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The reduced transition probabilities, B(E2;04. — 2{), have been measured in the radioactive
isotopes 1°%1%6Sn using sub-barrier Coulomb excitation at the REX-ISOLDE facility at CERN.
Deexcitation v rays were detected by the highly segmented MINIBALL Ge-detector array. The
results, B(E2;'°®Sn) = 0.222(19)e’b? and B(£2;'%° Sn) = 0.195(39)e’b? are ~ 30% larger than
shell-model predictions and deviate from the generalized seniority model. This experimental result
may point towards a weakening of the N = Z = 50 shell closure.

PACS numbers: 23.20.Js, 21.60.Cs, 25.70.De, 27.60.+]

One of the pressing questions in nuclear physics to-
day is whether the shell closures that are well established
close to (-stability remain so also for isotopes with a more
extreme proton-to-neutron ratio. Newly developed facil-
ities that produce well-focussed radioactive ion beams
now make it possible to address this issue experimen-
tally. One approach to this question is to measure the
reduced transition probabilities — the B(E2; 08, — 27) ~
for specific nuclei in the vicinity of the shell-closure under
study. In the case at hand here, the 1°°Sn shell closure,
it is consequently of significant interest to determine this
B(E2) in the sequence of neutron deficient even-mass
Sn isotopes. Recent measurements of this quantity in
110,108Gy [1-3] consistently deviate from the broken-pair
model as given by the generalized seniority scheme [4]
and from large-scale shell-model calculations [1]. Paral-
lel work [3], to what we present here, using intermediate
energy Coulomb excitation suggests a constant trend of
the reduced transition probabilities extending to °6Sn.
Such a trend is at variance with the seniority model. In
this paper we report results from the first measurements
of 108:1068py ysing sub-barrier Coulomb excitation. This
is the only experiment so far for 1°6Sn that has allowed
for complete control of the scattering process and thus

explicitly fulfills the conditions for safe Coulomb exci-
tation. Our result still deviates significantly from the-
oretical predictions but indicates a decreasing trend of
the B(E2) with a decreasing number of valence parti-
cles outside of the '°°Sn core. It has been suggested
that the current disagreement between published results
and model prediction could possibly be attributed to ex-
perimental normalization effects [5]. For this reason we
note that with this paper three different normalization
methods have been used, all yielding similar results for
110,108Qy . Thus, it appears that the difference between
theory and observation is of physical origin. In conclu-
sion, the seniority model describes the structural evolu-
tion of the neutron-rich Sn isotopes well but as the struc-
ture becomes dominated by the v(0g7/21ds5/2) orbits this
interpretation appears to break down.

The experiment was carried out at the REX-ISOLDE [6]
facility at CERN. The radioactive beams were produced
by bombarding a 27 g/cm? LaC, primary target by 1.4
GeV protons delivered by the CERN PS Booster. Atomic
Sn was singly ionized using a resonant three-step laser
scheme and subsequently extracted by an electric poten-
tial. Beams with mass numbers A=108 or A=106 were
selected by electromagnetic separation using the General
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FIG. 1: Energy and angle of the scattered beam and target
particles as detected by the DSSSD. The kinematical cuts
used to distinguish between ejectiles and recoils are imposed.
The corresponding plot for the 1°°Sn case is similar.

Purpose Separator of the facility. The half-lifes of °Sn
and %6Sn are 10.30(8) min and 115(5) s [7], respectively.
The beam was charge bred for 67 ms in an electron beam
ion source [8] in order to reach the 26" charge state
used for post-acceleration. The final energy was 2.82 and
2.83 MeV/u for the A=108 and A=106 beams, respec-
tively. This is well below the safe bombarding energy
[9] of ~ 3.6 MeV/u, assuming a safe distance of 5 fm.
The 2 mg/cm? ®Ni target was isotopically enriched to
99.9%. The first excited 2% state in ®®Ni, used for nor-
malization, is located at 1454 keV, and has an adopted
B(E2;0/, — 2{) = 0.0705(18) e*b? given by ENSDF [7].
Emitted ~ rays were registered in the MINIBALL [10]
detector array which surrounds the target in a close to
47 configuration. Energy and scattering angle of ejectiles
and recoils were detected by a pixelated circular double
sided silicon strip detector (DSSSD) [11] placed 30 mm
downstream from the target (Fig. 1). Data were recorded
using two trigger conditions. The first one was activated
by particle-y coincidence events with a time window of
800 ns and the second one by events arising from one or
more particles detected in the DSSSD. The latter trigger
was downscaled by a factor of 26. Ejectiles and recoils
were easily separated due to the inverse kinematics and
mass difference between target and beam particles. In
brief, the results presented in this paper were obtained
with the following conditions on the data:

e Coincident particle-y events.
e Kinematical separation of ejectiles and recoils.

e Selection of 2p events and kinematical reconstruc-
tion using 1p events.

Figure 2 shows the Coulomb excitation ~y-rays peaks
in the spectrum after imposing the analysis conditions
and correcting for Doppler broadening. The lasers were

switched on and off with 14.4 s intervals for one hour
every three hours throughout the experiments in order
to measure the composition of the scattered beam over
time. Using this information, in combination with the
constant cross section for the Coulomb excitation of the
contaminants, the respective Sn fractions could be de-
termined over the full duration of the experiments and
were 59.0(27)% and 29.2(42)% for the 1°®Sn and 19°Sn
beams, respectively. Moreover, the linear correlation co-
efficient between the laser power and the number of de-
tected 1°8Sn particles were also determined and was 0.90.
This allowed for a consistency check of the 198Sn con-
tent of beam. Details regarding the data analysis will
be published in a forthcoming paper [12]. The B(E2)
values were extracted from the experimental data using
the coupled-channels Coulomb excitation code GOSIA2
[13]. One should note that the static quadrupole mo-
ment Q(2]) in 12Sn is consistently 0 b [14]. For this
reason a Q(21) = 0 b was used also in the current analy-
sis. Input parameters and results are displayed in Tab. I
and in Figs. 2 and 3. These results deviate from the

TABLE I: The two rightmost columns give background infor-
mation as well as results for the two cases discussed in the
text. The Coulomb excitation yields were extracted from the
bin content of the relevant peaks. The last row gives the
resulting B(E2) values.

Data A = 108" A = 106"
E(27) [keV] 1206 1206
Bin L, (Ni) 576.5(335) 206.5(149)
Bin 1,(Sn) 994.0(383) 132.5(144)
FWHM(Sn) [keV] 19.3(8) 22.5(26)
FWHM(Ni) [keV] 33.1(18) 26.5(24)
B(E2;1) [¢°b?] 0.222(19) 0.195(39)

22.82 MeV /u 1%8Sn on 2.0 mg/cm? 38Ni.
b2.83 MeV/u 1%6Sn on 2.0 mg/cm? 58Ni.

theoretical prediction by more than 1o. As mentioned,
according to the seniority model the B(FE2) values natu-
rally decrease with a decreasing number of particles out-
side the closed core. This trend can be noted in our
data (Fig. 3) especially for °°Sn. The significance of the
current results can be understood as follows. The rela-
tive uncertainty for our '°®Sn and '°Sn measurements
are 8.6% and 20.0%, respectively. The uncertainty for
the 1°8Sn measurement reported in Ref. [1] was 24.8%
whereas the corresponding total uncertainty for the of
108Gn and 1%6Sn measurements in Ref. [3] was 17.0% and
24.3%. Taking the weighted mean between our result
and the two aforementioned '°®*Sn measurements gives a
B(EZ;O%"S — 27) = 0.224 £ 0.016 b2, i.e. a relative
error of 7.1%. Similarly, the weighted mean between our
result and the single measurement of Ref. [3] for 19°Sn
gives a B(E2;04 — 27) = 0.209 £ 0.032 e?b?, ie. a
relative error of 14.3%. We again note that the present
experiment for 1°6Sn is currently the only one to explic-
itly fulfill the safe condition.
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FIG. 2: 2p + 1p Doppler corrected y—ray spectra from the 1°8Sn and 1°6Sn experiments. The peak indicated by B comes from
two closely located '°®In decay ~-rays that merge due to Doppler correction. The v-ray marked with e is the deexcitation from
the 8T state at 1117.8(2) keV to the 7T ground state in '°°In [15]. Similarly the y-ray marked with o is the deexcitation from
the 97 state at 1307.08(7) keV to the ground state in the same nucleus.
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FIG. 3: Left panel; experimental and theoretical B(F2) values. The dashed curve represents the result from a shell model
calculation using 1°°Sn as core and a v(g7/2,d, s, h11/2) model space with a neutron effective charge e¢;; = 1.0e. The solid line
corresponds to using %°Zr as core and a 7(g,d, s)-v(g7/2,d, 5, h11/2) model space with eg;; = 0.5e. Right panel; weighted mean
B(FE2) values for the '06:108:1108y isotopes. Filled circles represent the weighted mean values including the REX result. See

the text for details.

The relative purity of the low-energy excited states in
the even-mass Sn isotopes make them suitable for a shell-
model analysis. The relevant model space for neutrons
and protons outside of the '°°Sn core consists of the
1ds /2097 /2281 /21d3/20hy1 /2 orbits. The first orbit imme-
diately below the N = Z = 50 shell gap is 0gg/o. It
is natural to assume that the missing 0, — 27 transi-
tion strength, for the °°Sn core calculation (see Fig. 3),
can partly be accounted for by proton core-excitations.
Similarly, neutron excitations across the shell-gap would
also increase the E2 strength. These excitations would
be enhanced by a strong E2 coupling between the 0gg /o
and 1ds/o orbits. Since the 0g7/o1ds/, orbits start to
dominate the configurations with a decreasing number of
neutrons outside the core the available phase space for
excitations of this kind increases. However, as the exper-
imental B(E2;04 — 27) increases already when going
from '6Sn to '4Sn it appears that proton excitations
play an important role in the transition. A shell-model

calculation based on an extended model space that in-
cludes a limited number of Ogg/o protons and neutrons
is on the verge of computational feasibility. It should
be noted that a coupling to orbits outside of the model
space is approximately accounted for in many-body the-
ory by the perturbative construction of the effective in-
teraction [16]. Previous calculations based on a 19°Sn
core indicated the need for an explicitly expanded model
space. Banu et al. [1] included this effect up to 4p — 4h
proton core-excitations by means of a seniority truncated
interaction outside of a °°Zr core. Due to the senior-
ity truncation in that calculation the symmetric trend
of the B(E2) values were retained. The impact of core-
excitations on the 0}, — 21 transition probability de-
pends in part on the Ogg/» — 1ds/» energy separation,
E,y. In a limited 0glds/, neutron model space a ~ 50%
increase of the B(E2) can be noted with a ~ 50% reduc-
tion of £, from 6 MeV to 3 MeV. Neither the proton nor
the neutron Ogg /121d5 /2 coupling strength is known from
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FIG. 4: Theoretical B(E2) values given in e*b? for the even
Sn isotopes. The first two calculations are identical to the
ones presented in Fig. 3. The %°Zr core calculation was senior-
ity truncated and based on a monopole corrected CD-Bonn
interaction [1]. The remaining calculations are based either
on the N3LO interaction or a more recent CD-Bonn interac-
tion. The number of excitations allowed in the perturbative
scheme is here 5hw. Whether the interaction incorporated
charge symmetry breaking (CSB) and charge independence
breaking (CIB) is indicated in the legend.

experiment. The so-called monopole drift of the single-
particle orbits can play a key role in self-conjugate nuclei.
It was shown in Ref. [17] that the interaction between
neutrons and protons in j = ¢ + 1/2 orbits modify the
effective single particle energies, as observed for instance
in [18]. With this line of reasoning, the neutron-deficient
Sn isotopes could exhibit a tendency for the proton Ogg /o
to become less bound as the number of neutrons in 0gz/;
decreases. This type of single-particle drift was also ob-
served in the Zr (Z = 40) isotopes as pointed out in
Ref. [19]. Further experimental evidence for monopole
drift along isotone chains come from (d,p), and (d,t)
reactions [20]. Experimental analysis of isomeric core
excited states in ?®Cd gives a '°°Sn shell gap of ~ 6.5
MeV for both neutrons and protons [21]. In a similar

fashion the energy of the 25/2% level, with a dominat-
ing y()gg’/l2 component, in 2Cd points towards a shell
gap of the same size [22]. However, recent experimen-
tal results concerning the three first excited states in the
N = Z + 2 nucleus ''%Xe instead point towards a pos-
sible weakening of the N = Z = 50 shell closure [23].
Clearly, a strong shell-closure is only consistent with the
experimental data presented here if the above mentioned
core excitations can be proven to account for the en-
hanced transition strength. For this paper we have ex-
panded the shell-model calculations in Ref. [1] by using
two more recent nucleon-nucleon interactions (see Fig. 4).
One, based on chiral effective field theory, N3LO [24], in-
cludes pions and nucleons as the only effective degrees
of freedom. The other one is a more recent type of CD-
Bonn interaction [25]. In contrast to the calculations in
Ref. [1] these two interactions include Coulomb effects
and explicitly break the charge symmetry and charge in-
dependence between the nucleons. The divergent two-
body matrix elements were renormalized using G-matrix
theory [16] and subsequently tailored to the model space
using many-body perturbation techniques [16]. Interac-
tion terms of two-body matrix elements up to third order
were included in this treatment and the maximum en-
ergy of intermediate excitations was increased to a limit
of 5Aw. As can be seen in Fig. 4 the trend of the B(E2)
values is sensitive to the coupling to orbits outside of the
model space. In particular, the calculations now show an
interesting deviation from the symmetry expected in the
seniority model.

In this paper we have reported on Coulomb excitation ex-
periments using 1°%:1%6Sn beams at REX-ISOLDE. With
this the B(E2) systematics now extend down to %6Sn.
Calculations using the N3LO nucleon-nucleon interaction
and a recent CD-Bonn interaction show an interesting
deviation from the symmetric trend predicted by the se-
niority model but still do not reproduce the experimental
data. This shows the need for further theoretical inves-
tigations of the microscopic description of the nucleon-
nucleon interaction as applied to the 199Sn shell closure.
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