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High resolution spectroscopy of 112Sn through the 114Sn( p,t)112Sn reaction
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The 114Sn(p,t)112Sn reaction has been investigated in a high resolution experiment at incident proton energy
of 22 MeV. Angular distributions for 28 transitions to levels of 112Sn up to the excitation energy of 3.624 MeV
have been measured. The spin and parity identification has been carried out by means of a distorted-wave Born
approximation (DWBA) analysis, performed by using conventional Woods-Saxon potentials. A shell-model study
of 112Sn nucleus has been performed using a realistic two-body effective interaction derived from the CD-Bonn
nucleon-nucleon potential. The energy spectra have been calculated and compared with the experimental ones,
while the theoretical two-nucleon spectroscopic amplitudes, evaluated in a truncated seniority space, have been
used in the microscopic DWBA calculation of the cross-section angular distributions.
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I. INTRODUCTION

Transfer reactions with light particles, investigated in high
resolution experiments, represent a unique and very important
source of information on nuclear structure near closed shells. In
particular, the two-neutron transfer reactions are very sensitive
probes for studying pairing correlations in the overlap between
initial and final states. Therefore, as a specific probe of this
type of correlations, the (p,t) reactions play a crucial role both
in the study of the low-spin states of nuclei and in the test of
the relative phases of spectroscopic amplitudes provided by the
shell model. The two-neutron transfer data may be integrated
with those coming from other nuclear reactions, each one
characterized by its specific selectivity in the population of
the excited states. In this way, the complete level scheme up
to a certain spin and excitation energy, as well as evidence for
different excitation modes, can be obtained.

The tin isotopic chain, with 10 stable isotopes from 112Sn
to 124Sn, provides a very good opportunity for such detailed
studies near the Z = 50 closed shell. In this case, one may
assume that only the five neutron orbitals 0g7/2, 1d5/2, 1d3/2,
2s1/2, and 0h11/2 of the 50-82 shell contribute to the low-lying
excitations. The investigation of the interplay and mixing
of configurations arising from these orbitals, as well as of
the limits of this description, requires a large amount of
experimental data concerning both low-spin and high-spin
states. The linked use of different techniques, such as γ -ray
spectroscopy, with both selective and nonselective reactions,
β decay, elastic and inelastic scattering, and transfer reactions,
may help to achieve this aim.

In recent years, we have performed a systematic study of
tin isotopes via (p,t) reactions in high resolution experiments
at the Munich HVEC MP Tandem. We reported the results

for 112,116,118,120,122,124Sn(p,t)110,114,116,118,120,122Sn reactions
in previous papers [1–5], where they were also compared
with predictions of shell-model calculations. The present
paper, devoted to the measurement and analysis of the
114Sn(p,t)112Sn reaction, completes our study of even tin
isotopes.

Fleming et al. [6] performed a study of several even Sn
isotopes at an incident energy of 20 MeV, with an energy
resolution of 25 keV. In the 114Sn(p,t)112Sn reaction only the
transitions to the ground state, first excited 2+ state, and first
excited 3− state were identified. A 114Sn(p,t)112Sn experiment
with a resolution of about 14 keV was performed by Blankert
[7] at a proton energy of 27.5 MeV. Levels up to 4.4 MeV of
excitation energy were observed and L values were determined
up to 3.5 MeV of excitation energy, but these results were never
published.

On these grounds, we have undertaken a new study of the
114Sn(p,t)112Sn reaction at incident proton energy of 22 MeV,
carrying out a high resolution experiment to characterize the
low-spin states of 112Sn.

The excited states of 112Sn have been studied by a variety
of methods, that can be summarized as follows:

(i) Measurements of the energies of γ rays following the
β+ decay of 112Sb [9] and populating many low-lying
states.

(ii) 100Mo(16O,4nγ ) studies [10], which have identified
distinct deformed bands on the high-spin region of
112Sn as those of the proton intruder configuration.
Using the same reaction [11] the lifetimes of Jπ = 8−
and Jπ = 9− states have been measured and a large
BE(2) value, (175 ± 35)e2 fm4, has been obtained for
the 9−→ 8− transition in 112Sn.
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(iii) 0+ states have been observed with the two-proton
transfer reaction 110Cd(3He,n) at 25.4 MeV [12].

(iv) A nanosecond isomer in 112Sn has been investigated
using the reaction 112Cd(3He,3n) at 29 MeV [13]. The
half-life of the Jπ = 6+ 2548.9 keV level [(13.8 ±
0.4) ns] and the B(E2, 6+

1 → 4+
1 ) (0.49 W.u.) have been

obtained.
(v) 110Cd(α,2nγ )112Sn studies have identified collective

bands associated with 2p-2h excitation [14] as well
as high-spin neutron quasiparticle excitations [15] up
to levels with Jπ = 12+. The measurements included
γ -ray excitation functions, γ -γ coincidences, lifetimes,
γ -ray angular distributions, γ -ray linear polarization,
and conversion electron measurements.

(vi) 0+, 2+, 4+, and 3− states have been investigated [16,17]
via (16O,16O′γ ) Coulomb excitation measurements.
B(E2) transition probabilities between these levels
have been obtained as well as the B(E3; 0+

1 → 3−
1 ).

(vii) Inelastic scattering of protons [16,18].
(viii) (p,t) transfer reactions [6,7].

The results obtained in the studies mentioned above for 112Sn
are reported in the Nuclear Data Sheets (NDS) compilations
[8], where a more complete list of references can be found.

In order to gain a better insight into the structure of
112Sn, the present experimental data have been supplemented
by distorted-wave Born approximation (DWBA) microscopic
calculations of differential cross sections for the ground state
and the observed excited states of 112Sn. The two-neutron
spectroscopic amplitudes obtained by shell-model calculations
for the 114Sn target and 112Sn residual nucleus have been used.
These calculations have been performed within the framework
of the seniority scheme using a realistic effective interaction
derived from the CD-Bonn nucleon-nucleon potential [20].
The model space has been truncated to states with seniority
less than or equal to 4, to reduce the numerical work required by
a complete-basis diagonalization. However, a full shell-model
study of both positive- and negative-parity spectra of 112Sn has
been also performed.

An outline of the experimental method and analyzing
procedure is given in Sec. II. In Sec. III the theoretical
framework of shell-model calculation is described and the
experimental and theoretical energy spectra of 112Sn are
compared. In Sec. IV the microscopic DWBA calculations of
the differential cross sections are presented. Section V contains
a summary of our conclusions.

II. EXPERIMENTAL METHOD AND ANALYZING
PROCEDURE

A. The experiment

The 114Sn(p,t)112Sn reaction has been studied by using the
22 MeV proton beam delivered by the HVEC MP Tandem
accelerator of the Maier-Leibnitz Laboratory of the Ludwig
Maximilians University and Technical University of Munich.
The beam current intensity ranged from 300 to 500 nA to avoid
target heating and was integrated into a Faraday cup set behind
the target, allowing measurements of absolute differential
cross sections.

The reaction products were momentum separated and
analyzed with the Munich Q3D spectrograph [21] and then
detected in its focal plane at 8 angles from θ = 10◦ to
θ = 57.5◦ with respect to the beam axis in 4 different magnetic
field settings, reaching an excitation energy of the 112Sn
residual nucleus of 3.624 MeV. The magnetic field values have
been set to allow overlaps in energy.

The acceptance opening of the magnetic spectrograph was
11.04 msr (slits of 20 mm horizontally, 20 mm vertically). The
tritons emitted in the 114Sn(p,t)112Sn reaction were identified
by the 1 m long focal plane detector [22] designed to detect
light ions such as p, d, t , 3He, and alpha with a position
resolution better than 0.1 mm, good particle identification,
and high count rate. The focal plane detector consists of
a position-sensitive proportional counter with cathode strip
readout and a 7 mm thick plastic scintillator (Ne-104).
The photomultiplier signal together with the wire signals
allowed the particle identification. Because of the excellent
separation of the tritons from other reaction products, the
measured spectra are virtually free from the contamination
of other particles. The spectrograph is an ideal instrument
for measuring transfer reactions. The very good energetic
characteristics of the accelerator, the Q3D, and the detector
enable us to measure high resolution excitation spectra with
an energy resolution of about 8 keV full width at half maximum
in the detection of the outgoing tritons.

The thickness of the 114Sn target used is 113 μg/cm2 on
a carbon backing of 10 μg/cm2. The low available isotopic
enrichment (71%) of the 114Sn target deserves special atten-
tion, because of the presence of some kind of discontinuous
“background” arising from the contribution of other abundant
tin isotopes (contaminants) present in the target. This presence,
even if it can be a useful tool in the spectrum energy calibration,
has the disadvantage of contaminating some of the transitions
to the final nucleus 112Sn. In order to allow safe identification of
the residual nucleus 112Sn level energies and correct evaluation
of the differential cross sections, a natural tin target Snnat

(thickness 127 μg/cm2 on a carbon backing of 10 μg/cm2)
was also used in the experiment, as reference. In Table I the
isotopic composition of the 114Sn target is reported together
with the isotopic composition of the natural tin. The spectra
from both 114Sn and Snnat targets were recorded at each angle
of each magnetic field setting. In fact, we can consider that
in the 114Sn target used there are two different classes of
contaminants. To the first class belong the transitions that fall
between two contiguous levels of 112Sn, useful also for the
energy calibration, as previously said. To the second class
belong the transitions that are superimposed to a level of
112Sn. The knowledge of the isotopic composition of the 114Sn
target allows to neglect the peaks arising from the first-class
contaminants. The knowledge of the isotopic composition of

TABLE I. Target isotopic composition percentages

Target 112 114 115 116 117 118 119 120 122 124

114Sn 0.27 71.1 0.77 10.23 2.45 6.30 1.78 5.89 0.60 0.61
Snnat 1.0 0.7 0.4 14.7 7.7 24.3 8.6 32.4 4.6 5.6
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the Snnat target and the measurement of its spectra at each
angle allows to correctly evaluate the contribution of the
second-class contaminants. Furthermore it has to be noted that
in the Snnat target the percentage of 114Sn is only 0.7%. Thus
peaks belonging to 112Sn are practically absent in the triton
spectra from this target.

The energy calibration of the collected spectra was carried
out by measuring, in the same magnetic conditions, spectra
from the 116Sn(p,t)114Sn reaction, using a 98.0% enriched
target. This choice is due to several reasons. 116Sn is the
most abundant contaminant in our 114Sn target, and the Q-
value difference between the 116Sn(p,t)114Sn reaction, already
measured by us [2], and the 114Sn(p,t)112Sn reaction, is only
933 keV.

The 114Sn energy calibration has been done using the
γ -decay energies [19]. The correlation between the measured
channels and the excitation energies was established using a
polynomial of rank 2. The polynomial coefficients were fixed
in each measured energy range by imposing the reproduction
of the adopted energies. The polynomial coefficients obtained
from each spectrum of the 116Sn(p,t)114Sn reaction were used
to calibrate the energy spectra of both 114Sn(p,t)112Sn, and
(from the Snnat target) the ASn(p,t)A−2Sn reactions. In addition
the 112Sn energy calibration was verified using γ -decay
energies for 112Sn [8]. The fitting procedure of triton spectra
was carried out with the AUTOFIT shape-fitting code [23] using
as reference the shape of a proper triton peak for each magnetic
setting.

In Fig. 1 triton position spectra collected at θlab = 20◦
are shown. Figure 1(a) shows the triton position spectrum as
collected on beam from the 114Sn target at several magnetic
settings. Due to the presence of the other tin isotopes in
the target, many levels, coming from the (p,t) reactions on
all the others tin isotopes, are visible. In the triton position
spectrum of Fig. 1(b), only the transitions to the 112Sn residual
nucleus, as obtained by “properly subtracting” the contaminant
contribution, are shown. In both Figs. 1(a) and 1(b) the
arrows (portions α and γ , respectively) indicate the part of
the spectrum corresponding to the second collected magnetic
setting. Figure 1(c) reports the position spectra (α and γ )
corresponding to the second magnetic setting for Fig. 1(a)
and Fig. 1(b), while the β spectrum is due to the tritons
coming from the Snnat target, obviously collected with the
same magnetic setting. For the sake of simplicity, in Fig. 1
only some levels are labeled with their excitation energy in
MeV. Except for 112Sn, the residual nuclei are indicated with
their mass number.

By considering Fig. 1, it is possible to have an idea of the
procedure followed in the analysis of the experimental data,
i.e., how to “clean” the on-beam collected position spectra
from the presence of the tritons coming from the (p,t) reactions
on the contaminating isotopes of the 114Sn target. First of all,
as previously said, we have done an energy calibration of the
position spectra for the 114Sn target [e.g., Fig. 1(c), α] and for
the Snnat target [e.g., Fig. 1(c), β] of each magnetic field setting
by means of the measured 116Sn(p,t)114Sn spectra. Starting
from the Fig. 1(c) α calibrated spectrum, properly subtracting
the Fig. 1(c) β calibrated spectrum, i.e., taking into account
also the contaminant isotope percentage ratio between 114Sn

and Snnat targets, we have obtained the “clean” 112Sn energy
spectrum of Fig. 1(c) γ . We have followed this procedure for
every angle and every magnetic setting, in order to obtain the
correct angular distribution cross-section for each identified
level.

As a check of the correctness and of the reliability of
the adopted procedure we have also reconstructed angular
distributions for the contaminants. In Fig. 2 the differential
cross sections for the contaminant levels identified in Fig. 1(c)
α are shown. Figure 3 shows the differential cross section
for the 112Sn(p,t)110Sn as reconstructed from the Snnat target
collected spectra. It has to be noted that the 112Sn abundance
in the natural tin is 1%.

We have studied 28 (p,t) transitions (including one doublet)
to the final states of 112Sn up to Ex = 3.624 MeV. The spins
and parities of all the 29 levels of 112Sn have been assigned by
the DWBA analysis reported in Sec. II B.

Table II summarizes the results obtained in the present
experiment. The energies, spins, and parities of the 112Sn
levels adopted previously [8] are listed together with the
energies, spins, and parities observed in the present study of
the 114Sn(p,t)112Sn reaction. The integrated cross sections,
estimated with a systematic error of 30%, are also reported
in the last column of Table II, together with their statistical
errors.

B. Cluster DWBA analysis

In order to assign the value of the transferred angular
momentum and spin for each level in the final nucleus 112Sn,
we have compared the experimental angular distributions with
the predictions of cluster DWBA calculations.

A direct one-step (p,t) transfer reaction on an even-even
0+ target nucleus populates only natural parity states of the
residual nucleus, with a unique L transfer, if we assume
that the two neutrons are transferred in a singlet (S = 0)
state, with relative orbital angular momentum zero. With this
assumption, the Jπ of the observed levels are directly and
unambiguously given by the assignment of the L transfer
[Jf = L, πf = (−1)L].

DWBA analyses of the differential cross sections for
the 114Sn(p,t)112Sn reaction have been carried out assuming
a semimicroscopic dineutron cluster pickup. Our DWBA
analysis is along the same lines of those performed in the case
of 112,116,118,120,122,124Sn(p,t)110,114,116,118,120,122Sn [1–5], with
the basic assumption that the relative motion of the transferred
spin-singlet neutron pair has zero angular momentum and no
radial nodes. A single-particle wave function with angular
momentum equal to the angular momentum L of the transferred
neutron pair describes the center-of-mass wave function of the
transferred pair. The radial dependence of the center-of-mass
wave function is obtained by solving the radial Schrödinger
equation for the dineutron requiring that the number of radial
nodes N is given by the conservation law for three-dimensional
harmonic oscillator quanta:

Q = 2N + L =
2∑

i=1

(2ni + �i),
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FIG. 1. Position spectra of tritons measured at θ = 20◦. (a) Position spectrum as collected on-beam from the 114Sn target at several magnetic
settings. Due to the presence of the other tin isotopes in the target, many levels, coming from the (p,t) reaction on all the other tin isotopes,
are visible. (b) Position spectrum of tritons showing only the transitions to the residual nucleus 112Sn as obtained from the spectrum of (a), by
“properly subtracting” contribution of the other tin isotopes. In both (a) and (b) the arrows (portions α and γ ) indicate the part of the spectrum
corresponding to the second collected magnetic setting. (c) The position spectra corresponding to the second magnetic setting of the spectra
shown in (a) and (b) (α and γ , respectively) are reported, while the β spectrum is due to the tritons coming from the target of natural tin,
obviously collected with the same magnetic field setting. For the sake of simplicity only some levels are labeled with their excitation energies
in MeV. Except for 112Sn, the residual nuclei are indicated with their mass number.

where ni and li are the quantum numbers of the individual
shell-model states that form the transferred pair.

The calculated angular distributions are characterized
mainly by L, and are only slightly affected if N changes by one.
As the shapes of the angular distributions depend very little
on the detailed microscopic shell-model components of the
transferred dineutron cluster, the DWBA calculations represent
a valuable tool in the use of the shape of the observed angular
distributions to identify the transferred angular momentum L.

The detailed shell-model structure of the transferred cluster
(i.e., ni and li values of the cluster components and their
relative phases) is very important to determine the magnitude
of the transfer cross section, as will be shown in Sec. IV.

The DWBA calculations have been performed in finite-
range approximation, using the computer code TWOFNR [24]
and a proton-dineutron interaction potential of Gaussian form
V (rp2n) = V0 exp[−(rp2n/ξ )2] with ξ = 2 fm. The optical
model parameters for the proton entrance channel have been

054609-4



HIGH RESOLUTION SPECTROSCOPY OF 112Sn . . . PHYSICAL REVIEW C 85, 054609 (2012)

114Sn 2.274 3-103

102

116Sn 3.227 2+

102

101

116Sn 3.416 2+

102

101

114Sn 2.815 5-102

101

114Sn 2.860 4+102

101

114Sn 2.916 2+
102

101

114Sn 2.943 2+
102

101

114Sn 3.027 0+
103

102

101

≈

≈

≈

≈

≈

≈

≈

0 10 20 30 40 50 60

θc.m. (deg)

dσ
/d

Ω
 (

μb
/s

r)

FIG. 2. Differential cross sections for the levels identified in the
portion of spectrum shown in Fig. 1(c), α (second magnetic setting),
as due to other tin isotopes present in the target (see text). The
dots represent the experimental data, the solid lines the theoretical
estimates obtained with semimicroscopic DWBA calculations.

deduced from a systematic survey of elastic scattering by
Perey [25] and for the triton exit channel by Fleming et al. [6]
and were slightly adjusted to improve the agreement with the
experimental angular distributions. Table III summarizes the
optical model parameters for the proton and triton elastic
scattering, used in the Woods-Saxon parametrization, and
the geometric parameters used for evaluating the bound-state

110SnGS 0+
104

103

102

0 10 20 30 40 50 60

θc.m. (deg)

dσ
/d

Ω
 (μ

b/
sr

)

FIG. 3. Differential cross section for the 112Sn(p,t)110Sn reaction,
as reconstructed from the spectrum of the natural tin target (see text).
The dots represent the experimental data, the solid lines the theoretical
estimates obtained with semimicroscopic DWBA calculations.

TABLE II. Columns 1 and 2 give the adopted energies, spins, and
parities; columns 3 and 4 the energies, spins, and parities observed in
the present work; column 5 gives the integrated cross sections from
10◦ to 57.5◦. Our energies have an uncertainty of ±3 keV. In column 5
integrated cross sections, estimated with a systematic error of ±30%,
are reported together with their statistical errors.

Adopted Present Experiment

Eexc (keV) Jπ Eexc (MeV) Jπ σint (μb)

0.0 0+ 0.000 0+ 1519.3 ± 16.2
1256.85 2+ 1.257 2+ 230.0 ± 2.9
2151.09 2+ 2.151 2+ 3.5 ± 0.7
2190.9 0+

2247.62 4+ 2.248 4+ 67.3 ± 5.3
2354.53 3− 2.355 3− 91.7 ± 6.3
2476.20 (2+) 2.476 2+ 2.8 ± 0.7
2521.05 4+ 2.521 4+ 10.0 ± 1.9
2549.30 6+ 2.549 6+ 22.6 ± 4.3
2556.6 LE 2
2618 0+ 2.618 0+ 2.4 ± 0.6
2721.56 2+ 2.722 2+ 24.8 ± 3.3
2756.19 2+,3,4+

2783.92 4+ 2.784 4+ 20.2 ± 2.7
2860
2913.4 2+,3+,4+

2917.71 2+,3+,4+

2926.78 6+ 2.927 6+ 19.0 ± 3.1
2967.00 2+ 2.966 2+ 34.0 ± 2.8
2989 0+ 2.988 0+ 41.3 ± 4.4
3078.87 2+,3,4+

3093.07 2+

3118
3137 5− 3.142 5− 13.3 ± 2.0
3149.41 4+

3248.81 2+ 3.248 2+ 8.0 ± 1.3
3278 4+ 3.275 4+ 5.8 ± 1.2
3286.39 2+ 3.286 2+ 3.5 ± 0.7

3.345 2+ 5.8 ± 1.2
3354.43 7−

3384.54
3402 3.400 4+ 20.1 ± 2.8
3414.19 6+

3.414 6+ + 4+ 3.7 ± 1.0
3417.77 4+

3430.70 8−

3440 3.445 4+ 2.1 ± 0.5
3456.48
3477 3.481 4+ 2.8 ± 0.4
3502 3.510 5− 4.0 ± 0.5
3524.79 2+,3,4+

3530.44 2+,3,4+

3553.98 2+,3+,4+

3.554 3− 5.7 ± 0.9
3570 0+

3580 4+

3.586 2+ 2.3 ± 0.5
3611
3624 (2+) 3.624 4+ 6.3 ± 0.9
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TABLE III. The Woods-Saxon optical model parameters for the incident proton, the outgoing triton, and the geometrical parameters for
the bound state of the transferred dineutron cluster.

Vr rr ar Wv rv av Wd rd ad Vso rso aso rc

(MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

p 50.0 1.25 0.65 10.0 1.30 0.60 3.00 1.25 0.70 1.25
t 176.0 1.14 0.72 18.0 1.61 0.82 8.00 1.10 0.80 1.30
BS 1.30 0.50

wave function of the transferred dineutron cluster. The
good agreement between experimental results and cluster
DWBA calculations for the 114Sn(p,t)112Sn reaction suggests
that the multistep processes, which are not taken into account
in the present DWBA calculations, are small in this region of
masses and at this bombarding energy, as already reported in
the case of all the even tin isotopes studied [1–5].

We have assigned the transferred L values and consequently
spins and parities of levels of the residual nucleus 112Sn
by means of the comparison between the shapes of the
experimental angular distributions and the calculated ones,
owing to their pronounced structure and difference for different
L transfers. The 0+ states are in Fig. 4; the 2+ states are in
Fig. 5; the 4+ states are in Fig. 6; the 6+ states and the doublet
at 3.414 MeV are in Fig. 7; the 3 − and 5− states in Fig. 8. In
these figures the angular distributions for the observed levels
are compared with the cluster DWBA calculations. For the
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FIG. 4. Differential cross sections for the excitation of 0+ states
by the 114Sn(p,t)112Sn reaction. The dots represent the experimental
data, the solid lines the theoretical estimates obtained with semimicro-
scopic DWBA calculations. The energies attributed to the observed
levels are those given in the present work.

doublet, the percentages of the two different L contributions
have been determined minimizing the χ2 of the fit to the
angular distribution.

C. Spin and parity assignment

As reported in Table II, we have made spin and parity
assignments for all the observed levels. In particular 3 levels
have been observed for the first time and identified in Jπ .
With respect to the adopted levels (NDS) [8], 18 assignments
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FIG. 5. Differential cross sections for the excitation of 2+ states
by the 114Sn(p,t)112Sn reaction. The dots represent the experimental
data, the solid lines the theoretical estimates obtained with cluster
DWBA calculations. The energies attributed to the observed levels
are those given in the present work.
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FIG. 6. Differential cross sections for the excitation of 4+ states
by the 114Sn(p,t)112Sn reaction. The dots represent the experimental
data, the solid lines the theoretical estimates obtained with cluster
DWBA calculations. The energies attributed to the observed levels
are those given in the present work.

have been confirmed, 2 ambiguities removed, and 4 new
assignments proposed. One unresolved doublet has been
observed, giving 2 confirmations.

In the following we propose assignments for those levels
observed in the present experiment that were not previously
observed or that are reported in NDS [8] with uncertain or
without Jπ assignment. Assignments are also proposed for
the unresolved doublet.

2.476 MeV. The NDS [8] compilation reports a level at
2476.20 keV, deduced from 112Sn ε decay (51.4 s) [9] and from
(p,p′) [18] studies, with tentative (2+) spin and parity assign-
ment. This level was not observed in the 110Cd(α,2nγ )112Sn
[14]. The observed level is weakly excited in our experiment
and the angular distribution is quite well reproduced by
assuming an L = 2 transfer. The present assignment of
Jπ = 2+ removes the uncertainty in the NDS assignment.

3.345 MeV. At this energy, the adopted level scheme [8]
gives no level. The observed level is weakly populated in our
experiment and is consistent with an attribution of 2+.

2.549      6+

2.927      6+

3.414      6+ + 4+

101

101

100

100

≈

≈

0 10 20 30 40 50 60
θc.m. (deg)

dσ
/d

Ω
 (μ

b/
sr

)
FIG. 7. Differential cross sections for the excitation of 6+ states

and one doublet [6+ (40%) + 4+ (60%)] at 3.414 MeV by the
114Sn(p,t)112Sn reaction. The dots represent the experimental data,
the solid lines the theoretical estimates obtained with cluster DWBA
calculations. The energies attributed to the observed levels are those
given in the present work.

3.400 MeV. The adopted level scheme [8] reports a level
without spin and parity attribution at 3402 keV, observed in
the 112Sn(p,p′) reaction. In the present experiment the angular
distribution of the tritons populating the level at 3.400 MeV is
well reproduced by an L = 4 transfer. The present attribution
is therefore Jπ = 4+.

3.414 MeV. The NDS [8] report two levels with energies
3414.19 keV and 3417.77 keV with Jπ = 6+ and 4+, respec-
tively. The first one was identified in 110Cd(α,2nγ )112Sn [15]
and the second one from the 112Sn ε decay (51.4 s) [9] and
from (p,p′) [18]. The Jπ of the second level is assigned on the
basis of the L transfer from the (p,p′) reaction. Our measured
angular distribution is well reproduced by assuming that this
transition at 3.414 MeV corresponds to an unresolved doublet
of one level with Jπ = 6+ (L = 6 transfer, 40%) and another
level with Jπ = 4+ (L = 4 transfer, 60%).

3.445 MeV, 3.481 MeV, 3.510 MeV. The NDS [8] report
three levels at 3440 keV, 3477 keV, and 3502 keV, without
spin and parity attribution, derived from a 112Sn(p,p′) reaction
measurement [18], with a 7 keV error in the excitation energy
value. A level at 3.478 MeV was also identified in the
114Sn(p,t)112Sn reaction [7] without L-transfer assignment. In
our measurement the differential cross sections for the levels
at 3.445 MeV, 3.481 MeV, and 3.510 MeV, corresponding
to the NDS levels at 3440 keV, 3477 keV, and 3502 keV,
respectively, are nicely reproduced by assuming L = 4, 4,
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FIG. 8. Differential cross sections for the excitation of 3− and
5− states by the 114Sn(p,t)112Sn reaction. The dots represent the
experimental data, the solid lines the theoretical estimates obtained
with cluster DWBA calculations. The energies attributed to the
observed levels are those given in the present work.

and 5, respectively. The present assignments are therefore
Jπ = 4+, 4+, and 5−, respectively.

3.554 MeV. In the adopted level scheme [8] a level at
3553.98 keV with Jπ = 2+, 3+, 4+ is reported. The Jπ

assignment is inferred from the allowed β transition from the
3+ state of 112Sb. In the present study, an L = 3 transfer quite
well reproduces the angular distribution. The present assign-
ment is therefore Jπ = 3−. The level we find at 3.554 MeV
does not coincide with the adopted 3553.98 keV level.

3.586 MeV. The shape of the angular distribution of this
quite weakly populated level is consistent with an attribution of
Jπ = 2+. This level cannot correspond to the adopted level [8]
reported at (3580 ±5) keV with Jπ = 4+ inferred from a study
of the 112Sn(p,p′) reaction [18].

3.624 MeV. The NDS [8] report a level at 3624 keV with
a tentative Jπ = (2+) from a 112Sn(p,p′) reaction study [18],
which assumes an L = (2) transfer. In our measurement we
reproduce quite well the differential cross section by assuming
an L = 4 transfer. The present assignment Jπ = 4+ removes
the uncertainty in the NDS assignment.

III. SHELL-MODEL CALCULATIONS AND COMPARISON
WITH THE EXPERIMENTAL ENERGY SPECTRUM

In this section, we compare the excitation energies obtained
from a realistic shell-model calculation with those of the
present experiment. This calculation, in which we assume

TABLE IV. Comparison of calculated energies for 112Sn with
those obtained from the present experiment. See text for details.

Jπ Eexpt (MeV) Ecalc (MeV) Jπ Eexpt (MeV) Ecalc (MeV)

0+ 0.000 0.000 6+ 2.549 2.587
2.618 2.441 2.927 2.860
2.988 2.937 3.414 3.912

2+ 1.261 1.920 3− 2.335 3.290
2.151 2.439 3.554 3.592
2.476 2.902
2.722 3.022 5− 3.142 3.283
2.966 3.223 3.510 3.570
3.248 3.245
3.286 3.406
3.345 3.595
3.586 3.681

4+ 2.248 2.326
2.521 2.594
2.784 2.933
2.946 3.072
3.275 3.222
3.400 3.478
3.414 3.815
3.445 3.925
3.481 3.992
3.624 4.139

100Sn as closed core and let the 12 valence neutrons occupy the
five levels 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2 of the 50-82
shell, is performed along the same lines as those of our previous
studies on the 110,114,116,118,120,122,124Sn isotopes [1–5]. In
particular, the shell-model Hamiltonian is the same we used
in Ref. [1] for 110Sn. For the sake of completeness, we report
here the adopted single-particle energies (in MeV): εg7/2 = 0.0,
εd5/2 = 0.01, εs1/2 = 2, 2, εd3/2 = 2, 3, and εh11/2 = 3.25. We
refer to [1] for details about this choice. As regards the matrix
elements of our effective interaction, we only mention that
they are constructed by means of the so-called Q̂-box folded-
diagram method with a low-momentum potential Vlow−k [26]
derived from the CD-Bonn free nucleon-nucleon potential
[20]. Note that the excitation energies presented in this section
are obtained by performing full shell-model calculations using
the OSLO code [27], while the two-nucleon transfer amplitudes,
needed as input for the theoretical cross-section angular
distributions (see next section), have been computed within
the framework of the seniority scheme truncating the model
space to states with seniority v � 4. The matrix elements
of the two-particle transfer operator between wave functions
of 112Sn states and the 114Sn ground state are obtained, as
in all our previous calculations for tin isotopes, from the
chain-calculation method described in Refs. [4,28].

The calculated excitation energies of 112Sn are compared
with the experimental ones in Table IV. A further important
test of the wave functions, in particular as regards the role
of components outside the chosen model space, is provided
by the analysis of the differential cross sections, which will
be discussed in the next section. Note that our energies
are eigenvalues of an effective Hamiltonian, whereas in the
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calculation of the spectroscopic amplitudes we have just
used a bare operator. This means that the former account
perturbatively for excitations not explicitly included in our
model space, while this is not the case for the latter.

From Table IV we see that the two observed 0+ excited
states, as well as the 4+ and 6+ states below 3.4 MeV, are very
well reproduced by our calculations. In fact, the discrepancies
range from a few tens of keV to at most 180 keV for the
first 0+ excited state. The third 6+ state as well as the other
four 4+ states are predicted to lie at about 500 keV above the
experimental ones. The latter are just shifted as a whole.

We now come to the 2+ states. First, we see that the
energy of the first 2+ state is significantly overestimated by
the theory, which is, however, a feature of our shell-model
description of tin isotopes. In fact, we have met the same
problem in our previous calculations for light tin isotopes [29]
and 110,114Sn [1,2]. This may be related to possible proton-core
excitations, which have been proposed as an explanation of
the observed excess in the B(E2; 2+ → 0+

gs) strength in the Sn
isotopes [30]. Eight other 2+ levels have been populated in the
present experiment in the energy interval 2.1–3.6 MeV. The
same number of states is predicted by the theory between 2.4
and 3.7 MeV. However, when we try to establish a one-to-one
correspondence between the observed and calculated levels, it
turns out that the discrepancies do not show a regular behavior
as is the case for the 4+ states. Indeed, we see that the second
and third 2+ states are overestimated by about 300 and 400 keV,
respectively, while for the other states the discrepancy oscil-
lates from a few keV up to about 300 keV.

As for the negative parity states, only two 3− and two 5−
levels have been observed and their excitation energies are
well reproduced by our calculations, except that of the first 3−
level which is overestimated by about 1 MeV. This very large
difference may be explained by considering that a substantial
contribution from particle-hole excitations, that are outside our
model space, is likely to enter the description of the yrast 3−
state. On the other hand, we cannot exclude, as discussed in [1]
for 110Sn, that this state has no theoretical counterpart. Should
this be the case, our first 3− state would be identified with the
second observed one, the difference between their excitation
energies being only about 250 keV.

IV. MICROSCOPIC DWBA CALCULATIONS

A comparison of the observed 112Sn energy levels with the
predictions of a microscopic shell-model calculation has been
presented in the previous section. Now we will compare the
measured 114Sn(p,t)112Sn differential cross sections with those
calculated from the 114Sn and 112Sn shell-model eigenstates.
The theory underlying the microscopic calculation of the dif-
ferential cross sections has been presented elsewhere [31,32].
The essential physical assumption is that the (p,t) reaction is
direct, only involving the degrees of freedom of the proton
and the two transferred neutrons. Because an exact treatment
of the interaction between the proton and the two neutrons
in the field provided by the 112Sn core is not available, we
make the usual approximation that the transfer does not change
the relative motion of the two neutrons. Thus the 112Sn final

states that are most strongly populated are those whose wave
functions differ from the 114Sn ground state by two neutrons
with relative motion similar to the relative motion of the two
neutrons in the triton. These triton neutrons have zero relative
angular momentum, and total spin zero (predominantly). This
is similar to the motion associated with pairing correlations
in nuclei. Thus the states that are most strongly populated
in 114Sn(p,t)112Sn are the states lowest in excitation energy,
which are the states that have been most strongly affected by
the attractive pairing component of the internucleon force.

A more complete calculation of the (p,t) reaction between
tin isotopes has been performed by Potel et al. [33]. It
uses the detailed interaction between the proton and the
transferred neutrons, and takes account of the contributions
of successive and simultaneous transfer of the neutrons. It
successfully accounts for the absolute values of the differential
cross sections. However, these more detailed calculations were
restricted to transitions to states of zero angular momentum,
which are only a very small fraction of the final 112Sn states
studied in this work.

Because of the simplifications implicit in our reaction the-
ory, our calculated differential cross sections are undetermined
by an overall factor. Its value should be independent of the
final 112Sn state, and the angle of the outgoing triton. For
convenience, we choose this overall factor to provide the best
visual fit to the ground-state transition. The shapes of the
angular distributions are determined mostly by the angular
momentum transferred along with the transferred nucleons,
and by the geometry and strengths of the optical potentials in
which the proton and triton potential move. As can be seen in
Figs. 9 to 13, the theory gives a very good description of the
observed shapes, which allows for a relatively unambiguous
comparison between the magnitudes of the observed and
calculated differential cross sections. This provides a rather
severe test of our calculated eigenstates. The shell-model
description of the wave function of the transferred neutrons
involves a coherent combination of coupled two-neutron
shell-model states. Because of this coherence, the calculated
differential cross section is strongly dependent on the relative
phases of the component two-neutron states, and unless the
calculation gets them right, the attempt to explain the data will
fail. Furthermore, since the transfer reaction occurs mainly in
the vicinity of the nuclear surface, the calculated differential
cross sections will be strongly dependent on the surface
magnitudes of the single-particle neutron wave functions,
which are different for different single-particle states. Thus
it is also important for the calculation to identify the dominant
single-particle states associated with the transition to each
112Sn final state. In summary, the fit to the magnitude of
the ground-state differential cross section is chosen to fix the
overall normalization of the calculated results; once this is
done, the comparison between the observed and calculated
differential cross sections of all other states is a test of the
accuracy of the calculated shell-model eigenstates.

A. 0+ transitions

It is seen from Fig. 9 that the shell-model eigenvectors give
a very good account of the relative populations of the three 0+
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FIG. 9. Comparison between experimental and calculated cross
sections for 0+ of 112Sn. The lines represent results of the microscopic
calculations of the differential cross sections (in μb/sr) as a
function of center-of-mass angle (in degrees). The subscripts 1,. . .
associated with the lines indicate the calculated energy ranking of the
corresponding state, with 1 representing the lowest state of given J π .
The error bars associated with the points are smaller than the symbols
used to represent the points.

levels. At 28◦, the measured differential cross sections are in
the ratios 1185/2.2/34, compared to the calculated differential
cross section ratios of 949/1.6/73, respectively. The great
relative strength of the ground transition is well accounted
for by the larger pairing component in the 112Sn ground-state
eigenvector.

B. 2+ transitions

Figure 10 shows that the 2+ measured differential cross
sections are also reproduced by predictions based on their
respective shell-model eigenvectors, with the exception of the
transitions to the 2+ levels at 2151 and 2476 keV. The theory
overpredicts these differential cross sections by factors of
about 20 and 30, respectively. Evidently, these two levels have
appreciable shell-model components that cannot be reached
by (p,t) pickup from the 114Sn ground state. For example,
if the 114Sn ground state has filled Z = 50 proton shells, as
we have assumed, the 2151 keV and 2476 keV levels would
not be populated in 114Sn(p,t)112Sn if they had appreciable
components with protons excited out of the Z = 50 proton
shells.
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FIG. 10. Comparison between experimental and calculated cross
sections for 2+ final states of 112Sn. The lines represent results of the
microscopic calculations of the differential cross sections (in μb/sr)
as a function of center-of-mass angle (in degrees). The subscripts
1,. . . associated with the lines indicate the calculated energy ranking
of the corresponding state, with 1 representing the lowest state of
given J π . The error bars associated with the points are smaller than
the symbols used to represent the points.

C. 4+ transitions

Figure 11 shows that the population of the lowest three
4+ levels is accounted for fairly well by our calculations.
However, our calculations do not account for the higher 4+
levels. For example, we strongly overpredict the population of
4+

5 at 3275 keV, again perhaps because the real 4+
5 level has

a more complicated proton structure than we have assumed.
And we strongly underpredict the population of 4+

4 , 4+
8 , and 4+

9 .
This may suggest that these levels have important shell-model
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FIG. 11. Comparison between experimental and calculated cross
sections for 4+ final states of 112Sn. The lines represent results of the
microscopic calculations of the differential cross sections (in μb/sr)
as a function of center-of-mass angle (in degrees). The subscripts 1,. . .
associated with the lines indicate the calculated energy ranking of the
corresponding state, with 1 representing the lowest state of given J π .
The error bars associated with the points are smaller than the symbols
used to represent the points. Note that the data points correspond only
to clearly resolved states. The doublet is not represented in the figure.

components involving higher-energy neutron single-particle
states, not included in our calculation.

D. 6+ transitions

Figure 12 shows that the differential cross sections for the
population of the 6+ levels at 2549 keV and 2927 keV are
fairly well described by our theory. At 28◦, these differential
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FIG. 12. Comparison between experimental and calculated cross
sections for 6+ final states of 112Sn. The lines represent results of the
microscopic calculations of the differential cross sections (in μb/sr)
as a function of center-of-mass angle (in degrees). The subscripts 1,. . .
associated with the lines indicate the calculated energy ranking of the
corresponding state, with 1 representing the lowest state of given J π .
Note that the data points correspond only to clearly resolved states.
The doublet is not represented in the figure.
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FIG. 13. Comparison between experimental and calculated cross
sections for 3−, 5− final states of 112Sn. The lines represent results
of the microscopic calculations of the differential cross sections
(in μb/sr) as a function of center-of-mass angle (in degrees). The
subscripts 1,. . . associated with the lines indicate the calculated
energy ranking of the corresponding state, with 1 representing the
lowest state of given J π . Error bars are shown for 3−

2 and 5−
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2

states; for 3−
1 the error bars are smaller than the symbols representing

the measured differential cross sections.
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cross sections are measured to be approximately 240
times weaker than the ground-state transition. Our theory has
them approximately 100 times weaker.

E. 3−, 5− transitions

Figure 13 shows that the calculated 3− differential cross
sections strongly underpredict the measured ones. This is prob-
ably because angular momentum and parity conservation al-
lows us only two 2-neutron contributions to 3− transfer, namely
[h11/2g7/2]3− and [h11/2d5/2]3− . If we had included more of the
odd-parity, N = 5 single-neutron states in the calculation, we
would have had more 2-neutron contributions adding coher-
ently to the transfer amplitude, probably resulting in increased
differential cross sections. The situation is not as extreme in
the case of the 5− states, because here angular momentum
and parity conservation allows us to include four 2-neutron
components, [h11/2g7/2]5− , [h11/2d5/2]5− , [h11/2d3/2]5− , and
[h11/2s1/2]5− . Although we slightly underpredict the 5− dif-
ferential cross sections, the error is much smaller, indicating
that these four 2-neutron components comprise most of the
transition amplitudes.

V. SUMMARY

The 114Sn(p,t)112Sn reaction has been studied in a high
resolution experiment at an incident proton energy of 22 MeV.
Cross-section angular distributions for 28 transitions to levels
of 112Sn, including one doublet, have been measured up to
an excitation energy of 3.624 MeV. The spins and parities
for all the observed 29 levels have been assigned by a DWBA
analysis, assuming a semimicroscopic dineutron cluster pickup
mechanism. The calculations have been performed in finite-
range approximation.

With respect to the adopted levels, 3 levels have been
observed for the first time and identified in Jπ , 18 assignments

have been confirmed, 2 ambiguities removed, and 4 new
assignments proposed. One unresolved doublet has been
observed, giving two confirmations.

In addition to the experimental work, we have carried out a
shell-model study of 112Sn using a two-body effective interac-
tion derived from the CD-Bonn nucleon-nucleon potential.

As regards the energy spectrum, while for some states
the discrepancies are rather large, say about 0.5 MeV, the
agreement between the calculated and experimental energies
may be considered remarkably good on the whole, if one keeps
in mind that it comes out from a shell-model description
in terms of only the valence neutron degrees of freedom.
The results for 112Sn presented here are completely in line
with those of our previous studies [1–5] on even-mass Sn
isotopes, confirming that the shell model is the main key to
the understanding of this long isotopic chain. In this context,
it should be emphasized that our realistic effective interaction
contains no adjustable parameters. It is also worth noting that,
while we have used different sets of single-particle energies
for the heavier isotopes, the Hamiltonian for 112Sn is precisely
the same as that used for 110Sn.

A zero-range one-step microscopic DWBA calculation of
differential cross sections has also been performed, where
we have used two-neutron spectroscopic amplitudes obtained
from shell-model wave functions for 112Sn and 114Sn, calcu-
lated in a seniority space truncated at v = 4. These shell-model
spectroscopic amplitudes, used in a simple one-step zero-range
microscopic analysis, yield a good account of the observed
populations of all the levels, with the exception of the 2+

2 and
2+

3 levels and the 3− levels. The most likely explanation is
that these few levels cannot be understood simply in terms
of a 100Sn core plus valence neutrons, but involve more
complicated configurations, such as proton excitations. This
illustrates that one of the advantages of the (p,t) reaction is its
sensitivity to the microscopic structures of the initial and final
states.
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