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Spherical proton-neutron structure of isomeric states in 123Cd
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The y-ray decay of isomeric states in the even-even nucleus '2Cd has been observed. The nucleus of
interest was produced both by the fragmentation of '3Xe and the fission of **U primary beams. The level
scheme was unambiguously constructed based on y y coincidence relations in conjunction with detailed lifetime
analysis employed for the first time on this nucleus. Large-scale shell-model calculations, without consideration
of excitations across the N = 82 shell closure, were performed and provide a consistent description of the
experimental level scheme. The structure of the isomeric states and their decays exhibit coexistence of proton,
neutron, and strongly mixed configurations due to v interaction in overlapping orbitals for both proton and
neutron holes.
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The development of the first generation radioactive beam
facilities over the last decade has allowed access to experi-
mentally very exotic nuclei with extreme proton-to-neutron
ratios. Neutron-rich nuclei close to the doubly magic nucleus

132Sns are relevant both for nuclear structure studies and
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for their implication for r-process nucleosynthesis. Hartree-
Fock-Bogoliubov (HFB) calculations with the Skyrme force
predict a reduction of the size of the N = 82 neutron shell gap
when approaching Z = 40 [1]. This effect has been attributed
to a reduction of the spin-orbit coupling strength caused
by the strong interaction between bound orbitals and low-j
continuum states. This is due to a large diffuseness of the outer
neutron distribution and its influence on the central potential
in exotic nuclei with large neutron excess. Dillmann et al. [2]
pointed out that the experimental Qg value of 130Cd, only
two proton-holes below '32Sn, was better reproduced by those
mass models that included “shell quenching” at N = 82 [3.4].
Moreover, the flattening of the Cd yrast 2 systematics from
126Cd to '?8Cd, two-proton holes and four- and two-neutron
holes with respect to 132Sn, respectively, and the indication of a
low lying 27 state in '3°Cd [5] have been interpreted as indirect
evidence of the reduction of the N = 82 neutron shell gap
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already at Z = 48. In the same work it has been suggested that
some collectivity persists in those very neutron-rich Cd nuclei
approaching the neutron shell closure. The recently reported
isomeric y decay in '3°Cd [6] that unambiguously established
the 2% excitation energy at 1325 keV concluded that there is
no evidence for shell quenching at that atomic number. This
conclusion is confirmed in a forthcoming publication where
the measurement of a core excited isomeric state in *'In [7]
is reported. However, the low value of the 2% excitation
energy in '28Cd is still an open question. Beyond-mean-field
calculations [8] attribute the anomalous behavior of the E(27)
in the Cd chain to the presence of quadrupole collectivity close
to the N = 82 shell gap as suggested in Refs. [5,9,10]. To shed
light on the structural aspects of the nucleus discussed above, a
study of high-spin isomers and their decay has been performed.
Recently, based on a similar experimental approach, however
without any time correlations, a level scheme for the near-yrast
states of '28Cd has been proposed [11].

Because high-spin isomeric states in the '*2Sn region can be
populated in fragmentation and/or fission reactions, the '22Cd
nuclei in this experiment were produced both in fragmentation
of a 136Xe primary beam at 750 MeV/u and average intensity
~7.4 x 10 ions/s and in fission of a 2*U primary beam at
650 MeV/u and average intensity ~2.7 x 10% ions/s delivered
by the SIS accelerator complex of GSI Darmstadt, Germany.
The Xe and U primary beams impinged on °Be targets of
4 g/cm? and 1 g/cm? thickness, respectively. The reaction
products were separated by means of the Bp-A E-Bp method
in the FRagment Separator (FRS) at GSI [12] operated in
achromatic mode. The identification was performed on an
event-by-event basis by measuring the time of flight between
two scintillator detectors placed in the intermediate and the
final focal planes of the FRS, the energy loss in two ionization
chambers, and the magnetic rigidity of the ions. Figure 1
shows an example identification plot for the nuclei produced
in the fragmentation reaction with the FRS set to optimize
the transmission of '*°Cd ions. In total 3.29 x 10° 28Cd
nuclei were identified. The ions were slowed down in an Al
degrader and stopped in a plastic stopper positioned at the
final focal plane of the FRS. The isomeric states populated
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FIG. 1. (Color online) Particle identification plot of the ion
production of 25% of the data from the fragmentation of a '¥*Xe
beam.
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in these reactions with a half-life long enough to survive the
flight through the FRS (/300 ns) come to rest in the stopper
and can be identified by their characteristic y-ray emissions.
The RISING Ge array placed in close geometry around the
stopper was used to measure the y radiation from the isomeric
decays. The array consists of 15 Ge cluster detectors [13]
from the former EUROBALL [14] spectrometer. By requiring
a coincidence between the identified ion and the detected y
radiation over a range from 0 to 23 us after implantation, the
detected y rays can be unambiguously assigned to the isomeric
decay of one particular isotope. The time was measured in
two independent electronic circuits: An analog branch with a
time increment/scale of 0.7 ns/ch and a digital branch with
25 ns/ch. The y -ray energy measurement ranged from 30 keV
to 6 MeV. The high efficiency [15] and granularity of this Ge
array in combination with the particle identification of the FRS
makes this setup a unique tool for y-ray spectroscopy studies.
The delayed y-ray singles spectrum measured following the
implantation of '2Cd is shown in Fig. 2(a). All previously
reported transitions [5,11] are visible and in addition two
strong lines at 69 and 1224 keV are observed for the first time.
The level scheme proposed in Ref. [11] will not be considered
further in view of the analysis presented in this work which
includes yy coincidences (Fig. 2) and half-life analysis
(Figs. 3 and 4). Based on these results the inferred level scheme
shown in Fig. 5 is discussed. The y-ray energies, their relative
intensities normalized to the most intense 646 keV transition,
and the half-lives of the isomeric states observed in '>Cd in
this experiment are summarized in Table 1.

In the y y coincidence analysis with an open time condition
(At = 23.254 pus) it was found that all strong y rays seen in
Fig. 2(a) belong to the main cascade with the exception of
the 1224 keV transition, which is not observed in coincidence
with the 440 and 785 keV lines. The coincidence spectrum
gated on the latter is shown in Fig. 2(b). The 785 and 646 keV
transitions were assigned from pB-decay studies in Ref. [5]
to form the 47 — 2% — 0% cascade. The ordering of these
two transitions is now unambiguously confirmed by the new
yy coincidence information. The 440 keV line was placed
feeding the 4™ state and decaying from the 1871 keV level.
Furthermore, a y y matrix was constructed requiring the time
difference between the two coincident y rays to be less than
125 ns. The spectrum obtained from this matrix by gating on
the 238 keV transition shows a strong reduction in the intensity
of the 646, 785, 440, and 1224 keV y rays when compared
to the 538 keV y peak as visible in Fig 2(c). Corresponding
coincidence relations were found by gating on the 538 and
69 keV peaks, with respect to the 238 keV intensity, and the
other lines. This observation indicates the existence of at least
two isomeric states with different lifetimes in '*2Cd. The time
distributions of the y rays below the 1871 keV level show
indeed two decay components while the 69, 238, and 538 keV
transitions decaying from the state at 2714 keV show only
a single exponential decay, resulting in an isomeric half-life
of 3.56(6) us for this state (Fig. 3). The half-life of the state
at 1871 keV was extracted from the y versus relative y-ray
time difference matrix between the 238 keV transition and
the y lines below that state. Under this condition, the time
distributions of the 648, 785, 1220, and 440 keV y rays show
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TABLE I. Experimental results and deduced spin and parity assignments for the excited states
in '2Cd. The y intensities are normalized to the 646 keV transition.

E; (keV) Ty (us) 71y E, (keV) 1, (%) exp
646 2+ s 0F 645.8(2) 100(5)
1430 4+ 5 2+ 784.6(1) 90(5)
1871 0.270(7) (57) = 4% 440.0(3) 84(4)
(57) = (2% 1224.0(6) 11(1)
2108 0.012(2)* (7)) = (57) 237.9(5) 39(2)
2195 (6%) = (4%) 765.0(3) 1.2(2)
2646 (8%) = (77) 537.6(2) 47(3)
(8*) — (6%) 450.43) 1.83)
2714 3.56(6) (10%) — (8*) 68.7(1) 5.2(5) 6.38(86)°

*Extracted from the energy versus relative time matrix gated on the 538 keV transition.
YExtracted from the yy matrix gating on the 238 keV transition.

a single exponential decay yielding a half-life of 270(7) ns
for the isomeric state. This type of analysis also allowed us to
determine the ordering of the 538 and 238 keV transitions.
The time distribution of the 238 keV line with respect to
the 538 keV transition exhibits a Gaussian shape with an
exponential tail. The centroid shift method [16] and the least
squares fit of the exponential component result in a half-life of
12(2) ns for the level at 2108 keV as shown in Fig. 4.

In addition to the strong y rays mentioned above, two more
weak transitions at 450 and 765 keV [Fig. 2(d)] are observed
in coincidence with the 646 and 785 keV lines and are not
present in the 538 keV y -ray gate. The 450 keV transition was
placed as preceding the one with 765 keV based on the weak
coincidence relations of the 450 keV y peak with the 238 and

440 keV transitions. These two y rays are not in coincidence
with the 765 keV transition. The 450 and 765 keV transitions
form a parallel branch with an intermediate level at 2195 keV
feeding the 4" state at 1430 keV. Their time distributions
corroborate a one component fit to the decay of the 2714 keV
level. The sum energy of the 538, 238, and 440 keV transitions
is equal to that of 450 and 765 keV lines forming a state at
2646 keV.

The spin and parity assignment to the excited states
is based on the electromagnetic transitions probabilities,
relative intensity balance, and inferred conversion coeffi-
cients. The isomeric state at 1871 keV decays mainly by a
440 keV E1 y ray to the 4T level with B(E1;(57) — 47) =
9.74(61) x 10~° W.u. and a parallel branch to the 2% by the

6000

%: : : f x10 Single :
4000 ¢ 3 8 3 3
3 S s : s
2000 g 2 ‘“&j y
350 L e = ‘ : i
250 g:(b) 2 % § J65keV 785 keV gated :
%) 150 %: Vi L 0759 760 770 80
f 50 ? ) ! \ ‘lw—w*-lu ! J L—I/ Ak Wl LiAnkh il .mu“mu ik Ll b i
0 E 3 : : . : . 237 keV gated
T 2000
3 E :
3 100
0 ? ‘ A ‘ ..P.""A v’n'l Py le"lvlvn‘nv ':“'A"'Avu"l’h'luﬂ .
12 :(d) N ‘ 765 keV gated ‘
8 5
4F ¥ |
E /- |
g: Ak . LA I
0 200 400 600 800 1000 1200 1400
Energy [keV]

FIG. 2. (a) Singles y-ray spectrum in coincidence with implanted '*®Cd ions. (b) Spectrum from the yy matrix gated by the 785 keV
transition with an open time condition applied (At = 23.25 us). (c, d) Spectra obtained from the yy matrix gated by the 238 and 765 keV
transitions with the condition that the time difference between coincident y rays is less than 125 ns, respectively.
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1224 keV E3y line with B(E3;(57) — 27) =0.125(13)
W.u. This E3 strength is comparable to the value B(E3; 7~ —
47y =0.133 W.u. in '®Sn [17] four-neutron holes in the
doubly magic '*?Sn. An E4 character for the 1224 keV
transition would not account for the experimental half-life;
therefore, /™ = (57) is assigned to the 1871 keV level.
The multipolarity assignments for the 238, 450, 538, and
765 keV transitions are based on the following arguments.
The 2108 keV isomeric state decays by the 238 keV tran-
sition with B(E2;(77) — (57)) = 1.5(3) W.u. strength, a
value comparable with the E2 strength of a correspond-
ing transition in the isotone 130Sn [18]. The 2646 keV
level decays by the emission of a 538 keV y ray to the
2108 keV level and via a weak 450 keV transition to the
2195 keV state. The B(E1;87 — 77) > 3.5 x 107® W.u.
strength in '3°Sn [18] would correspond to a half-life of
<0.5 ns for the 2646 keV state that cannot be excluded from our
data. Within the experimental sensitivity the 538 keV transition
is emitted promptly after the 69 keV y ray. Because the spin
difference between the 1430 and 2646 keV levels is 47, both
the 450 and 765 keV y rays must be E2 transitions. The
assignment of a higher multipolarity to any of those transitions
would lead to a half-life longer than 50 us for the 2195 or
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FIG. 4. Time distribution of the 238 keV line with respect to
the 538 keV transition. The curve represents the result of the single
exponential fit.

2646 keV states. The latter is therefore assigned to I™ =
(8T). The exchange of the spin and parity for the 2108 and
2195 keV levels would be at variance with the nonobservation
of a 325 keV transition feeding the 1871 keV state. Therefore
I™ = (77) is assigned to the 2108 keV level and 1™ = (6™)
to the excited state at 2195 keV. The isomeric state at
2714 keV excitation energy was attributed spin and parity
(10%). It decays by a 69 keV E2 transition of 0.39(1)
W.u. strength to the 2646 keV level. The experimental
conversion coefficient for this y ray was extracted by intensity
balance arguments to be 6.38(86) in agreement with the
theoretical value of oy (E2) = 5.9, thus corroborating this
assignment.

The experimental data were compared to the results
of large-scale shell-model (LSSM) calculations performed
in a model space based on a ’Ni core, comprising
the proton 7(ps/2, P12, f5/2, 89,2) and neutron v(g7,2, 51,2,
ds;2, d3 2, hyiy2) orbitals. The effective interaction was derived
from the CD-Bonn nucleon-nucleon potential [19] using G-
matrix theory and adapted to the model space using many-
body perturbation techniques [20]. Monopole corrections were
applied to reproduce correctly the excitation energies of
the neutron-rich nuclei below 32Sn [21]. In particular, the
evolution of the 1/27 and 9/2* proton doublet along the
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FIG. 5. Comparison of the deduced experimental level scheme for
the isomeric deexcitation of '?*Cd (left) with shell model calculations
(right).
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indium chain and the neutron level schemes along the tin chain
were reproduced. Because the adjustment of the monopole
component of the interaction is part of a general shell model
interaction study of the "®Ni to '*?Sn model space [22], no
further modifications specific for 'Cd were applied. The
calculations were performed with the codes ANTOINE and
NATHAN [23]. Electromagnetic transition rates were calculated
with a standard common polarization charge of 0.5 e for both
protons and neutrons.

In Fig. 5 the experimental level scheme is compared to the
LSSM calculations. The overall agreement between theory and
experiment is satisfying in view of the fact that the spectrum
is a priori rather complex with the coexistence of proton
and neutron states. In particular, the high lying 85 and 10"
states have predominant hl_lz/2 neutron character (cf. '3°Sn)
and are correctly located with respect to the 07 — 8Y'g9_/22
and 47,57, g9_/12 pl_/l2 proton multiplets (cf. 130Cd). The shift
in the excitation energies of the 27 and 4% states reveals
the ground-state sensitivity to the mixing between the 7 gg/»
and 7 py > proton configuration. An additional binding energy
added to the p;, single particle orbital would reduce the
mixing and bring the results in agreement for the 2% and
4% states, however, at the cost of spoiling the location of
the 57 level. The latter with a predominant g;/lz pf/lz proton
configuration (70%) is well reproduced in the calculation,
whereas a slight discrepancy concerns the 7~ level dominated
by the (d3/2)_1(h11 /2)_1 neutron configuration that can be
possibly traced back to the 77 gg/>vd3/, monopole. The 6 has
a mixed configuration proton-neutron wave function, which
explains why it is populated from the neutron 8;’ and lies well
below the proton 8 state, which is not seen in experiment
(see below). Excellent agreement is, however, found for the
energy of the isomeric 10 state. It appears to be formed
mainly (86%) by the two maximum aligned neutron holes in
the hyy, orbital and decays by an E2 transition to the 8; state
dominated as well by the two-neutron hole configuration. The
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calculated 8 state at energy of 2446 keV is found to have
a pronounced (64%) proton component that explains why it
is not populated in the isomeric decay of the neutron 10%.
The E2 theoretical transition rates of B(E2;10T — 8;’ )=
0.59 W.u. and B(E2;7~ — 57) = 0.83 W.u. agree well with
the experimental values 0.39(1) W.u. and 1.5(3) W.u., respec-
tively. The B(E2; 10* — 8]) = 0.15 W.u., though smaller by
a factor of four compared to the transition to the 81, matches
nonobservation only if the two 8% states are experimentally
close in energy.

Summarizing, three isomeric states have been identified
with the RISING Ge array in combination with the event-by-
event particle identification by the FRS. The yy coincidence
and lifetime analysis allowed the construction of the level
scheme populated following decays from isomeric states in
128Cd. The experimental data indicate that the isomeric decay
pattern is selective to the structure of the populated states and
their leading 7 or v configuration. This conclusion is further
supported by comparison to LSSM calculations that yield
an overall good agreement and additionally strengthen the
spin and parity assignments. The deviations in level energies
between experiment and shell model at intermediate spins
reveal the need for a further adjustment of the interaction
that could be achieved by minor monopole corrections in
those multiplets that are experimentally not well determined
in the benchmark nuclei used so far. Theoretical work in the
framework of a general shell model study of the 7®Ni to '32Sn
model space is in progress [22].
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