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Investigation into the semimagic nature of the tin isotopes through electromagnetic moments
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A complete set of electromagnetic moments, B(E?2; OT — 21+), Q(ZT), and g(2fr), have been measured from
Coulomb excitation of semimagic 12,114,116, 118,120,122.1249 (7 = 50) on natural carbon and titanium targets.
The magnitude of the B(E2) values, measured to a precision of ~4%, disagree with a recent lifetime study
[Phys. Lett. B 695, 110 (2011)] that employed the Doppler-shift attenuation method. The B(E2) values show
an overall enhancement compared with recent theoretical calculations and a clear asymmetry about midshell,
contrary to naive expectations. A new static electric quadrupole moment, Q(27), has been measured for 4gn,
The static quadrupole moments are generally consistent with zero but reveal an enhancement near midshell; this
had not been previously observed. The magnetic dipole moments are consistent with previous measurements and
show a near monotonic decrease in value with neutron number. The g-factor measurements in ''>114Sn establish
the recoil-in-vacuum method for states with T ~ 0.5 ps and hence demonstrate that this method can be used for
future g-factor measurements on proton-rich isotopes toward '°’Sn. Current theory calculations fail to reproduce
the electromagnetic moments of the tin isotopes. The role of 2p-2h and 4p-4h intruders, which are lowest in

energy at midshell and outside of current model spaces, needs to be investigated in the future.
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The tin isotopes, which have a closed proton shell of
Z = 50, constitute the longest chain of semimagic nuclei
with 15 even-even isotopes between the '®°Sn (N = 50) and
1328n (N = 82) double-shell closures. Seven of these isotopes
are stable and eight are unstable. These features have made
the tin isotopes a prototypical benchmark of state-of-the-art
microscopic theory and experiment and a rich arena for
investigating residual nucleon-nucleon interactions. With the
advent of radioactive ion beams and access to both neutron-rich
and proton-rich isotopes, interest in the tin isotopes has been
compounded. This interest is reflected in the large number of
both experimental [1-18] and theoretical [19-29] studies of
the first 27 states of the even-even tin isotopes in the past
decade.

While radioactive '3?Sn is a robust double-shell clo-
sure [1,10,17,30-33], electric quadrupole transition probabil-
ities B(E2;0] — 2[) for the proton-rich tin isotopes have
shown enhanced 2| collectivity when moving towards '*Sn
[2-4,6,12,13], suggesting that the 1081 core is soft to
excitations. On the other hand, a recent systematic lifetime
study of the stable even-even tin isotopes by Jungclaus et al.
[9] observed a dramatic departure from the B(E2) values of
the Raman evaluation [34], with a decrease in collectivity near
midshell. The local minimum at midshell, which coincides
with a possible N = 64 subshell closure, was interpreted as
a reduction in collectivity due to the influence of the s/,
orbital, which cannot form a 27 state from the coupling of two
neutrons. The interpretation was supported by a subsequent
generalized seniority calculation [23]. The recent B(E2)

0556-2813/2015/92(4)/041303(5)

041303-1

PACS number(s): 25.70.De, 21.10.Ky, 23.20.—g, 27.60.4j

discrepancies between the study of Jungclaus et al. [9] and
the Raman evaluation [34] have remained an outstanding
experimental problem since 2011 and have complicated the
interpretation [10-13,23,24,26-28] of both the stable and
exotic tin isotopes. There has been theoretical work directed
toward reproducing the new lifetime results of Jungclaus et al.
[23,26,28], and there have been Coulomb-excitation studies
of proton-rich tin isotopes [2,11] measured relative to 1128p;
the B(E?2) values from these studies would be 17% smaller
if normalized to the results of Jungclaus et al., weakening the
evidence for enhanced collectivity toward '%°Sn.

In this Rapid Communication, we report a com-
plete set of electromagnetic moments, B(E2; 01+ — ZT),
0(2), and g(27), from Coulomb excitation of semimagic
112,114,116, 118,120.122.124 1y on natural carbon and titanium tar-
gets with an experimental setup that has been optimized for
absolute B(E2) measurements for over a decade [35]. The
magnitude of the present B(E2) values disagree with the
recent Doppler-shift attenuation lifetime study by Jungclaus
et al. [9] but there is a clear asymmetry about midshell
with a possible local minimum at midshell. The increase in
collectivity reported for the proton-rich nuclei is observed
already for the two lightest stable tin isotopes. A new trend
is observed in the static electric quadrupole moments, Q(ZT),
which resembles a bell shape with a maximum at midshell.
The magnetic dipole moments, g(ZT), show a near-monotonic
decrease in value with neutron number. The complete set
of electromagnetic moments in the present systematic study
permits a unique investigation into the semimagic nature of the
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FIG. 1. (Color online) Panels (a)—(g) show the 2 — 0] y-ray
transitions of '127124Sn, respectively, from Coulomb excitation on
carbon (red) and titanium (blue) targets. '?°Sn on titanium was omitted
due to beam-time constraints.

tin isotopes; all three observables show a change in behavior
around midshell.

Ion beams of !'12:114.116,118,120,122,1249 at an energy of
2.9 MeV per nucleon were Coulomb excited on 1.01 and
1.09 mg/cm? natural carbon and titanium targets, respectively,
over a period of ten days. The beams were provided by the
25 MV tandem accelerator at the Holifield Radioactive Ion
Beam Facility (HRIBF) at Oak Ridge National Laboratory
(ORNL).

The experimental setup included a HPGe Clover array,
CLARION [36], a 27t CsI array, BareBall [37], and a Bragg-
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curve detector; the experimental setup was identical to that
in Ref. [38], which provides further detail. By measuring the
absolute cross sections and particle-y angular correlations of
excited states following Coulomb excitation on two separate
targets, a complete set of electromagnetic moments were
determined; cf. Refs. [10,17,32]. The absolute cross sections
were obtained by measuring the Coulomb excitation to
Rutherford scattering yield, i.e., the ratio of particle-y and
particle rates. The energy loss of the tin beams through
the targets was directly measured with a zero-degree Bragg
detector. The energy loss through the 1.01 mg/cm? carbon
target was measured with a ''*Sn beam and was determined
to be 78.4(17) and 78.0(17) MeV for beam energies of 2.53A
and 2.9A4 MeV, respectively. The energy loss of the ''*Sn
beam at 2.9A4 MeV through the 1.09 mg/cm? titanium target
was 58.9(16) MeV.

The y-ray spectra of ''7!24Sn from Coulomb excita-
tion on natural carbon and titanium targets are shown in
Figs. 1(a)-1(g). The spectra are dominated by single-step
excitation of the 2/ state. There are several advantages to
performing Coulomb excitation in inverse kinematics with
a low-Z-carbon target, particularly for measuring absolute
B(E2;0]7 — 2{) values, which include (1) the nucleus of
interest is a pure beam and the composition of natural carbon
(and other natural targets) is well known, (2) the excitation
process is predominately single step, (3) the reorientation
effect is minimized, (4) the target does not contribute to the
y-ray background, (5) the uncertainties are not limited by a
target B(E?2) uncertainty (typical of relative measurements),
and (6) the recoiling target nuclei are measured at backward
center-of-mass angles where the Rutherford cross section is
less sensitive to angle.

The extracted electromagnetic moments are given in
Table 1. Virtual excitations to higher-lying states and weak
population of the 3| state were included in the analysis
using the Coulomb-excitation code GOSIA [39]; these ef-
fects were negligible for the carbon-target data. Because
the (2]||M(E2)||2]) values only varied on average by
0.03 eb between positive and negative quadrupole interference
signs, the average was adopted. Details of the analysis
procedures, including necessary corrections, can be found in
Refs. [10,17,32,38,40].

The g factors were determined by the recoil-in-vacuum
(RIV) method, following the same analysis procedures as
described recently for 124,126.128q 1y [17] and '**Te [32]. The

TABLE I. Summary of first 2* electromagnetic moments.

Z=50 N  (OF||M(E2)|]2f)eb  (2F[|M(E2)||2})eb lglt ps B(E2;07 — 2)e®b®  Q(27)eb g

112G 62 (+) 0.500(10) +0.05(12) 0.078(22) 0.250(10) +0.04(9) +0.150(43)
1148y 64 (+) 0.479(10) +0.12(11) 0.066(30) 0.229(9) +0.09(8) +0.138(63)
1168 66 (+) 0.453(9) +0.22(11) 0.000(35) 0.205(8) +0.17(8) 0.000(64)
118G 68 (+) 0.451(10) +0.09(12) 0.000(55) 0.203(9) +0.07(9) 0.000(77)
120gP 70 (+) 0.458(10) 0.087(26) 0.210(9) —0.099(30)
1228 72 (+) 0.445(10) —0.11(12) 0.000(51) 0.198(9) —0.08(9) 0.000(48)
1248 74 (+) 0.406(8) —0.11(12) 0.129(14) 0.165(7) —0.08(9) —0.097(11)

2g-factor signs taken from transient field measurements [14—-16,41] and t derived from the B(E2) values.

"Due to beam-time constraints, '2°Sn on titanium was omitted.
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FIG. 2. (Color online) The stable tin B(E2;0] — 2{) e2b’ Sys-

tematics. The experimental data are taken from the present study and
from Refs. [3,5,7-9,34].

product |g|t, where |g| is the magnitude of the g factor and
T is the mean life, was determined from fits to the angular
correlations for both the C and Ti targets. Signs of the g factors
were taken from transient-field measurements [14-16,41],
with which the present results are in overall agreement. The
present result for >*Sn is in excellent agreement with the
previous RIV measurement [17]. It is noteworthy that r(ZT) ~
0.5 ps in 121141168 These cases represent the shortest level
lifetimes to date for which the RIV method has been applied.
Our measurements establish that the RIV method can be
applied to future g-factor measurements on the proton-rich
isotopes towards '%°Sn for which the level lifetimes increase.
The stable tin B(E2;0fr — ZT) values from the present
study, measured to a precision of ~4%, are compared with
the recent Doppler-shift attenuation results [9] and Raman
evaluation [34] in Fig. 2. The magnitudes of the present
B(E?2) values are consistent with the Raman evaluation, but the
values for ''211“Sn have been measured to higher precision,
revealing a clear increase in collectivity below midshell.
However, similar to the results of Jungclaus et al., there is
weak evidence for a local minimum near midshell within
statistical uncertainty (Ogugsticar << 0.002 e2b? or Oyutistical <
0.9%, which is less than or equal to the size of the data
points). Other recent measurements on !'Sn by Vaman et al.
[3] and Orce et al. [S] have uncertainties that are too large to
distinguish between the discrepant values. Doornenbal ef al.
[7] and Kumar et al. [8] recently measured ''*Sn and ''?Sn,
respectively, but their measurements were relative to !'%Sn;
these relative measurements are unable to distinguish between
the magnitude of the Jungclaus [9] and Raman [34] values.
The stable tin Q(2]) values from the present study
are consistent with previous measurements from the 1970s
[42-44]. However, the present results have been measured
to much higher precision (o ~ 0.09 eb and oguistical ™~
0.02 eb), include the effect of virtual excitations, include a
value for '4Sn, and reveal a bell-shaped trend with a maximum
at midshell. The trend of the Q(ZT) values appears to be
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FIG. 3. (Color online) The first 2* electromagnetic-moment and
energy systematics of the semimagic tin isotopes. The stable and
neutron-rich data (black circles) are taken from the present and
previous ORNL studies [1,10,17]. The proton-rich data (red circles)
are taken from the linear-weighted average of Refs. [2—4,6,11-13].
The energies (open circles) are taken from the Evaluated Nuclear
Structure Data File [45]. The theoretical curves are taken from
QRPA-based (dashed lines) [20,21,25,46] and shell-model-based
(solid lines) [2,15,19,27] calculations.

correlated with the trend of the 2] energies; cf. the y-ray
energies in Fig. 1.

A summary of the electromagnetic moments of the
semimagic tin isotopes is given Fig. 3. The striking feature
is that all three electromagnetic observables show a change in
behavior near midshell. While all of the theory calculations
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are able to reproduce some features of the experimental data,
no single theory reproduces all of the data.

The B(E?2) calculations by Banu et al. [2], cf. Fig. 3(a),
show excellent agreement above midshell but fail for N < 64.
The large-scale shell-model (LSSM) calculations by Banu
et al. were performed with a '°°Sn core, which represents the
most simple expectation. Calculations with a *°Zr core were
also attempted to increase the magnitude of the B(E?2) values
but the symmetric trend remained. Recent LSSM calculations
by Back et al. [27] tried a different approach by including an
isospin-dependent effective charge, which broke the B(E2)
symmetry about midshell. The use of an isospin-dependent
effective charge greatly improves the overall agreement with
experiment but it fails to describe the sudden rise in collectivity
for '"21148n The relativistic quasiparticle random-phase
approximation (RQRPA) calculations by Ansari [20] show
some qualitative agreement with the general shape of the ex-
perimental B(E?2) values but the calculations fail to reproduce
the magnitude of the midshell region. The experimental B(E2)
values show an overall enhancement compared with the recent
theoretical calculations. None of the calculations are able to
accurately describe the B(E2) values of ''>Sn and ''4Sn.

The recent QRPA-based calculations of Q(21+) by
Voitenkov et al. [25], cf. Fig. 3(b), are consistent with the
experimental data for the heavier isotopes but show serious
inconsistencies for 21141165y While the uncertainties of
the experimental Q(2]) values are on the order of ~0.09
eb, the statistical uncertainties are only ~0.02 eb, which
are shown in Fig. 3(b) by the inner error bars. Within
statistical uncertainty, the experimental Q(2,+) values show
a clear maximum at midshell, ''°Sn; this maximum is not
quantitatively or qualitatively described by the calculations of
Voitenkov et al. [25].

The general trend in the g factors reflects the single-particle
orbits at the Fermi surface. The positive g factors for ''%!14Sn
are associated with occupation of the g7/, orbit, whereas for
12451 and the heavier isotopes toward '32Sn, the occupation of
the K11/, orbit results in a negative g(27). The recent LSSM
calculations of g(ZT) by Walker et al. [15], cf. Fig. 3(c),
are in fairly good agreement with the experimental data. The
same is true for the LSSM calculations by Brown et al. [19].
The RQRPA calculations by Ansari and Ring [21] agree with
the general shape of the experimental g(2;) values but not the
magnitude, similar to the situation with the B(E2) values. The
QRPA calculations by Terasaki et al. [46] are consistent with
the data up to '?°Sn but show a dramatic increase afterwards.
Unfortunately, the sign of the g factor of '?8Sn has not been
measured but is inferred from systematics [17].

None of the recent LSSM or QRPA calculations appear
capable of reproducing all of the features of the 2| elec-
tromagnetic moments. Invoking core excitations and isospin-
dependent effective charges [2,27] alone do not resolve the
B(E?2) discrepancies between theory and experiment. There
is likely a rich mixture of physics occurring that will require
many simultaneous ingredients such as (a) core excitations
to increase the overall B(E2) magnitudes [2], (b) isospin-
dependent effective charges to break the B(E2) symmetry
[27], (c) 51,2 suppression of collectivity near midshell [9,23],
and (d) possible N = 64 subshell effects. Furthermore, the
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newly discovered trend in the Q(ZT) values, which shows a
maximum at midshell, '1®Sn, appears to be correlated with the
trend of the 2;’ energies, cf. Fig. 3(b). It is also interesting to
note that the 2p-2h and 4p-4h intruders, which are outside of
the current model spaces, are lowest in energy at midshell (see
Ref. [47] and references therein). These deformed intruder
states are known to mix with the ground and first-excited 2}
states [48]; this mixing could be partly responsible for the
Q(2l+) and B(E?2) trends near midshell. The role of the 2p-2h
and 4p-4h intruders on the 2 energies and electromagnetic
moments needs to be investigated experimentally and theoret-
ically in the future. Multistep Coulomb excitation of ''°Sn to
measure the E2 matrix elements of the intruder bands, e.g.,
(2" 1qer)> Would be a good place to start.

Another interesting perspective emerges from a recent pro-
ton inelastic scattering study of '“Sn and !'2Sn by Corsi et al.
[18]; to our knowledge this is the only published (p,p’) study
of an unstable tin isotope. The inelastic (p,p’) cross sections
are sensitive to both the neutron and proton transition matrix
elements, M, and M), where M,(L) = «/B(EL)/(2L +1).
Corsi et al. reported a 40(24)% drop in the 2| inelastic-
scattering cross section from ''2Sn to '%Sn versus a 26(12)%
drop in the B(E2) value; using the B(E?2) values from the
present study results in a 38(10)% drop. These results indicate
that the proton and neutron collectivities are proportional
within uncertainty over a relatively large range in neutron
number. Because the neutron field strength is a factor of ~2.25
larger than the proton field strength [18] for a beam energy of
~130A MeV, these results also indicate that the collectivity of
the 2;’ state is dominated by the neutrons, i.e., M, > M,
which is the simple expectation for a closed proton shell.
Corsi et al. conclude from their QRPA calculations that the
asymmetry in the experimental B(E2) values about midshell is
likely induced by an enhancement in the neutron collectivity. A
continuation of (p,p’) studies to other tin isotopes, particularly
with higher precision, would be of significant value for quan-
tifying the proton and neutron contributions to the 2 wave
function and elucidating the origin of the B(E2) asymmetry.
High-precision B(E2) values, such as those in the present
study, will be required in extracting M, values from future
(p,p’) studies. Moreover, the nature of the observed increase
in collectivity below midshell would benefit from g-factor
measurements, like those presented here, which are sensitive
to the proton versus neutron contributions to the wave function.

In conclusion, a complete set of electromagnetic
moments, B(E2; OT — 2;”), Q(ZT), and g(2}L), have
been measured from Coulomb excitation of semimagic
112, 114,116,118,120,122, 124 g ) (Z =50) on natural carbon and
titanium targets. The magnitudes of the B(E?2) values disagree
with a recent lifetime study by Jungclaus ez al. [9] that
employed the Doppler-shift attenuation method; the discrep-
ancies are of similar magnitude to some of the differences
between recent theoretical calculations. The B(E2) values
show an overall enhancement compared with recent theoretical
calculations and a clear asymmetry about midshell. All of
the recent calculations fail to describe the B(E2) values of
12.114Gn A new static electric quadrupole moment, Q(ZT),
has been measured for ''*Sn. The static quadrupole moments
reveal a bell-shaped trend with a maximum at midshell,
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116Sn, which is not described by recent theory. The trend
of the Q(2]) values appears to be correlated with the trend
of the 2T energies. The magnetic dipole moments exhibit
a near-monotonic decrease in value with neutron number,
going through a change of sign near midshell. Current-theory
calculations fail to reproduce the electromagnetic moments
of the tin isotopes. The role of 2p-2h and 4p-4h intruders,
which are lowest in energy at midshell and outside of current
model spaces, may be responsible for some of the observed
trends in the electromagnetic moments near midshell and their
role needs to be investigated in the future. Furthermore, the
proton and neutron contributions to the 2] wave function need
further investigation from additional (p,p’) studies with higher
precision, and also g-factor measurements, which have been
shown to be feasible with the RIV method for the tin isotopes
towards '°°Sn. The stable and exotic tin isotopes have been and
will continue to be a prototypical benchmark of state-of-the-art
theory and experiment.
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