) 43(4) 5(1)
116Sn 0.67(4) 0.48(3) 4.0b 74(7) 61(6) 120(12) 46(5) 9(1)
122Sn 1.29(8) 0.13(2) 2.3(3) 97(10) 17(2) 111(10) 90(9) 19(2)
124Sn 1.48(15) 0.10(1) 5.3(7) 96(10) 11(1) 112(11) 90(9) 11(1)

aTaken from Refs. [15,17]
bValue adopted in the calculation of the integral precession since the literature values τ = 0.4(2) ps and τ = 0.68(13) ps [17] are in disagreement
with the observed line shape of the 4+

1 → 2+
1 transition.

TABLE VI. g factors of the 2+
1 , 4+

1 , and 3−
1 states in 112,114,116,122,124Sn.

g(2+
1 ) g(4+

1 ) g(3−
1 )

Nucleus Inner Si Outer Si Average Inner Si Outer Si Average Inner Si Outer Si Average

112Sn +0.084(65) +0.112(41) +0.104(35) +0.56(26) +0.21(25) +0.38(18) +0.97(104) −1.07(66) −0.48(92)
114Sn +0.131(32) +0.079(39) +0.110(25) +0.07(8)a +0.19(16)a +0.09(7)a −0.54(26) −0.29(52) −0.49(23)
116Sn +0.015(27) −0.003(27) +0.006(19) +0.17(39) −0.63(74) 0.00(35) −0.05(25) +0.19(58) −0.01(23)
122Sn −0.048(20) −0.017(50) −0.044(19) −0.20(18) −0.03(52) −0.18(17) · · · · · · 0.0(5)b

124Sn −0.055(18) −0.083(21) −0.067(14) · · · · · · 0.0(5)b · · · · · · 0.0(5)b

aEffective value due to the observed feeding from a 5− level into the 4+
1 state.

bValue adopted in the feeding correction for the 2+
1 states.
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FIG. 7. Experimental g factors of the (top) 2+
1 , (middle) 4+

1 , and
(bottom) 3−

1 states in Sn isotopes from the present work (solid circles)
compared to literature values (open circles: Ref. [10]; open squares:
Ref. [11]).

correlations of the same transition corresponding either to
direct population of the 2+

1 state or to indirect population via
feeding from the 3−

1 or 4+
1 state. 	20

θi
, 	32

ave, and 	42
ave

are the precessions of the 2+
1 → 0+

1 transition observed in
the detectors positioned at angle θi with respect to the beam
and the average precessions of the 3−

1 → 2+
1 and 4+

1 → 2+
1

transitions, respectively. φ20 is the integral precession per unit
g factor of the 2+

1 → 0+
1 transition after direct population of

the 2+
1 state, while φ320 and φ420 are the corresponding values

in case of the feeding of the 2+
1 state from the 3−

1 and 4+
1 states.

The latter are calculated as

φ320 = −μN

h̄

∫ tout

tin

τ (2+)

τ (3−) − τ (2+)

× (e−t/τ (3−) − e−t/τ (2+))BTF(t)dt (13)

(and analogously for φ420) and are included in Table V.
The slope of the angular correlation of the observed 2+

1 →
0+

1 transition, dW ′
obs/dθ ′, is calculated for each group of

detectors positioned at θi from the a2 and a4 coefficients listed
in Table I. For W ′

320 the parameters a2 = 0.57(3), a4 = −0.57(3)
are employed since the experimentally observed angular
correlations of the 3−

1 → 2+
1 transitions shown in Fig. 6 are

in agreement within the experimental uncertainties with the
maximum alignment parameters a2 = −0.4, a4 = 0. For the

FIG. 8. (Color online) Angular correlation coefficients for the 2+
1

→ 0+
1 transition after direct population of the 2+

1 state obtained from
a fit of the observed 2+

1 → 0+
1 angular correlations as described in the

text.

case of the feeding from the 4+
1 state, W ′

420 is identical to W ′
42,

so that the experimentally obtained parameters a2 = 0.36(2),
a4 = −0.19(2) (see Fig. 6) are used to calculate the slopes
dW ′

420/dθ ′.
The angular correlation of the 2+

1 → 0+
1 transition after

direct population of the 2+
1 state, W ′

20, has been extracted
from the observed correlation W ′

obs and the known feeding
intensities (see Table I) using the relation

W ′
obs(�

′) = (1 − I 4+→2+ − I 3−→2+
)W ′

20(�′)

+ I 4+→2+
W ′

420(�′) + I 3−→2+
W ′

320(�′). (14)

This fit has been performed for all ten angular correlations
W ′

obs(�
′) shown in Fig. 5, and the resulting coefficients a2 and

a4 of W ′
20(�′) are plotted for all Sn isotopes under study in

Fig. 8. As can be seen from Fig. 8, this fitting procedure yields
quite consistent numbers, and therefore average coefficients
have then been employed in the calculation of 2+

1 g factors
corrected for feeding using Eq. (12).

For the 4+
1 states in 112,114,116,122Sn and the 3−

1 states in
112,114,116Sn the experimentally determined average preces-
sions 	42

ave and 	32
ave (see Tables III and IV) have been

employed in the calculation of g(2+
1 )θi

using Eq. (12). For
the 4+

1 and 3−
1 levels in 124Sn as well as the 3−

1 state in
122Sn, g factors of g = 0.0(5) have been assumed, and the
corresponding precessions 	42 and 	32 have been deduced
from the φ42 and φ32 values listed in Table V. However, this
assumption does not have a strong impact on the deduced g(2+

1 )
since, first, the intensity of the 4+

1 → 2+
1 feeding transition

in 124Sn is small and, second, the integral precessions φ32 are
small for 122,124Sn because of the short lifetimes of the 3−

1 states
in these two isotopes. Finally, the resulting g factor g(2+

1 ) is
deduced as the weighted mean of the values g(2+

1 )θi
obtained

for the individual detector groups. The feeding-corrected g

factors of the 2+
1 states in 112,114,116,122,124Sn are included in

Table VI and illustrated in Fig. 7.

014319-9



J. WALKER et al. PHYSICAL REVIEW C 84, 014319 (2011)

FIG. 9. (Color online) Adopted experimental g factors of 2+
1

states in stable Sn isotopes compared to RQRPA (dotted line) [26,27],
QRPA (dashed line) [28], and shell-model calculations using a 100Sn
core (solid black line) or a 132Sn core (grey line). See text for details.

Before closing this section we consider it worth mentioning
that due to the small absolute values of g(2+

1 ) the dependence of
the results on the choice of the transient field parametrization
adopted in the analysis is rather limited and does not affect
significantly the following discussion and interpretation. To
give one example, in the case of the 2+ state in 124Sn, for
which the largest precession angle was measured, the use of
the parametrization employed in Ref. [11] instead of Eq. (11)
increases the absolute value of g(2+

1 ) by 0.02.

V. DISCUSSION AND INTERPRETATION

We will now discuss the experimentally obtained excited
state g factors in the stable semi-magic Sn isotopes first
in a qualitative way and then on the basis of results of
large-scale shell-model calculations. For the 2+

1 states, adopted
experimental g factors are considered (weighted-mean values
of the results obtained in the present work and in Refs. [10,11])
and are shown in Fig. 9.

A. Qualitative discussion of the results

For a qualitative understanding of the results we combine
the information concerning the occupancies of the neutron
single-particle orbitals in the major N = 50–82 shell with the
known empirical g factors of these orbitals. The occupancies
of the neutron single-particle orbitals in the ground states
of the even-A Sn isotopes as a function of the neutron
number are shown in Fig. 10 to facilitate the discussion.
They were obtained from spherical self-consistent Hartree-
Fock-Bogoliubov (HFB) calculations employing the finite-
range density-dependent Gogny force and were presented
in Ref. [20]. The empirical single-particle g factors for all
relevant neutron orbitals, deduced from measured g factors
of one-quasiparticle states in odd-A Sn isotopes [21], are
summarized in Table VII. Included in Table VII are also the

neutron number N 

oc
cu

pa
nc

y 

1.0 

0.8 

50 

0.6 

0.4 

0.2 

0.0 
54 58 62 66 70 74 78 82 

d5/2 g7/2 

s1/2 d3/2 

h11/2 

FIG. 10. Occupancies of the neutron single-particle orbitals
between N = 50 and N = 82 as a function of the mass number
(adopted from Ref. [20]).

empirical g factors of the different two-neutron configurations
that can contribute to the wave function of the 2+

1 state.
For the lightest Sn isotope under study, 112Sn, the g7/2

orbital is closest to the Fermi level (see also Fig. 4 in
Ref. [15]), and therefore the g2

7/2 and the d5/2g7/2 two-neutron
configurations are expected to contribute significantly to the
formation of the first excited 2+ state. Both configurations
have positive g factors around + 0.2, consistent with the
experimental finding of a positive g(2+

1 ) in this isotope. In
light of Fig. 10 no dramatic changes are expected for 114Sn as
compared to 112Sn, and indeed, no significant change in g(2+

1 )
is observed. It is interesting to note that in a more schematic
picture with a pronounced subshell closure at N = 64, as
discussed, for example, in Ref. [11], the 2+

1 state in 114Sn
would have to be based on excitations across N = 64, namely,
g−1

7/2d3/2 and d−1
5/2s1/2 with empirical g factors of + 0.04 and

−0.20, respectively. The experimental results seem to favor the
more realistic picture of slowly changing occupancies rather
than pronounced subshell closures. Moving to 116Sn, both the
d3/2 and s1/2 orbitals are already nearly half filled, so that
the d3/2s1/2 configuration (g = −0.11) becomes an additional

TABLE VII. Empirical single-particle g factors for the neutron
orbitals in the N = 50–82 major shell and selected proton orbitals
relevant for proton core excitations across Z = 50 and resulting
empirical g factors of two-quasiparticle configurations with J π = 2+.

Single-particle g factors 2+
1 state configurations

Orbit gemp Configuration gemp

νd5/2 −0.43 νd5/2g7/2 +0.23
νg7/2 +0.18 νd−1

5/2s1/2 −0.20
νs1/2 −1.8 νd3/2s1/2 −0.11
νd3/2 +0.46 νg−1

7/2d3/2 +0.04
νh11/2 −0.25
πg9/2 +1.22 πg9/2d5/2 1.09
πd5/2 +1.38 πg9/2g7/2 1.34
πg7/2 +0.73
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option to form the 2+
1 state, while the g2

7/2 and g7/2d5/2

configurations lose importance due to the large degree of filling
of the g7/2 and d5/2 orbitals. This may be the reason behind
the observed decrease of g(2+

1 ) between 114Sn and 116Sn. The
positive experimental g factor for the 2+

1 state in 118Sn has been
attributed in Ref. [11] to the influence of the d2

3/2 configuration
(g = +0.46), which, following the occupancies shown in
Fig. 10, is certainly expected to compete with the d3/2s1/2

configuration (g = −0.11) in forming the 2+
1 state. The g7/2

and d5/2 orbitals are, instead, already nearly blocked in 118Sn.
Unfortunately, in the present work, 118Sn has not been studied,
and therefore the experimental value is still tainted with a
relatively large uncertainty. Finally, for the isotopes above
A = 120, the h11/2 orbital (g = −0.25) is being filled and
therefore is expected to play a dominant role in addition to the
configurations d2

3/2 and d3/2s1/2 (g = +0.46 and g = −0.11).
Again, this expectation based on simple arguments is found
to be in qualitative agreement with the experimental results,
namely, the negative g(2+

1 ) values obtained for 120,122,124Sn.
However, in particular for the heaviest isotopes under study, the
large deviation of the experimental values (g = −0.044(19)
in 122Sn and g = −0.067(14) in 124Sn) from the empirical g

factor of the h11/2 orbital (g = −0.25) is surprising consider-
ing that for these isotopes there are virtually no alternatives
to the h2

11/2 configuration in the formation of the 2+
1 state.

There is one ingredient we so far ignored in our discussion but
which becomes important once the h11/2 orbital gets involved,
nuclear pairing. It is known that the pairing energy is largest
for high-j shells such as h11/2, and the pairing energy of a
pair of nucleons in a nearly empty shell is particularly large.
In 122,124Sn, the h11/2 orbital only slowly starts to get filled.
To break one of the few pairs in this orbital to form the 2+

1
state requires a considerable amount of energy. An alternative
mechanism that may well compete is the excitation of a neutron
pair from the d3/2 to the h11/2 orbital with the coupling of the
remaining two d3/2 neutrons to J = 2. In both scenarios the
d3/2 orbital does not contribute to the total pairing energy
because it is either completely filled or contains one pair
aligned to J = 2. With respect to the h11/2 orbital, however,
the situation is very different. In the case of the neutron pair
excitation the pairing energy of two neutron pairs in the h11/2

shell, namely, the one excited from the d3/2 orbital and the
one that in this case does not have to be broken to form
the 2+

1 state, is gained. A detailed calculation of the relative
contributions of these two alternatives in the formation of the
2+

1 state in the heavy Sn isotopes, which depend on both the
single-particle and the pairing energies, is beyond the scope of
this qualitative discussion. However, given the positive g factor
of the d2

3/2 configuration (g = +0.46), we can estimate that a
25%–30% contribution of this configuration would account
for the experimentally observed g(2+

1 ) values in 122,124Sn.
So far, only neutron contributions to the 2+

1 state have been
discussed. Now we will examine the possible contribution of
core-excited proton configurations, such as g−1

9/2d5/2, proposed
as an explanation of the observed excess in B(E2) strength
in the lighter Sn isotopes, as discussed in the Introduction.
First of all, it should be mentioned that the reported increase
in the B(E2) values between midshell 116Sn and its lighter
neighbors 112,114Sn [7,9], which motivated the experiments

presented here, was not confirmed by the measured lifetimes
as discussed in detail in [15]. With respect to the g(2+

1 ) values
in 112,114Sn, the experimental results are in agreement with or
even smaller than expectations based exclusively on different
contributing neutron configurations, thus leaving little room
for proton configurations, all characterized by large positive
empirical g factors (compare Table VII).

Concerning the 4+
1 and 3−

1 states studied in this work, the
relatively large experimental uncertainties do not motivate a
very detailed discussion. However, it is interesting to note that
the g(4+

1 ) values seem to follow a trend similar to the g factors
of the 2+

1 states. In general, the experimental values for both
states are all within the range of the empirical g factors of the
configurations expected to contribute to the wave functions
of these states. For the 4+

1 state these are mainly the g2
7/2

(g = +0.18), d5/2g7/2 (g = −0.02), g7/2d3/2 (g = +0.24),
and g7/2s1/2 (g = −0.07) configurations, while for the 3−

1
state the h11/2g7/2 (g = −0.39) and h11/2d5/2 (g = −0.14)
configurations are expected to dominate.

B. Shell-model calculations

Two different shell-model (SM) calculations have been
performed in the present work. In the first the 1d5/2, 0g7/2,
2s1/2, 1d3/2, and 0h11/2 neutron orbitals have been considered
as particle valence space outside a closed 100Sn core, while
in the second the same orbitals served as space for neutron
holes with respect to a 132Sn core. The first calculation is
based on the N3LO nucleon-nucleon interaction tailored to a
100Sn core. For details of this approach we refer the reader to
Ref. [8], in which the resulting B(E2) transition strengths to
the first excited 2+ states in the even-A Sn isotopes have been
discussed. The second SM calculation performed in the present
work employs the CD-Bonn interaction tailored to a 132Sn core
and experimental single-hole energies, which are taken from
131Sn for all considered orbitals [22]. This second calculation
is in line with the ones presented in Refs. [23,24] to describe
low-lying levels in 127,129Sn as well as g factors of excited
states in 124−130Sn. Both calculations have been performed
with the CENS software [25] and the g factors for free nucleons
have been employed in the calculation of magnetic moments.

The results of the two calculations are compared to the
experimental values in Fig. 9. The calculation with a 100Sn
core very nicely reproduces the general trend of the measured
g factors from positive values in 112,114Sn to negative values in
the heavier isotopes. The most significant deviation is observed
for 122,124Sn, where values closer to the h11/2 single-particle
g factor (g = −0.25) are obtained in the SM calculation as
compared to experiment. The origin of this discrepancy may
be the underestimation of neutron pair excitations from the
d3/2 to the h11/2 orbital, as discussed above. In the case
of the SM calculation with a 132Sn core the description
of the experimental data is worse. Negative g factors are
predicted for the whole chain of isotopes between 112Sn and
124Sn, in contrast to the experimental findings. While this
approach has been proven to nicely reproduce the properties
of Sn isotopes closer to the 132Sn core, it seems to fail in
the description of the Sn nuclei in the lower half of the
major neutron shell. One possible reason may be an incorrect

014319-11



J. WALKER et al. PHYSICAL REVIEW C 84, 014319 (2011)

description of the evolution of the effective single-particle
energies across the N = 50–82 shell. Interestingly, in this SM
calculation the wave function of the 2+

1 state contains already
in 112Sn on average 2.7 neutrons in the h11/2 orbital, while the
corresponding number in the calculation with the 100Sn core is
0.7, in accordance with the HFB calculation shown in Fig. 10.
It is therefore most probably the contribution of the νh2

11/2

configuration to the 2+
1 state that leads to negative g factors for

the 2+
1 states in 112,114Sn in the SM calculation with a 132Sn

core.
For completeness we also include in Fig. 9 the g factor

predictions from calculations using the relativistic and nonrel-
ativistic quasiparticle random phase approximations (RQRPA
and QRPA) as reported in the literature [26–28]. The QRPA
calculation is in overall agreement with the experimental data
for the heavier isotopes but does not reproduce the positive
g factors obtained for 112,114Sn. The RQRPA calculations, on
the other hand, predict decreasing but positive g factors for
all stable isotopes in contrast to the experimental results. For
a discussion of the origin of the difference between these two
calculations we refer the reader to Ref. [11].

VI. SUMMARY AND CONCLUSIONS

The g factors of the 2+
1 states in the stable Sn isotopes with

A = 112, 114, 116, 122, 124 have been measured with high
accuracy using the transient-field technique in conjunction
with Coulomb excitation in inverse kinematics and a highly
efficient γ -ray detection setup consisting of four EUROBALL
cluster detectors. The experimental results have been discussed
qualitatively on the basis of empirical single-particle g factors

and compared to two different large-scale SM calculations
using 100Sn and 132Sn as inert cores and to QRPA and
RQRPA calculations. The SM calculation with a 100Sn core
has been found to best describe the experimental g factors.
The experimental g(2+

1 ) values in 122,124Sn are considerably
smaller than the empirical g factor of the νh2

11/2 configuration,
which is expected to dominate the wave function of the 2+

1
state in these isotopes. This observation may point to the
importance of neutron pair excitations from the d3/2 to the
h11/2 orbital in the formation of this state. The measured
g(2+

1 ) in 112,114Sn are reasonably well reproduced within a
pure neutron valence space and do not point to a significant
contribution of proton-core-excited configurations to the wave
function of the 2+

1 state in these isotopes. Finally, in view
of the established excess of E2 strength in the lighter Sn
isotopes with A = 106, 108, 110 it certainly would be very
interesting to measure the 2+

1 g factor in one of these isotopes
using radioactive ion beams. We believe that such experiments
will come into reach in the near future at facilities such as
REX-ISOLDE and TRIUMF.
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