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Two consecutive Coulomb excitation experiments were performed to excite the 2} states of 12!1°Sn using a
8Ni beam. For ''2Sn a B(E24) value of 0.242(8) e? b” has been determined relative to the known value of ''°Sn.
The present value is more precise than previous measurements and shows a clear discrepancy from the expected
parabolic dependence between the doubly magic nuclei '°Sn and '*2Sn. It implies that the reduced transition
probabilities are not symmetric with respect to the midshell mass A = 116.
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I. INTRODUCTION

Numerous experimental and theoretical studies are cur-
rently focused on nuclear shell structure far from the line of
stability (Ref. [1] and references therein). In particular, the evo-
lution of nuclear properties, for example, the reduced transition
probabilities across the Z = 50 chain of tin isotopes, has been
examined in detail. This constitutes the longest shell-to-shell
chain of semimagic nuclei investigated in nuclear structure to
date. Radioactive ion beams yield new experimental results
close to the doubly magic '®Sn and '32Sn, but very accurate
data on the stable midshell nuclei are also of great relevance
for our understanding of nuclear structure.

A simple shell model approach to investigating the char-
acteristics of Sn isotopes is to consider '°°Sn as an inert core
and to treat only neutron degrees of freedom, using the single-
particle orbits of the N = 50-82 shell as model space, that is,
the five orbits 1g7/2, 2d5/2, 2d3/2, 3S1/2, and 1/’111/2. Extensive
shell model calculations have been performed using this
approach [2]. Figure 1 shows the partial level schemes of even-
A Sn isotopes with the dominating 67 and 10" yrast isomers
resulting from the filling of the g7, and /111> neutron subshells
in A =102-114 and A = 116-130, respectively. These two
regions seem to be divided by a soft closed subshell at N = 64.
If spectroscopic properties of nuclei with more than six or
eight valence neutrons are studied with the shell model, the
required model space is, however, already exceedingly large.
It is therefore appropriate to resort to further simplifications.

In semimagic nuclei, such as Sn isotopes, the seniority
scheme provides a very valuable tool for describing low-energy
spectra. The nearly constant energy of the first excited 27
state between N = 52 and N = 80 [3] is one of the well-
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known features of Sn isotopes and is well explained within
the generalized seniority model [4]. This seems to indicate
that only one of the two kinds of nucleons contributes to
the low-energy states. As a consequence, only the isovector
(T = 1) interaction plays a leading role outside the doubly
magic core, which cannot generate quadrupole deformation
[5]. Furthermore, according to this theory, the electromagnetic
transition rates between the 0" ground and the first excited 2?
state exhibit parabolic behavior as a function of mass number
across the Sn isotope chain. Thus, for a seniority changing
transition, the B(E21) values increase at first, peak at midshell
(A = 116), and fall off thereafter.

The experimental B(E2; OQS. — 2;”) values, henceforth
B(E27), on the neutron-rich side of the Sn chain follow
the theoretical predictions, as can be seen in Fig. 4. For
the mass range A = 116-130, the first excited 2;“ (seniority
v = 2 ) state is generally an admixture of different neutron
configurations, in contrast to the pure neutron (f1;/)"
configuration for the long-lived 10T isomeric state. For
lighter Sn isotopes, where the neutrons are filling the
almost-degenerate single-particle 1g7,> and 2ds,, states, one
observes an unexpected asymmetry in E2 strengths with
respect to the heavier isotopes. This might indicate that the
effective charge values depend on the orbit occupied by the
nucleon. Two stable tin isotopes, ''>Sn and ''*Sn, yield higher
B(E2%) values than expected from shell model calculations,
but so far large experimental errors have prohibited further
theoretical interpretations. One should also note that the
B(E2%) value obtained for the unstable '*Sn [6] in a Stopped
Rare Isotope Spectroscopic INvestigation at GSI (RISING)
experiment is based on a measurement relative to ''>Sn.

II. MOTIVATION AND EXPERIMENTAL DETAILS
The large uncertainty in the B(E21) values in !'2Sn

and '*Sn motivated two Coulomb excitation experiments to
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FIG. 1. (Color online) Partial level schemes [12] and isomer
systematics in even-A Sn nuclei for mass numbers between A = 102
and A = 130. Levels of the same spin and positive parity are
connected by dashed lines.

improve these crucial data points. In a previous measurement,
the B(E2%1) value of ''"“Sn was determined at the GSI
(Helmholtzzentrum fiir Schwerionenforschung GmbH) [7].
The result showed an unexpected enhancement relative to
the B(E21) of '"Sn. This paper reports the results of
a Coulomb excitation experiment and the measurement of
the corresponding B(E2%) value for ''2Sn. The literature
value [3] for !'2Sn is mainly based on two rather accurate
measurements [8,9], which differ by more than 11%. As
there is no explanation given for the discrepancy [9], a
detailed study of the reduced transition probabilities for the
tin isotopes requires an additional measurement. The present
experiment was performed at the Inter-University Accelerator
Centre (IUAC) in New Delhi. Two targets, ~0.53 mg/cm?
128n (99.5% enriched) and ''°Sn (98% enriched), were
bombarded with ®Ni ions at an incident energy of 175 MeV,
which is well below the Coulomb barrier, to ensure pure
electromagnetic interaction. In two consecutive experiments
the relative excitation strength of the 2% state in ''?Sn and
1168 was determined, with the first excited 27 state in 8Ni
used for normalization. This ensured that systematic errors
were excluded and the projectile excitation canceled in the
11280 /11680 y-ray yield ratio. The y-ray ratio is a direct
measure of the B(E2%) of "2Sn relative to that of ''°Sn.
Because the adopted B(E21) value for !'°Sn, 0.209(6) ¢ b?,
is an evaluation of 11 different experimental results [3], it
becomes a reliable and precise reference point.

Scattered projectiles and recoils were detected in an annular
gas-filled parallel-plate avalanche counter (PPAC), subtending
the angular range 15° < g, < 45° in the forward direction.
This detector was placed 11 cm from the target and was
position sensitive in both the azimuthal and the polar angles.
The azimuthal angle ¢ was obtained from the anode foil, which
was divided into 20 radial sections of 18° each. To measure
the polar angle ¥, the cathode was patterned in concentric
conductor rings, each 1 mm wide, with an insulating gap of
0.5 mm between them. Each ring was connected to its neighbor
by a delay line of 2 ns. The cathode signals were read out from
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FIG. 2. Kinetic energies of scattered *®Ni projectiles and ''?Sn
recoils detected in the angular range of 15° to 45° covered by the
PPAC. Dashed lines are based on two-body kinematics for a beam
energy of 175 MeV, whereas solid lines are corrected for energy
loss [10] in a 10-um Mylar foil, which was used as the entrance
window of the PPAC.

the innermost and outermost rings, and the ¢ information was
derived from the time difference between the anode and the
cathode signals. For technical reasons, only 14 of the anode
segments were used in the experiment. An entrance window
of 10-pum-thick Mylar was used for the PPAC, which reduced
the kinetic energy of both reaction partners. Whereas **Ni
projectiles could still be measured in the PPAC, Sn recoils
either were stopped in the entrance window or were close to
the detection limit. Figure 2 shows qualitatively the effect of
10-um-thick Mylar foil on the kinetic energy of both reaction
partners. In this way distant collisions (Ni detected in PPAC)
could be distinguished from close collisions (Sn detected).

De-excitation y-rays were detected in four clover detectors
mounted at ¢, ~ 135° with respect to the beam direction at
a distance of ~22 cm to the target. The ¢, angles for the
clover detectors were £55° and £125° with respect to the
vertical direction. Individual energies of the 16-Ge crystals
and common timing signals of the four clover detectors were
recorded in coincidence with the PPAC anode and cathode
signals event by event. Low-energy radiations were suppressed
using Cu, Sn, and Pb absorbers of thicknesses between 0.5 and
0.7 mm placed in front of the clover detectors. To avoid any
systematic error, the '>Sn and !'°Sn targets were used in turn
every 3 h, for a total measuring time of approximately 50 h.
Energy and relative efficiency calibrations were carried out
using a '3?Eu source.

III. DATA ANALYSIS AND RESULT

The particle identification and the particle position mea-
surement allowed for a precise Doppler correction of the mea-
sured y-ray energies. From the measured (¢, ¢) angle of the
scattered Ni projectiles, the velocities of both reaction partners
and the recoil angles could be calculated from two-particle
kinematics. In the analysis, an add-back procedure (applied to
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FIG. 3. Doppler-corrected y-ray spectra emitted from ''?Sn
target nuclei (top) and *®Ni projectiles (bottom) in the reaction
1128n(38Ni,¥Ni*)!2Sn at 175 MeV. Scattered **Ni projectiles were
detected in the PPAC and clover detectors were operated in the
add-back mode.

all four crystals within each Ge clover) and a Doppler shift
correction were performed for each clover detector (¢, ¢,)
event by event. Figure 3 shows the Doppler-corrected spectra
for '12Sn excitation (top) and ®Ni excitation (bottom) with
the dominating 2 — 07 transitions. Higher excited states
were not observed. A y-ray resolution of 13 keV (full width
at half-maximum; FWHM) was obtained for target excitation,
and 7 keV (FWHM) for projectile excitation, which results
from the finite solid angle of the y-ray detector (intrinsic
resolution, <3 keV).

From observation of the Doppler-corrected y-ray lines
corresponding to 2] — Og’s, transitions, the target and pro-
jectile excitation can be extracted. The B(E21) value of
128n was obtained from the experimental y-ray intensity
double ratio [1,("'*Sn)/1, C¥Ni)1/[ 1, (1'®Sn)/ I, (*®Ni)] of the
27 — 05, decays. This double ratio was corrected for the
different Ge detector efficiency (1.7%) and target enrichments
(1.5%). Coulomb excitation calculations were performed with
the Winther-de Boer Coulex code [11]. Calculations included
the feeding contributions from the 05, 25, 37, and 4] states
in "2Sn and !''9Sn, which were obtained from the known
excitation strengths given in Ref. [12]. In both cases the
summed intensity from decays of higher-lying states added
up to less than 2% of the 2 — 07 decay intensity, which
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agreed with our experimental findings. The calculated double
ratio changed by less than 1% when the feeding states were
neglected. The slowing-down of the projectiles in the targets
(0.8%), the uncertainty of the PPAC boundaries (0.5%), and
the adopted ''°Sn B(E21) value (3%) were also considered.
In the second step, the y-ray decay was calculated taking
into account the particle-y angular correlation (0.8%), the
internal conversion, and the finite geometry of the y detector.
The 05, — 2| matrix element in ''>Sn was adjusted in the
Coulex calculations to reproduce the experimental double
ratio. The resulting B(E2%) value in ''2Sn is 0.242(8) e? b.
It is consistent with previous values [3,13,14] but has a higher
precision. The error is the quadratic sum of the four individual
uncertainties mentioned previously and the uncertainty of
the y-ray intensities (1%). Because the largest contribution
to the error of ''2Sn and !'#Sn [7] results from the uncertainty
of the B(E2%) value in ''%Sn, the mass dependence was
determined with an even higher accuracy. Moreover, the
new result will influence the RISING data for '®®Sn that
were deduced relative to the adopted value for !''Sn. A
renormalization using our new B(E21) value for ''2Sn leads
to a value of B(E2%1) = 0.232(57) ¢? b? for '%8Sn.

IV. DISCUSSION

The experimental information in the B(E21) systematics
on tin isotopes with the new value of ''2Sn included is
presented in Fig. 4 and listed in Table I. It is apparent
that the result for ''?Sn is about 20% larger than that for
1208n, in contrast to the symmetric distribution expected
with respect to the midshell A = 116. According to the
seniority model the B(E21) values naturally decrease with
a decreasing number of particles outside the closed core. This
trend cannot be found in our data for '2Sn and "*Sn [7].
As the experimental B(E21) value already increases when

TABLE 1. Comparison of measured B(E2%1) values for Sn
isotopes with calculated data [18]. Experimental data on neutron-
deficient isotopes are averaged values from Refs. [6] and [15-17].

Isotope Ey+ (keV) B(E2%) e* b?
Exp RQRPA Exp RQRPA

102g, 1472.002) 1341 0.094
104gy 1260.1(3) 1001 0.185
106G 1207.7(5) 891 0.209(32) 0.235
108G, 1206.1(2) 940 0.224(16) 0.227
110§ 1211.9(2) 1014 0.226(18) 0.202
1128 1256.9(7) 1112 0.242(8) 0.176
14gp 1299.9(7) 1207 0.232(8) 0.155
1165 1293.6(8) 1236 0.209(6) 0.144
118Qn 1229.7(2) 1242 0.209(8) 0.146
1208 1171.3(2) 1269 0.202(4) 0.150
1228n 1140.6(3) 1296 0.192(4) 0.152
1248n 1131.7(2) 1340 0.166(4) 0.145
126, 1141.2(2) 1411 0.10(3) 0.126
128Gn 1168.8(4) 1537 0.073(6) 0.096
1308n 1121.3(5) 1751 0.023(5) 0.055
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FIG. 4. Experimental data on B(E2; 0], — 2) values in the Sn
isotope chain from the current result for 1128n and from Refs. [3,6,7],
and [15-17]. Dashed and solid lines show the predictions of the
large-scale shell model calculations from Ref. [6] performed with a

1008 core and a *Zr core, respectively.

going from ''%Sn to '!“Sn, it appears that proton excitations
play an important role in the transition. Banu et al. [6] include
up to 4p-4h proton core excitations in their calculations by
means of a seniority truncated model space outside of a *°Zr
core. Because of the seniority truncation in that calculation
the systematic trend in B(E21) values was retained. The
comparison between experiment and theory shows agreement
for the heavier Sn isotopes assuming a '°°Sn core. However, for
the lighter Sn isotopes asymmetry of the B(E21) systematics
is observed. This indicates a different character of the core
excitationsinthe N = Z and N > Z regions of the tin isotopic
chain.

With reference to Fig. 1, as already pointed out, there
seems to be a subshell closure at N = 64 for the Sn isotope
chain. Below this boundary, the level structure is dominated
by the (ds /2)2 and (g7/2)2 components, whereas the (1, /2)2
component governs the heavier Sn decay schemes. Around
N = 64, all single-particle configurations contribute approx-
imately equally and yield an increased excitation energy of
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the 27 states in ''*Sn and !'®Sn compared with the other Sn
isotopes. However, reduced transition probabilities test nuclear
structure in still greater detail than excitation energies, because
the former involve the wave functions of the initial and final
states.

Recently [18], the relativistic quasiparticle random-phase
approximation (RQRPA) has been applied to calculate the
energies of the first excited 2% states and corresponding
B(E217) values for tin isotopes with even mass numbers
A = 100-134. The great advantage of this RQRPA scheme
is that it is not necessary to assume an inert core and to
adjust parameters of the Hamiltonian from nucleus to nucleus
or region to region of the periodic table. In Table I we
compare the measured B(E217) values of the Sn isotopes
with the calculated data [18]. Considering that there is no free
adjustment of parameters or effective charges, the agreement
with the theoretical data is very good. The most important
feature is the asymmetric behavior of the B(E21) data with
respect to the midshell nucleus ''®Sn. It is interesting to note
that the same RQRPA calculations yield quite satisfactory
agreement also for the Ni and Pb isotopes [19].

In conclusion, the B(E2; 0;_ — 27 value in stable '12Sn
was measured relative to the well-known result for ''°Sn in
a Coulomb excitation experiment. The observation from the
experimental B(E2%) value increases upon going from '1°Sn
to '2Sn, which indicates that the generalized seniority scheme
fails to describe the B(E21) systematics for Sn isotopes. The
experimental data are also compared with RQRPA calculations
that predict the observed asymmetric behavior of the B(E21)
values with respect to the midshell nucleus with N = 66.
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