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The 2] states of ''“!1%Sn were excited in two consecutive experiments by means of Coulomb excitation
in inverse kinematics on a Ni target. A precise determination of the reduced transition probability B(E2;
0F, — 2{) of '"*Sn relative to the well-known 2" excitation strength in ''°Sn was achieved by comparing the
relative projectile to target 2 — Og& decay intensities. The obtained B(E2 1) value of 0.232(8) ¢?b? for ''“Sn
confirms the tendency of large B(E2 1) values for the light tin isotopes below the midshell ''°Sn that has been
observed recently in various radioactive ion beam experiments. The result establishes most clearly the discrepancy
between the current B(E2 1) value predictions from large-scale shell-model calculations and the experimental

deviation, which commences already for the stable ''*Sn isotope.
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The ongoing development of new research facilities for
experiments with unstable exotic nuclei has enabled nuclear
structure investigations far away from the line of g stability.
Most especially, the structure around '°Sn has been spot-
lighted recently by experimental and theoretical research, as
it is presumably the heaviest, particle bound, doubly magic
N = Z nucleus. In this context, the systematic study of nuclear
properties along the semi magic, Z = 50 tin isotopes is of
grand interest because the evolution of the proton gap can be
experimentally probed in between two major shell closures.

The excitation energies from the ground state (g.s.) to the 2?’
state between '°2Sn and '*°Sn are well established and possess
an almost constant value [1], which is expected for semimagic
nuclei in the generalized seniority scheme (see, e.g., Ref. [2]).
A sensitive probe for the robustness of the Z = 50 shell
closure along the chain of even tin isotopes between the two
neutron shell closures at N =50 and N = 82 is provided
by the reduced transition probability, the B(E?2; O;_s‘ — 2;“)
value, henceforth abbreviated as B(E2 7). The E2 transition
strengths in stable even tin isotopes (''2~!2*Sn) are accurately
known except for that of 11481, For this nucleus, the values
obtained have been measured in two independent ways thus
far with considerable errors that do not allow a firm conclusion
on the evolution of the B(E?2 1) value at this isotope. The small
natural abundance of the '*Sn isotope of just 0.65% and the
fact that ''*Sn and !'®Sn have almost identical 2] level energies
of 1299.907(7) and 1293.560(8) keV [1], respectively, impedes
the direct approach via Coulomb excitation on a natural tin
target. In two experiments with enriched ''#Sn targets values
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of 0.20(7) €2b? and 0.25(5) ¢2b? were obtained [3,4]. More re-
cently, Doppler-shift attenuation lifetime measurements were
performed and values of 0.27(9) ¢*b? and 0.19(4) e’b? were
deduced [5,6]. All these results lead to an accepted value of
0.24(5) e?b? [1] with a considerable experimental uncertainty.

For unstable nuclei, lifetime measurements from, e.g.,
fusion-evaporation reactions are hindered by higher-lying
isomeric states in the ns range. The B(E2 1) values are
thus accessible preferentially via Coulomb excitation from the
ground state employing radioactive beam techniques. On the
neutron-rich side, this has been achieved recently [7]. For
the proton-rich side, several Coulomb excitation experiments
have been performed at relativistic, intermediate, and sub-
barrier energies for the nuclei '9%19:110Sn [8—11]. The derived
B(E2 1) values from these experiments are plotted in Fig. 1
together with the excitation strengths of stable tin nuclei
evaluated in Ref. [1]. Two different trends are observed
for the chain of tin nuclei: while at the neutron-rich side
drop considerably with increasing neutron number, an almost
constant plateau of high B(E2 1) values emerges on the
proton-rich side.

These unexpectedly high B(E2 1) values caused a persis-
tent discrepancy between the results of new large-scale shell
model (LSSM) calculations [8] and experimental findings. The
LSSM calculation, using a polarization charge of 0.5e for
protons and neutrons, has been performed with admixtures
of up to 4p4h proton excitations across the Z = 50 shell
gap to enhance the transition strength considerably over a
pure neutron valence space calculation with a closed Z = 50
core [8,10]. In the latter approach the enhancement is achieved
by introducing an effective neutron charge of 1.0e. Both
calculations, however, yield a parabolically shaped systematics
of the B(E?2 1) with mass number A and fail to reproduce the
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FIG. 1. Experimental B(E2 1) values in even-even tin isotopes.
Data are taken from Refs. [1,7-11]. The statistical and systematic
uncertainties of Ref. [9] were added quadratically. A parabolic fit has
been applied to the nuclei ranging from A = 116-130 (solid line),
which has been mirrored around A = 116 for the proton-rich side
(dashed line).

asymmetric trend of the experimental results. This is clearly
demonstrated by the symmetric lower shell continuation
(dashed line) of the parabola fitted to the A = 116—130 values
(full line) to guide the eye.

The inaccurate B(E2 1) value of ''“Sn motivated a
Coulomb excitation experiment with a stable beam in inverse
kinematics to improve this crucial data point and to firmly
establish the location along the Sn isotope chain where the
B(E?2 1) value is increased. Because a stable tin beam does not
suffer from low beam intensities, the E2 excitation strength can
determined with a high accuracy from a y-ray measurement.
Two stable tin nuclei seem to belong to the region of enhanced
B(E2 1) values: '"?Sn and '“Sn. For the former nucleus
previous Coulomb excitation results [3,4,12,13] have been
confirmed recently by means of lifetime measurements em-
ploying the Doppler-shift attenuation method [14]. For ''4Sn,
the large experimental error prohibits definite conclusions
about the exact B(E2 1) evolution. Therefore, we performed
two consecutive Coulomb excitation experiments using ''#Sn
and ''°Sn beams with “safe” beam energies well below the
Coulomb barrier to determine the relative excitation strengths
between both tin isotopes in inverse kinematics on the same
target. In this way systematic errors can be excluded and the
target excitation cancels for the !'#Sn / 1°Sn y -ray yield ratio.
These y-ray yield data are a direct measure of the B(E2 1)
ratio of '*Sn relative to !'Sn. Note that the adopted B(E2 1)
value for '°Sn of 0.209(6) ¢*b? is an evaluation of fifteen
different experimental results [1] and is, therefore, a reliable
and precise reference point.

The tin beams were provided by the UNILAC accelerator
at Gesellschaft fiir Schwerionenforschung (GSI) with an
energy of 3.4A MeV. Beam particles were incident on a
0.7-mg/cm? #Ni target with a purity of 99.9%. An annular
gas-filled parallel plate avalanche counter (PPAC) was placed
13 cm downstream of the target to detect both the scattered
projectiles as well as the recoiling target nuclei. The PPAC
consisted of an anode foil, subdivided into 20 radial segments
for the azimuthal angle ¢y, information, and a cathode
plate of 50 concentrical rings connected by an electronic
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FIG. 2. Scattered projectile and target nuclei coincidences were
detected in the PPAC for the '°Sn beam incident on the ®Ni target.
The scattering angle is plotted versus the time of flight differences of

both reaction partners. The corresponding kinematical cuts applied
for coincident y rays are indicated. See text for details.

delay line with 2-ns time delay steps. The polar angle vy,
was deduced by measuring the delay line time differences
between signals coming from the innermost and outermost
ring. The PPAC covered an angular range of 15° < 5, < 45°.
Because the PPAC was split into two independent parts,
kinematical coincidences between projectiles and ejectiles
were measured within this angular range. For ejectiles detected
in the PPAC, the corresponding scattering angles of !'#Sn and
1168n varied between 24° < ¥y, < 31°. To identify projectile
and target nucleus, the time of flight differences between both
scattered particles was measured. Figure 2 shows the measured
scattering angle of one detector half as a function of the
time difference. The figure presents data from the ''°Sn beam
striking on the ®Ni target as an example. It demonstrates the
unambiguous assignments of the measured scattering angles in
both PPAC halves to projectile and target nucleus, respectively.

De-excitation y rays emitted after Coulomb excitation were
measured with two Superclover (Ge) detectors mounted at an
angle of ¥, = 25° relative to the beam axis in the forward
direction at a distance of 20 cm from the target. Each detector
consisted of four coaxial N-type Ge crystals, arranged like
a four leaf clover. The two detectors had a total photopeak
efficiency of ~1% and an energy resolution of 3.8 keV [full
width at half maximum (FWHM)] at 1332.5 ke V. To suppress
low energetic radiation, the front sides of the Superclover
detectors were covered by a stacked shielding of 0.2-mm Ta,
1.0-mm Sn, and 0.5-mm Cu plates. Scattered particles hitting
the PPAC had velocities of up to 8 ~ 10% for the target nuclei,
whereas the projectiles retained velocities of up to 8 ~ 6%. A
Doppler correction was applied only when both reaction par-
ticles and at least one y ray were detected. Although the lower
angular coverage of the PPAC was 9,, = 15°, two-particle
events were detected only for target nucleus angles above
Yap & 20°. This restriction was caused by the low projectile
residual energy for a high center-of-mass ¥ ,, scattering angle
and pertained to ''*Sn and ''°Sn in equal measure. Due to
the PPAC polar angle resolution of 2°, the scattering angle
of the projectile and, accordingly, the velocity were best
determined by a reconstruction from the position information
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FIG. 3. Doppler corrected y-ray spectra associated with a co-
incidence of two particles in the PPAC. The Doppler correction
was applied using the kinematical information of the target nuclei
but assuming a projectile excitation of '"*Sn (a) and ''°Sn (b),
respectively. The elevation between 1400 and 1600 keV corresponds
to decays from the 27 state of the **Ni ejectiles.

of the target nucleus and hence used for the Doppler correction.
A y-ray energy resolution of 0.7% (FWHM) was obtained
for decays from projectile excitation and 1.0% (FWHM) for
decays from target excitation. The difference was caused by
the Doppler broadening due to the higher velocity of the latter
particles. Figure 3 shows the Doppler-corrected spectra for
projectile excitation of ''*Sn and ''°Sn. Clearly, the spectra
are dominated by the the 2| — O:5 transitions. Higher excited
states were only weakly populated Namely transitions from
the 0; 30, 4]L states to the respective 2T state were detected
with much lower intensity. In both cases the summed intensity
from decays of higher-lying states added up to less than 4% of
the 2" — 0f decay intensity.

To obtain the B(E2 1) value in '*Sn, the experimental
y-ray intensity double ratio 7,(''*Sn)/I,(>*Ni)/I,("'®Sn)/
I, (*®Ni) of the ZT — O‘gfs. decays was determined. The
observed feeding was subtracted from the 2] intensities.
The experimental double ratio was compared with Coulomb
excitation calculations from the Winther-de Boer COULEX
code [15]. The calculations included the feeding contributions
from the 05, 37,4 states in ''*Sn and !'®Sn, which were
obtained from the known excitation strengths given in Ref. [1].
The 0+ — 2+ matrix element in '*Sn was adjusted in the
COULEX calculatlons to reproduce the experimental double
ratio. As aresult, the B(E2 1) value in !'#Sn was determined as
0.232(8) %b?. The error is the quadratic sum of the individual
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uncertainties of the jy-ray intensities (1%), the adopted
116Sn B(E2 1) value (3%), and the angular range acceptance
of the PPAC (1%). The latter error accounted for slightly
different particle detection efficiencies in ''*Sn and ''%Sn at
high center-of-mass scattering angles and, accordingly, low
projectile energies; and for different beam spots on the target
in the two experiments (*3-mm deviation). It is noteworthy
that the double ratio has a negligible dependence («1%) on
the selected scattering angle range if both ranges are identical
and the singles ratios 7, (''*!1%Sn)/ 1, (°®Ni) vary only slightly
by less than 10% from the lowest accepted scattering angle
(Pem. = 90°) to the highest (¥, = 140°), respectively. In
summary, the new B(E2 1) value of 0.232(8)e?b? for the
first excited 2F state in !'*Sn is a significant improvement
with respect to the previous insufficient situation. Moreover,
the new result is also, with its reduced error limits, clearly
consistent with all previous values.

Our deduced B(E2 %) value of ''*Sn is included in the
experimental B(E2 1) systematics of Fig. 4 and shows, with
the smallest uncertainty, an increased B(E2 1) value with
respect to the neighboring midshell nuclei. Thus, our result
demonstrates that the experimental asymmetry toward an
enhanced E2 transition strengths commences with ''4Sn as
the anchor point for the deviating trend.
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FIG. 4. The upper panel displays a comparison of the new
experimental B(E2 1) value from the present work and data from
Refs. [1,7,8,10,11] for even-even tin isotopes with LSSM calculations
presented in Ref. [8] using a '®Sn (dotted line) and *°Zr (solid
line) closed-shell core, respectively. The lower panel shows the
experimental Z = 50 gaps extracted from Refs. [18,19].
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Within the work on '®®Sn by Banu and collaborators [8],
the B(E2 1) values for the Z = 50 tin isotopes have been
determined theoretically by means of state-of-the-art large-
scale shell-model calculations. These calculations used an
effective interaction derived with the G-matrix prescription
[16] from the CD-Bonn nucleon-nucleon potential [17] with
the two different closed shell cores of *°Zr (SM,;,) and '°°Sn
(SM,)), respectively. SM;;, uses a proton (g, d, s) and neutron
v(g7/2, ds)2, 812, h11/2) model space. Up to 4p4h excitations
were allowed across the Z = 50 closed shell and B(E2 1)
values were calculated with a common polarization charge
of 0.5e for protons and neutrons. For SM,, a pure neutron
v(g7/2, ds/2, S1/2, h11/2) model space and an effective neutron
charge of 1.0e were employed to account for the neglect of
proton core excitations. For both cases, the theoretical curve is
parabolic and symmetric with respect to the midshell nucleus
116Sn, as shown in Fig. 4, causing the puzzling discrepancies
between experiment and theory for the lighter tin isotopes.
The SM,, calculation agrees with the new experimental
14Sn B(E2 1) of the present work, but overpredicts the
A > 116 values, whereas the lower-shell values seem to be
underestimated despite of the large experimental uncertainties.
Similarly, the SM,, approach agrees with the upper-shell values
but underpredicts the E2 strengths in the light Sn isotopes.

Since the LSSM calculations presented with the first
radioactive beam experiment on '®Sn [8], recent experiments
on 19-1108 [9_11] confirmed the deviation from a symmetric
behavior of the B(E2 7). Several qualitative arguments for
future improvements of shell-model calculations, such as
excitations across the N = 50 shell [8], o correlations due to
proton 2 p2h excitations [9], refined tuning of proton-neutron
monopoles [8,10], or even a reduction of the Z = N = 50
shell gaps [11] have been brought forward. In the lower panel
of Fig. 4 the experimental Z = 50 shell gaps are shown for
N = 50-82[18]. The '%°Sn value was extrapolated from exper-
imental proton g9 /> and ds » single-particle energies in *°Zr by
using empirical two-body matrix elements including Coulomb
repulsion [19]. From 13281, the well-known reduction of the
proton gap toward the neutron midshell is observed, which
is due to proton-neutron induced cross-shell excitations. The
gap stays constant between N = 76 and 66 with the 7 g7/, and
mdsy crossing at N = 70. Below N = 66 (A = 116) the gap
reduces gradually by about 600 keV before it increases toward
the double shell closure at N = 50. This is exactly the region
where the B(E2 1) values deviate from symmetry and the
shell-model trend. It is known from LSSM calculations [8]
that the major contribution to the B(E2 1) stems from proton
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excitations across Z = 50, as can be inferred from the t = 0
and ¢t =4 curves in Fig. 3 of Ref. [8]. Moreover, these
excitations are dominated by the large stretched mgo,» —
mdsy, E2 matrix element. In terms of monopole driven shell
evolution [20-23], the reduction of the shell gap can be clearly
attributed to the emptying of the neutron vg;/, orbit below
N = 66. This will lift the 77 g9 » relative to the wds/, and hence
reduce the gap, which is decisive for E2 core polarization. The
respective monopoles V™ (g9 vj) are largely different for
the go/> spin flip partner j = g7/, and j = ds; [20,22-24].
This causes the experimentally well-established dramatic
decrease of the vg7/,-vds;, distance in N = 51 isotones on
filling of the w g/, orbit between 7y and '°'Sn (see, e.g.,
Ref. [24]) and acts in a similar way on the 7 g9, orbit when
filling (respective emptying) the vg7,, shell along the Z = 50
isotopic chain. The decrease is less pronounced due to the
near degeneracy of the neutron g7/, and ds/, orbits leading
to a simultaneous filling (emptying) of the two and to the
effect of the smaller vg7,,-ds;, monopole V" (7ds;vg7)2).
It is therefore concluded that (i) proton excitations across a
reduced Z = 50 gap are responsible for the enhanced B(E2 1)
values below A = 116 and that (ii) interactions used in LSSM
calculations need monopole tuning to reproduce both the
evolution of the experimental Z = 50 gap and the B(E2 7).
It should be noted that the described scenario implies that
in 102.104Sn the B(E2 1) values will return to be normal.
For '%8n, the empirical shell gap extrapolation results in a
reduction of the proton gap of about 800 keV relative to the
neutron gap [19].

In summary, we have determined the B(E2 1) value in
11480 relative to the well-known value of ''Sn with a high
accuracy. The deduced excitation strength of 0.232(8) ¢*b?
marks the key starting point for the striking deviation from a
symmetric trend around the N = 66 neutron midshell that was
observed from radioactive beam experiments in the proton-
rich 196-119Gn_ This implies a disagreement with current large-
scale shell-model calculations and suggests the need for a
refined tuning of the two-body interactions employed. Further
experimental studies as well as theoretical investigations of
the Z = 50 and N = 50 gaps are of substantial importance to
enlighten the nuclear structure in the vicinity of the doubly
magic '%Sn.
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