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Levels in the 112Sn nucleus have been excited by inelastic scattering with 35Cl projectile at Elab = 195 MeV.
The Doppler affected γ -ray peak arising from the decay of the 2+

1 level has been analyzed, using updated
methodologies, to extract the level lifetime and corresponding electric quadrupole (E2) transition probability,
B(E2; 0+

g.s. → 2+
1 ). The present result is discrepant with respect to the results reported from existing lifetime

measurements, but in compliance with independent systematic measurements of the low-lying E2 transition
strengths in the stable even-mass Sn isotopes, by pure Coulomb excitation as well as heavy-ion induced inelastic
collisions. The transition probability also confirms an enhancement in collectivity for the 2+

1 level, and is found
to be in good agreement with generalized seniority model (GSM) as well as state-of-the-art Monte Carlo shell
model (MCSM) calculations. Within the realm of the MCSM scheme, the enhancement is understood in terms
of oblate deformations for both the 0+

g.s. and 2+
1 states in 112Sn arising due to strong proton-core excitations and

enhanced proton-neutron interactions. In addition, limits for the lifetime of the 3−
1 level and the E1 transition

probability, B(E1; 3−
1 → 2+

1 ), have been obtained.

DOI: 10.1103/PhysRevC.103.034315

I. INTRODUCTION

The evolution of transition probabilities, a signature of
nuclear collectivity (or deformation), to the low-lying excited
states in the series of Sn isotopes, has been under discus-
sion for several years and still attracts interest with regard
to its understanding in various models. In this context, the
2+

1 state in the stable even-mass 112–124Sn region has been
extensively probed by means of Coulomb excitation [1–5],
nuclear resonance fluorescence [6], and inelastic scattering
of electrons [7], protons [8,9], α particles [10], and heavy
ions [11–13]. These methods are fairly consistent with one
another, with the transition probabilities often measured with
small uncertainties, and also consolidated into the adopted
B(E2; 0+

g.s. → 2+
1 ) values by Raman et al. [14]. Convention-

ally, collectivity along an isotopic chain is expected to be at
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its highest when the number of nucleons outside closed shells
is largest, i.e., around midshell, with subsequent decrease as
the neutron number varies on either side. Several theoreti-
cal frameworks have similarly predicted a parabolic trend,
peaked at 116Sn, in the development of the B(E2; 0+

g.s. → 2+
1 )

values along the 102–130Sn chain, based on exact seniority
model calculations [15] as well as large-scale shell model
calculations considering (i) an inert 100Sn core with only
valence neutrons or (ii) an inert 90Zr core involving proton
excitations along with valence neutrons [16]. From the ex-
isting measurements, such an evolution has been observed
in the B(E2; 0+

g.s. → 2+
1 ) values for the isotopes with mass

A � 116 by Coulomb-excitation measurements extending up
to the neutron-rich 126–130Sn isotopes [17]. However, for A <

116, the measured B(E2; 0+
g.s. → 2+

1 ) values are seen to in-
crease from 116Sn up to 112Sn and stay nearly similar up to
106Sn, thereafter decreasing towards 104Sn [18–21]. Another
set of calculations employing the relativistic quasiparticle ran-
dom phase approximation (RQRPA) [22] have been fairly
successful in explaining the larger values observed for the
neutron-deficient unstable region of the series; however, they
predict values suppressed by 30–40% for the stable 112–124Sn
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region, compared to existing experimental results. Owing to
the limitations of the aforementioned calculations, further at-
tempts were made by employing the (i) generalized-seniority
model (GSM) [15,23], and (ii) state-of-the-art Monte Carlo
shell model (MCSM) [24–26] formalisms. The former em-
phasizes the different rates of filling of orbits along the Sn
chain, and divides the neutron valence space into two parts
prior to and post the midshell, giving rise to two asymmetric
parabolas with a valley at 116Sn. On the other hand, the latter
is a novel attempt to present a unified picture across the
full Sn series by employing a large model space including
single-particle orbits for the protons and neutrons, wherein
the protons in the 1g9/2 orbital are taken to be fully activated.
The robust MCSM calculations for the 100–138Sn chain [26]
are found to successfully concur with the evolution of the
measured B(E2; 0+

g.s. → 2+
1 ) values across the Sn series, and

are in reasonable agreement with the GSM calculations for
the 104–130Sn region reported in Ref. [23]. In a complementary
approach, direct measurements of the level lifetimes for the
collective low-spin states in Sn isotopes were recently at-
tempted using the Doppler-shift attenuation method (DSAM)
[27]. In the measurements of the 2+

1 level lifetimes along
the 112–124Sn series reported by Jungclaus et al. [28,29], the
corresponding B(E2; 0+

g.s. → 2+
1 ) values are seen to exhibit a

systematic trend of reduced collectivity, with a valley at 116Sn,
as also predicted by the MCSM and GSM approaches. How-
ever, there is an overall departure of the absolute values from
the calculations. The measurements were performed in inverse
kinematics at high beam energies, thereby populating several
excited states above the 2+

1 state. The corresponding feedings
from the 4+

1 and 3−
1 levels were reported to be dominant.

While the 4+
1 state is known to be substantially long-lived to

show any considerable Doppler shifted (feeding) fraction in
the 2+

1 → 0+
g.s. transition, the 3−

1 state is short-lived and has
been reported to constitute about 15–30% of the 2+

1 → 0+
g.s.

intensity [28]. A comparison of the 2+
1 lifetimes measured

by Jungclaus et al. with those inferred from the adopted
B(E2; 0+

g.s. → 2+
1 ) values [14] indicate a discrepancy, with the

former being significantly longer. Simultaneous estimates of
the lifetimes of the feeder states are therefore crucial for de-
termining the lifetime of the 2+

1 state. For the low-lying states
in 112,114Sn, Spieker et al. [30] very recently used the (p, p′γ )
reaction to probe the lifetimes using DSAM, without feeding
contributions, by employing particle(proton)-γ coincidence.
An Sn-Au alloy was bombarded in the measurement, where
the target and stopper material were not completely separated.
Previous measurements on proton inelastic scattering from the
stable Sn isotopes [8,9] have observed transitions to the 2+

1
and 3−

1 levels to be dominant over other neighboring states.
However, in the particle-energy spectrum reported by Spieker
et al. for the 112Sn(p, p′) reaction, beyond the excitation cor-
responding to the 2+

1 state, well-resolved peaks for higher
excited states are not seen. In particular, the 3−

1 state is not
observed to be strongly populated, with possible ambiguity
in identifying the exact centroid energy. Interestingly, the 2+

1
and 3−

1 lifetimes from this work are reported to be longer and
shorter, respectively, than those measured by Jungclaus et al.
The results reported by Spieker et al. as well as Jungclaus et al.

also contradict the lifetimes deduced using DSAM from a set
of extensive measurements of the low-lying structure in 112Sn
by the 112Sn(n, n′γ ) reaction [31–33].

In order to address the disagreements across different cat-
egories of experiments and to regard an old question from
a fresh perspective, new measurements of lifetimes for the
low-lying levels in the stable Sn isotopes are warranted, to
facilitate concluding on the transition probabilities determined
therefrom. Such an exercise was recently attempted by means
of heavy-ion inelastic scattering for the 2+

1 lifetime in the
120Sn isotope [34], and the corresponding result leads to an
improved estimate. The measurement reported in Ref. [34]
was performed at a bombarding energy below the Coulomb
barrier and, as a result, additional states in 120Sn were not
populated significantly, leading to inconsequential feeding to
the 2+

1 state. The present work takes another step in this
direction and reports a fresh measurement of lifetime of the
2+

1 (Ex = 1257 keV) level in the 112Sn isotope, populated by
means of heavy-ion inelastic collision at a high bombarding
energy.

II. MEASUREMENT

Multiple excited states of 112Sn nucleus were populated us-
ing the 112Sn(35Cl, 35Cl′) 112Sn∗ heavy-ion inelastic scattering
process at Elab = 195 MeV. The 35Cl beam was provided by
the BARC-TIFR Pelletron LINAC Facility, Mumbai. Beam
energy above the Coulomb barrier (VB ≈ 136 MeV) facili-
tated substantial population of the 2+

1 level at an excitation
energy of 1257 keV. In addition, the 3−

1 level at 2354 keV,
which decays to the 2+

1 level, was also found to be popu-
lated, thus enabling a coincidence analysis. The excitation is
governed by well defined two-body kinematics and energet-
ics. The target comprised an enriched (99.6%) 112Sn foil of
thickness ≈2.4 mg/cm2, with a 208Pb backing of thickness
≈8.8 mg/cm2 [35]. Emitted γ rays from the recoiling 112Sn
nuclei were detected using the Indian National Gamma Array
(INGA) [36], then consisting of eleven Compton-suppressed
high-purity germanium (HPGe) clover detectors, mounted at
a distance of 25 cm from the target center. The clovers were
distributed at angles θ = 90o (three at φ = 60o, 120o, 300o),
θ = 115o (two at φ = 90o, 330o), θ = 140o (three at φ = 0o,
120o, 240o) and θ = 157o (three at φ = 60o, 180o, 300o),
with respect to the beam direction. Levels with spins up to
8+ and 9− were populated in 112Sn in the present measure-
ment, as also previously observed in experiments involving
neutron scattering [31] and/or fusion-evaporation [37]. A typ-
ical spectrum gated with the 2+

1 → 0+
g.s. transition is shown

in Fig. 1, displaying some of the dominant (parallel) decay
paths. Owing to the extended angular range of γ -decay posi-
tions as permitted by inelastic scattering, each HPGe detector
recorded an inclusive decay spectrum for scattering at all
possible recoil directions. The detectors were calibrated in
energy and efficiency using standard 133Ba - 152Eu sources. An
energy resolution of ≈2.6 keV was obtained at an energy of
1408 keV. Time stamped list mode spectroscopic data were
acquired using a digitizer-based data acquisition system. The
acquired decay events were sorted into Eγ -Eγ correlation
matrices using the MARCOS [38] code. These matrices were
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FIG. 1. Experimental γ -ray spectrum showing transitions in 112Sn in coincidence with the 2+
1 → 0+

g.s. transition. Various γ rays of 112Sn,
namely, (a) 76 keV, (b) 263 keV, (c) 302 keV, (d) 378 keV, (e) 510 keV (509 keV as seen in Ref. [31], with some admixture from the 511 keV
annihilation γ ray), (f) 664 keV, (g) 805 keV, (h) 894 keV, (i) 934 keV, (j) 991 keV, (k) 1097 keV, (l) 1264 keV, and (m) 1278 keV, which were
also observed in previous measurements on neutron scattering [31] and/or fusion-evaporation [37], have been marked in the spectrum. The
2+

1 state is fed through such parallel decay paths, marked with different colors. The 3−
1 → 2+

1 transition is seen with a Doppler broadened line
shape, unlike the other stopped peaks.

angle-dependent asymmetric ones for lifetime analysis and
had detectors at a given angle θ on the X axis (summed over
the different φ angles), with detectors at all the other angles
on the Y axis. The Doppler-affected shapes on the transition
peaks at different angles, as observed in the spectra with a gate
set on coincident transitions (following the deexcitation of the
2+

1 and 3−
1 states), were analyzed to extract level lifetimes of

interest, as elaborated in the subsequent text.

III. LIFETIME ANALYSIS AND RESULTS

The γ rays are emitted in-flight, with the recoiling 112Sn
nuclei in relative motion with respect to the detectors in the
array, and thus exhibit Doppler effect as expected. Analysis
for determining the lifetime of the 2+

1 in 112Sn was carried
out using the developments by Das et al. [39] in conjunction
with the LINESHAPE [40] package. The analysis was based
on the coincidence spectra of the 3−

1 → 2+
1 (Fig. 2) and

the 2+
1 → 0+

g.s. (Fig. 3) transitions, in cascade. As such, the
population and the kinematics of only the 3−

1 state are of
pertinence in this exercise; the population of the 2+

1 level, as is
manifested in the coincidence data, is that which is fed by the
3−

1 state above. Such an analysis of Doppler shapes following
γ -ray measurements in coincidence mode, without having to
compromise on the counting statistics for Elab � VB, bears
the advantage of narrowing down to this specific decay path.
The 3−

1 state can have different possible decay modes [41]
such as (i) an E1 (3−

1 → 2+
1 ) transition, Eγ = 1097 keV, and

(ii) an E1 (3−
1 → 2+

2 ) transition, Eγ = 203 keV. Additionally,
as observed for some of the neighboring stable Sn isotopes,
namely 116,118,122Sn, a weak E3 (3−

1 → 0+
g.s.) transition may

also be probable. However, the latter two are not observed
in the present measurement and the decay of the 3−

1 state
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FIG. 2. Experimental Doppler broadened γ -ray peak of the
1097-keV (3−

1 → 2+
1 ) transition in 112Sn spectra gated with the 2+

1 →
0+

g.s. transition (gated from below), and corresponding fits obtained
using the LINESHAPE code. The dashed lines represent deconvoluted
fit of the additional stopped peaks in the fitting range (please see text
for details). The dotted lines represent the exclusive transition line
shape, while the solid lines show the total fit.
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FIG. 3. Experimental Doppler broadened γ -ray peak of the
1257-keV (2+

1 → 0+
g.s.) transition in 112Sn spectra gated with the

3−
1 → 2+

1 transition (gated from above), and corresponding fits
obtained using the LINESHAPE code. The dashed lines represent de-
convoluted fit of the additional stopped peaks in the fitting range
(please see text for details). The dotted lines represent the exclusive
transition line shape, while the solid lines show the total fit.

predominantly occurs by a fast E1 transition of Eγ =
1097 keV to the 2+

1 state, which subsequently decays to the
0+

g.s. state by an E2 transition of energy Eγ = 1257 keV. These
states are known to have nearly 100% γ branching.

The analysis for the level lifetimes commences with the
simulation of the trajectories of 112Sn nuclei scattered to their
3−

1 state and traversing the target and the backing media.
The considerable thickness of the 112Sn target incurs loss of
beam energy along its depth (a degradation of ≈17 MeV) and
warrants incorporation of additional effects in the stopping
simulations. These are (i) the evolving inelastic scattering
cross section to the 3−

1 state, with changing beam energy,
and (ii) the corresponding energy-angle distributions of the
recoiling nuclei. The cross sections for excitation to the 3−

1
state at different beam energies along the target depth were
calculated in the framework of a coupled reaction chan-
nels (CRC) model using the FRESCO [42] code. The CRC
calculationwere performed by coupling the major inelastic
scattering channels to the entrance channel, which include (i)
the low-lying 2+

1 and 3−
1 states of 112Sn at Ex = 1257 keV and

2354 keV, respectively, treated as collective vibrational one-
phonon quadrupole and octupole states with B(E2; 0+

g.s. →
2+

1 ) = 0.250 e2b2 [5] and B(E3; 0+
g.s. → 3−

1 ) = 0.087 e2b3

[3], and (ii) the 4+
1 state of 112Sn at Ex = 2247 keV, treated as

a collective vibrational double-quadrupole-phonon state with
B(E2; 4+

1 → 2+
1 ) = 0.018 e2b2 [3]. For completeness, a few

one-nucleon transfer channels are also coupled with unit spec-
troscopic factors. The projectile-target interaction is governed
by the Coulomb potential and an optical nuclear potential of
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FIG. 4. Typical calculated relative population distribution of the
scattered 112Sn recoils in their 3−

1 excited state as a function of labora-
tory scattering angle θLAB

rec and kinetic energy Erec, in the 35Cl + 112Sn
system at Elab = 195 MeV.

Woods Saxon form, with a short-ranged imaginary part to
account for the fusion process. The potential parameters were
suitably adjusted to closely reproduce the available experi-
mental cross sections [43] for the complete fusion of 35Cl with
112Sn at different energies.

Across the full target depth, the production of the recoiling
nuclei was estimated to be significant, with the estimated cross
section at the bombarding energy of 178 MeV decreasing by
only 10% compared to the cross section at the beam energy of
195 MeV. The thickness of the target was accordingly binned
into four sections of decreasing beam energy, each character-
ized by individual yields of the 112Sn recoils scattered in the
3−

1 state and the energy-angle distribution of the same. The
energy-angle distribution of the recoils, collated from those
corresponding to individual beam energies, is illustrated in
Fig. 4. The other cardinal component of the stopping simula-
tions is the stopping power of the target and the backing media
for the recoils. The stopping power is also accepted as one
of the principal sources of uncertainties in the lifetime analy-
sis. Earlier developments in the stopping power modeling by
Lindhard et al. [44], Ziegler [45], as well as Northcliffe and
Schilling [46] are known to be characterized by uncertainties
of ≈10–15%, particularly at low kinetic energies [47]. These
models have been adopted in the existing lifetime analyses
reported for the Sn isotopes [28–32]. The present analysis
is based on the use of experimentally-benchmarked stopping
powers calculated by the SRIM code that are characterized by
a modest uncertainty ≈ 5% [48], representing a significant
improvement over the previous modelings. These stopping
powers are used to simulate the ion transport in the TRIM

software and the results go as inputs to the developments by
Das et al. [39] to calculate the trajectories of 112Sn in the
target and the backing media, in time steps of 0.002 ps. The
origins of the trajectories were distributed across the thickness
of the target, binned, as mentioned earlier, into four segments.
These trajectories are used by the HISTAVER program of the
LINESHAPE [40] package to calculate the velocity profiles of
the recoils, as viewed by the γ -ray detectors. These profiles
then go, as inputs, into the LINESHAPE code that uses them,
along with the level scheme information (γ -ray energies,
feeding intensities, branching ratios, etc.), to calculate the
Doppler shapes on the γ -ray transitions (peaks) of interest.
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TABLE I. Lifetime τ3−
1

and transition probability B(E1; 3−
1 →

2+
1 ) for the 3−

1 state in 112Sn, compared with existing estimates.

aτ3−
1

a bτ3−
1

b cτ3−
1

c dτ3−
1

d aB(E1)a

(ps) (ps) (ps) (ps) (e2b)

�0.537 0.51+0.20
−0.12 0.280(20) 0.31(2) � 8.87 × 10−6

aPresent measurement.
b112Sn(n, n′γ ) [31]
c112Sn(p, p′γ ) Spieker et al. [30]
dJungclaus et al. [28]

The calculated shapes are least square fitted to the experi-
mental spectra in order to extract the lifetime results. The
fitting parameters include the lifetime/transition quadrupole
moment, the side feeding (if any) time and the spectral pa-
rameters such as the background, the peak heights, etc. The
procedure of fitting the Doppler shapes, as applied in the
present analysis, is detailed in Refs. [34,49]. In the cur-
rent analysis, spectra at four different angles were fitted
simultaneously as per the standard procedure. This facilitates
constraining the multiple parameters associated with the min-
imization exercise.

In the first part of the analysis, the Doppler shapes on
the 3−

1 → 2+
1 transition peak were analyzed in the spectra

with a gate on the 2+
1 → 0+

g.s. transition. The contribution
of the feedings in the population of the 3−

1 state assumes
pertinence therein. In this work, the possible feedings are seen
to be from the levels (transitions) at Ex (Eγ ) = 2966 (612),
3133 (779), and 3248 (894) keV, with the 779 keV transition
being the most dominant. However, each individual feeder
state is found to be only tenuously populated, as observed
from the experimental spectra, and also when included as an
additional channel (with different sets of relevant structural
parameters) in the theoretical model of the CRC calcula-
tions, thereby restricting a top-gated analysis. Consequently,
the effective feeding was modelled in the LINESHAPE code
by a single level populating the 3−

1 state, with a feeding
intensity amounting to ≈11%, obtained from the difference
in the intensities of the 3−

1 → 2+
1 transition peak and the

summed intensities of the peaks corresponding to the feeding
transitions originating from the aforementioned levels, in the
spectrum with gate on the 2+

1 → 0+
g.s. transition. From the line

shape fit for the 3−
1 → 2+

1 transition in the present analysis,
an effective lifetime value of 0.489+0.048

−0.056 ps is obtained. The
quoted statistical uncertainties were derived from χ2 analysis
of the fitted lifetime values. This analysis defines an upper
limit for the lifetime of the 3−

1 state, τ3−
1
� 0.537 ps. The

result does not include the systematic effect of the uncer-
tainties on the stopping powers. However, given that these
were from the SRIM code, fairly lower errors are expected
than the earlier models used in conventional analyses. This
lifetime, when compared with those from the existing mea-
surements, is found to be longer than the values arrived at by
Jungclaus et al. [28] and Spieker et al. [30], but in good agree-
ment with that obtained in the 112Sn(n, n′γ ) experiment (see
Table I). Though the latter employed several incident neutron

energies to minimize feeding effects, the results are plagued
by larger uncertainties. Considering a 100% E1 (3−

1 → 2+
1 )

branching for the 3−
1 state [41], a lower limit for the E1

transition probability, B(E1; 3−
1 → 2+

1 ), was deduced. This
value, also reported in Table I, is found to be similar in
order of magnitude to the B(E1; 3−

1 → 2+
1 ) value obtained for

116Sn (14 ± 3 × 10−6 e2b) from a direct measurement of the
E1 branching fraction of ≈ 99.8% [3].

In the second part of the analysis, lifetime of the 2+
1 level

was extracted by fitting the Doppler shapes on the 2+
1 → 0+

g.s.

transition peak in the spectra with gate on the 3−
1 → 2+

1 transi-
tion above, including the Doppler-shifted as well as unshifted
components. Here, the lifetime of the 3−

1 state was held fixed
at the effective value extracted from the fit to the 3−

1 → 2+
1

transition peak described in the preceding part of the analy-
sis. The analysis with a gate set on the transition above the
level of interest eliminates the side feeding contribution to the
latter and the resulting lifetime is a definite one without any
dependence on the side feeding parameter. The lifetime value
of the 2+

1 state, obtained thereby, is τ2+
1

= 0.566+0.029
−0.038 ps. This

is shorter than the result reported by Jungclaus et al. and
Spieker et al. (see Table II). The 112Sn(n, n′γ ) measurement
initially reported a lifetime of 0.750+0.125

−0.090 ps for this level
[32], which was later revised to a value of 0.535+0.100

−0.080 ps
[33]. Figure 2 illustrates the fits for the 1097 keV γ -ray peak,
while Fig. 3 illustrates the fits for the 1257 keV γ -ray peak.
The origin of the additional (contaminant) peaks observed
along with those from 112Sn, as seen in Figs. 2 and 3, was
ascertained from an analysis of the γ -γ coincidence data
and could be ascribed to the deexciting residues produced
in the (i) 112Sn(35Cl, xnypzα) fusion-evaporation reaction, as
well as (ii) different multinucleon transfer reactions. For the
fusion-evaporation channels, the identified products include
132,137,140Nd, 132Pr, 141Pm, etc., as also predicted by statistical
model calculations with the PACE [50] code. The transfer reac-
tions populate residues such as 105In, 109,111,113Sn, 113Sb, etc.
The contaminant peaks riding on the shapes of the transitions
of interest are not expected to be Doppler affected, as they
originate from known long-lived states in such residues.

Given the accuracy of the methodology adopted in the
present work, with lower uncertainty on the stopping power,
combined with improved statistics, the present result is being
proposed as an improved lifetime estimate for the 2+

1 level in
112Sn by the DSAM method. The result, compared with exist-
ing measurements, is presented in Table II. From the measured
lifetime τ2+

1
, the transition probability for the 2+

1 → 0+
g.s. decay

was deduced. As illustrated in Fig. 5, it is noteworthy that
the corresponding excitation probability, B(E2; 0+

g.s. → 2+
1 ) =

5 × B(E2; 2+
1 → 0+

g.s.), supports an argument of enhanced
collectivity, and is in good agreement with the results from
some recent Coulomb excitation experiments [4,5], as well as
measurements involving n [33], α [10], and heavy-ion scatter-
ing [11,13]. Reasonable agreement is also seen with the GSM
calculation, represented by the dashed line, which considers
a 100Sn core and 1g7/2 ⊗ 2d5/2 ⊗ 2d3/2 ⊗ 3s1/2 valence space
for the series prior to the midshell [23]. The experimental
result is also well corroborated by the MCSM calculations,
represented by the solid line in Fig. 5. In the MCSM approach,
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TABLE II. Lifetime τ2+
1

and transition probability B(E2; 0+
g.s. → 2+

1 ) for the 2+
1 state in 112Sn, compared with existing estimates.

τ2+
1

a τ2+
1

b τ2+
1

c τ2+
1

d B(E2)a B(E2)d B(E2)e B(E2)f B(E2)g B(E2)h

(ps) (ps) (ps) (ps) (e2b2) (e2b2) (e2b2) (e2b2) (e2b2) (e2b2)

0.566+0.029
−0.038 0.535+0.100

−0.080 0.800(110) 0.65(4) 0.229−0.011
+0.016 0.199(11) 0.250(10) 0.242(11) 0.239(9) 0.242(23)

aPresent measurement.
b112Sn(n, n′γ ) [32].
c112Sn(p, p′γ ) Spieker et al. [30].
dJungclaus et al. [28].
eAllmond et al. [5].
fKumar et al. [4].
g(7Li, 7Li′) [11].
h(12C, 12C′) [13].

the effective charges are taken as 1.25e and 0.75e for pro-
tons and neutrons, respectively. The model space consists of
the 1g9/2,7/2, 2d5/2,3/2, 3s1/2, 1h11/2, 2 f7/2, and 3p3/2 single-
particle orbits for the neutrons as well as protons. Reference
[26] reports further details about the MCSM calculations. The
enhancement of quadrupole collectivity in 112Sn can be pri-
marily explained in terms of the strong proton excitation from
the 1g9/2 orbit (1g9/2 → 2d5/2 being the most important),
accompanied with the neutron deformation via enhanced
proton-neutron interaction. Consequently, the contribution of
core protons to the E2 transition matrix element for 112Sn
is found to be larger than 30%. The MCSM wave function
is expressed as a superposition of the angular-momentum-
projected Slater determinants, called basis vectors. In order
to discuss the structure of the wave function before the pro-

A

112 114 116 118 120 122 124

B
(E

2;
 0

+

g.
s.
 -

- >
 2

1+
) 

(e
2 b2 )

0.15
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0.25

0.30
Adopted value
Allmond et al.
Jungclaus et al.
Kumar et al.
(7L i,7L i') 
(12C,12C')

DSAM 120Sn

DSAM 112Sn

(this work)

MCSM
GSM

FIG. 5. Systematic plot of B(E2; 0+
g.s. → 2+

1 ) values for the sta-
ble even-mass Sn isotopes using the data obtained from several recent
measurements [4,5,11,13,14,28,34], and the one from the present
measurement for the 112Sn isotope. The dashed and solid lines repre-
sent the GSM [23] and the MCSM [26] calculations, respectively.

jection, the intrinsic quadrupole moments of the unprojected
basis vectors, Q0 (∝ 〈2z2 − x2 − y2〉) and Q2 (∝ 〈x2 − y2〉),
are plotted on the potential energy surface obtained by the
Q-constrained Hartree-Fock method [51], leading to a repre-
sentation called the T plot. The x, y, and z coordinates taken
in the intrinsic frame.

Figsures 6 and 7 show the T plots for the 0+
g.s. and 2+

1
states, respectively. The contour lines show the energy surface
obtained by the Q-constrained Hartree-Fock method with the
variation after parity projection. The locations of the circles
indicate the intrinsic shape of the MCSM basis states, with
the vertex defining the spherical limit. The size of each circle
denotes the overlap probability of the MCSM basis state and
the total wave function, viz., its importance in the total wave
function. From Figs. 6 and 7, both the 0+

g.s. and 2+
1 states

in 112Sn are seen to have modest oblate deformations, thus
leading to an enhanced B(E2; 0+

g.s. → 2+
1 ) value, as reported

in Table II. The T plot shown in Fig. 6 clearly indicates
absence of pairing correlations for the 0+

g.s. state, leading to the
nonspherical ground state in 112Sn. This is consistent with the
trend of MCSM calculations for the 100–110Sn isotopes [26],
wherein the spherical ground state of the doubly closed 100Sn
isotope gives way to an increasingly prolate shape as the 1g7/2

orbit is filled up to 108Sn. Thereafter, the neutrons occupying

FIG. 6. T plot of the 0+
g.s. state in 112Sn coordinated by the intrin-

sic moments, Q0 and Q2.
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FIG. 7. T plot of the 2+
1 state in 112Sn coordinated by the intrinsic

moments, Q0 and Q2.

the 2d5/2 orbit favor larger deformation for 110Sn, with an
oblate shape. As the 1g7/2-2d5/2 neutron orbits become more
than half-filled in 112Sn, combined with the proton excita-
tions from the the 1g9/2 orbit, the shape and deformation are
expected to become saturated, with 110,112Sn accounting for
the highest B(E2; 0+

g.s. → 2+
1 ) values among the Sn isotopes.

In this context, the present result is closely comparable to
the measured B(E2; 0+

g.s. → 2+
1 ) values for the 110Sn nucleus

reported in Refs. [19,21].

IV. SUMMARY

The mean lifetime of the 2+
1 level in 112Sn has been

determined using the Doppler-shift attenuation method im-
plemented through updated methodologies, and an enhanced

value of the corresponding transition probability is deduced
therefrom. Existing measurements of the 2+

1 lifetime have
reported either a discrepant result on collective property or a
value with larger uncertainty. The present B(E2; 0+

g.s. → 2+
1 )

value is in good agreement with those from recent mea-
surements on Coulomb excitation, as well as n−, α−, and
heavy-ion scattering. Theoretical formalisms employing the
generalized seniority model (GSM) scheme and contemporary
Monte Carlo shell model (MCSM) calculations give a fairly
good description of the experimental value. The enhancement
is explained by the MCSM formalism in terms of oblate
nature of the deformations for both the 0+

g.s. and 2+
1 states in

112Sn, owing to strong proton-core excitations, accompanied
by enhanced proton-neutron interactions.

In addition, an upper limit for the lifetime of the 3−
1 level

is also presented, which is in compliance with the result from
an extensive measurement of the low-lying structure in 112Sn
by the 112Sn(n, n′γ ) reaction.
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