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Isomer spectroscopy of '’Cd
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The spin and configurational structure of excited states of '2’Cd, the two-proton and three-neutron hole neighbor
of '328n, has been studied. An isomeric state with a half-life of 17.5(3) us was populated in the fragmentation
of a 13Xe beam on a *Be target at a beam energy of 750 MeV /u. Time distributions of the delayed y transitions
and yy coincidence relations were exploited to construct a decay scheme. The observed yrast (19/2) isomer is
proposed to have dominant configurations of v(h 1_13/2)71 (gg_/12, pl_/lz), v(h l_lz/zd;z)n(g;/zz), and v(hl_12/2, sl_/lz)n (gg_/zz)
and to decay by two competing stretched M2 and E3 transitions. Experimental results are compared with the
isotone '2°Sn. The new information provides input for the proton-neutron interaction and the evolution of neutron
hole energies in nuclei around the doubly magic '32Sn core.
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I. INTRODUCTION nucleon-nucleon interaction in a neutron-rich environment.
The astrophysical rapid-neutron capture process, responsible
for the synthesis of heavy neutron-rich nuclei in nature,
follows a path along the N = 82 line up to Z = 48. To test
the theoretical models describing this process in the region
around A = 130, the availability of experimental data on the
evolution of the N = 82 shell gap is crucial. The predicted
reduction of this gap [1,2] led to the recent investigations
on the structure of '3°Cd [3] and '3'In [4]. The energy of
the first excited 2% state in '*°Cd indirectly points toward a
robust shell closure at N = 82, which was confirmed by a
direct measure of the shell gap in Ref. [4]. Missing evidence
for a shell quenching in all these cases calls for a need to

The region around doubly magic '3>Sn has been a subject
of intense research because of its several interesting features.
Few valence particles and holes outside the inert core make
these nuclei key points in studying the shell structure and
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FIG. 1. Left: Z information provided by the two ionization
chambers. Right: A/Q selection for Cd isotopes.

revealed in theoretical studies [8]. To gain more insight on
this issue and to extend the study of structure evolution in the
Cd chain to the odd isotopes, a detailed examination of the data
from an experimental campaign performed at the FRagment
Separator (FRS) [9] at GSI was done. A level scheme for
127Cd supported by the detailed experimental information
including coincidence relations and isomeric half-life has been
constructed for the first time in the present work.

II. EXPERIMENTAL TECHNIQUE

Isomeric decays of '>’Cd were observed following the
relativistic fragmentation reaction of **Xe beam at an energy
of 750 MeV/u on a °Be target of 4g/cm? thickness. The
neutron-rich Cd isotopes were produced in two different
settings of the FRS, one optimized for the maximum trans-
mission of '3°Cd and the other one tuned to predominantly
transmit '2Cd. To select the ions of interest from the reaction
products the standard Bp-A E-Bp method was employed and
the FRS was operated in its achromatic mode. Event-by-event
identification of the particles in terms of their mass (A) and
charge (Z) was done by measuring the time of flight between
two scintillator detectors separated by a distance of 35 m and
the magnetic rigidities providing the A/Q ratio. Energy loss
information in two ionization chambers served to determine
the atomic number Z. Corresponding plots of Z and A/Q
identification are shown in Fig. 1. Isomers populated in the
reaction, having lifetimes long enough to be able to reach
the final focal plane, were implanted in a plastic catcher,
surrounded by 15 Ge cluster detectors from the RISING
array, arranged in close geometry [10]. Coincidence between
the implanted '”’Cd ions and the detected y rays within a
time range of 50 us ensured an unambiguous assignment
of the detected radiations to the decay of the isomeric states
of the ions. Stringent conditions imposed on the selection
procedure of the FRS along with a clean identification of the
particles enabled the observation of 7.2 x 10° '’Cd ions in
total from the two settings.

III. EXPERIMENTAL RESULTS

A singles y-ray spectrum containing five y transitions
assigned to the decay of the isomer in '>’Cd is shown in
Fig. 2. So far y transitions in '>’Cd were identified in two
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FIG. 2. (Color online) Singles y-ray energy spectrum of '2’Cd.
Background lines are marked with *. Inset: The sum of time
distributions of the 711-, 739-, 821-, and 849-keV transitions with
a single exponential decay fit.

previous experiments. Hellstrom et al. [11] assigned four y
transitions at energies of 710, 738, 820, and 342 keV to the
isomeric decay. In the work of Hoteling et al. [12], apart from
the two previously observed 738- and 820-keV y rays, two
new y transitions at energies of 770.9 and 908.0 keV were
identified. Though a level scheme for '?’Cd was constructed
only in the latter paper, it was merely based on the systematics
of known neighboring odd-mass Cd isotopes owing to low
statistics and lack of lifetime information. In our experiment
the previously reported y transitions at energies of 739, 821,
and 711 keV were affirmed and two new y rays at energies
of 110 and 849 keV were identified. However, the 771- and
909-keV transitions reported in Ref. [12] and the 342-keV
transition reported in Ref. [11] could not be confirmed in the
present work. The newly observed yy coincidence relations
of the five transitions associated with the isomeric decay in
127Cd are shown in Fig. 3. Coincidences were investigated for
two different coincidence time windows of 100 ns and 50 us.
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FIG. 3. yy coincidence spectra with a coincidence window
of 100 ns. Inset: Zoomed-in region of the respective weak
coincidences.
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TABLE I. Summary of the measured half-lives and spin and parity assignments of the
levels in '?Cd. Energy of the states are with respect to the (11/27) 8~ decaying isomer.
The y intensities are normalized to the 739-keV transition.

E +x T\, Transition E, T\, I,
(keV) (us) J—>1 (keV) (us) (%)
711 13/27) - (11/27) 711.2(2) 17.1(8)° 23.009)
821 15/27) - (11/27) 821.2(2) 17.7(4)° 91.8(30)
15/27) - (13/27) 110.4(2) 17.5(12)° 6.2(6)
1560 17.5(3)* 19/2%) — (15/27) 738.8(2) 17.6(4)° 100.0(31)
(19/27) — (13/27) 848.9(2) 17.9(6)° 17.3(7)

“Extracted from the fitting of the sum of time distributions of the 711-, 739-, 821-, and
849-keV transitions with a single exponential decay function.
PExtracted from the fitting of the time distribution of corresponding individual y transition

with a single exponential decay function.

Comparable relative intensities of all the y transitions in the
aforementioned conditions established the presence of only
one isomer in the decay.

The proposed level scheme for '?’Cd is based on the
following arguments. The two most intense y transitions of
739 and 821 keV most likely form a single cascade, which
is confirmed by their mutual coincidence shown in Fig. 3(b).
The 711- and 849-keV lines have similar intensities and are in
coincidence [see Fig. 3(a)], which points toward the existence
of a second cascade in the decay. The sum of energies of
the 739- and 821-keV lines is equal to that of the 849- and
711-keV lines. Also, the absence of coincidence between
these two cascades confirms that they are parallel competing
branches. Observation of a 110-keV transition coinciding with
the differences in energies of the 849- and 739-keV lines and
the 711- and 821-keV lines suggests that an intermediate level
is present, fed by the 110-keV transition. Coincidence between
110-keV and 711- or 739-keV lines supports the argument
of an intermediate level connecting the two cascades via the
110-keV transition. The lifetime analysis based on the single
exponential decay fit of the summed time distributions of
the 711-, 739-, 821-, and 849-keV transitions is shown in
the inset of Fig. 2. A half-life of 17.5(3) us was obtained
for the decaying isomer. The fit of the time distributions of
individual y lines with the same function as described here was
also performed and the results are listed in Table 1. Because
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FIG. 4. Relative time distribution of the 739-keV transition with
respect to the 821-keV transition. The spectrum shows a symmetric
distribution.

the 110-keV transition has a relative intensity of only 6%,
the presence of a 115-keV background line in its vicinity
made the background subtraction difficult. This resulted in
a comparatively larger error in the measured value.

From the half-life information and the inferred reduced
transition probabilities, the multipolarity of the y transitions
is determined. Owing to similar energies and same half-lives
of 711-,739-, 821-, and 849-keV lines, all four of them qualify
to be either M2 or E3, if one assumes that the isomerism is
caused by any of them. Hence the ordering of these transitions
could not be determined based on the experimental data. The
relative time between the 739- and 821-keV transitions shows
a symmetric distribution (see Fig. 4) within an electronic
resolution of 0.7 ns. This implies that the state depopulated
by the 110-keV line in competition with the 821- or 739-keV
transitions has a half-life of less than 10ns since a longer
lifetime would lead to clear asymmetries as observed in the
case of '28Cd [7]. Only an M1 character of the 110 keV
transition would be compatible with this upper half-life limit.

IV. DISCUSSION

Spins and parities were assigned to the excited states in
127Cd on the basis of intensity balances, reduced transition
probabilities, and the experimental information on the level
scheme of the '2°Sn isotone [13]. According to the 8~ decay
studies of '?7Cd, (3/27) is assigned to the 8~ decaying ground
state [14] with pure vd3,, neutron character. The systematics
of odd-mass Cd and Sn isotopes [12,13] confirms that the
y-decaying isomer is built on a (11/27) state. Owing to the
large spin difference and long partial lifetime, y transition
between the (11/27) and (3/2%) states is not observed and
thus the former decays by a B~ emission. From the existing
experimental evidence it cannot be firmly established whether
the (3/2%) or the (11/27) state is the ground state. '?°Sn
having the same number of neutron holes in the '32Sn core
as '27Cd provides the best case for comparison. Since in '2Sn
isomerism is mainly caused by E2 transitions of very low
energies or a hindered M2 (19/2%) — (15/27) transition, a
similar explanation was assumed to be the reason of isomer
formation in '?’Cd by Hellstrom et al. [11].
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In '2’Cd a (19/2%) — (15/2%) E2 spin trap analogous
to the one observed in '®Sn given the half-life of 77/, =
17.5 pus would require a nonobserved transition of ~30 keV
and the observation of two competing E1 transitions,
(15/2%) — (15/27) and (15/2%) — (13/27), with similar
intensities. But the encountered branching ratios of 849 keV
with respect to 739 keV and of 711 keV with respect to
821 keV rules out this possibility. Alternatively, ifa 15/2% state
happens to lie above the 19/2% state causing an isomer, the
fast 15/2% — 15/2~ and 15/2% — 13/2~ transitions would
not let the corresponding state be isomeric with a half-life
of 17.5 us. Hence we can conclude that an M2 transition
from (19/2%) to (15/27) in competition with an E3 transition
from (19/2%) to (13/27) is responsible for the measured
half-life of the isomer. This argument allowed us to assign
a spin of (19/21) to the decaying isomeric state. The decay of
the intermediate state is governed by a competition between
the 110- and 821- or 849-keV transitions. The experimental
branching ratios for the 110-keV y line in the two cases
are ~6% and 26%, respectively, while the expected value
from the energy scaling of two such M1 transitions of equal
reduced strength is ~0.5%. Therefore, this intermediate state
was assigned to have spin-parity (15/27), depopulated by a
competition of a 110-keV M 1 transition and a 821- or 849-keV
E?2 transition. Owing to the uncertainty in the ordering of y
rays just discussed the intermediate states at 711 and 821 keV
shown in the level scheme in Fig. 5 (EXP) could lie at 739
and 849 keV instead with respect to the (11/27) state. So two
possibilities for the experimental level scheme of '?’Cd are
proposed, one shown in Fig. 5 and the other with reversed
ordering of the 739- and 849-keV transitions and the 821- and
711-keV transitions.

A. Shell-model interpretation

Two theoretical shell-model approaches employing differ-
ent model spaces and interactions were used to investigate the
nuclear structure evidence of the experimental data. In the first
one a model space 7 (p1/2, 89/2)v(ds)2, 872, S172, d3y2, h11)2)
outside a 38Sr core was chosen (i.e., core excitations across
the Z = 50 and N = 82 shells are not considered). The
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FIG. 5. The proposed level scheme for ?’Cd and the theoretically
calculated excited levels by SM and LSSM.
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residual interaction is based on a G matrix derived from
the CD-Bonn nucleon-nucleon potential [15] and core po-
larization corrections for a ®8Sr inert core following the
many-body approach outlined in Ref. [16]. Monopole tuning
following A~!/3 scaling of the two-body matrix elements
(TBME) was performed to reproduce the single hole energies
(SHE) in '32Sn as described in Refs. [3,13]. For the open
proton-neutron (;r v) space two modifications were introduced.
First the underbound 7 g9/ svh1/2, I7=17,100 TBME were
increased by —500 and —600 keV, respectively, keeping
the multiplet monopole constant. This is necessary to repro-
duce the ground and isomeric states in 13013 [14]. Second, to
increase the collectivity in the (7 v) shells, the dominating
binding (negative) diagonal mv TBME mgo,vhii; and
7 p1,2vhi1)2 were enhanced by a monopole shift of —100 keV.
To maintain the SHE for '32Sn, the experimentally unknown
vhi1/2 SPE in ®8Sr was increased by +1.2 MeV. Further the
(vh1y /2)5 + TBME was reduced by —150 keV, keeping the
monopole of the multiplet constant, to improve the agreement
in the even Sn isotopes. With these modifications, referred
to as SM, the agreement with experiment in '>8Cd [17] and
127Cd is greatly improved, though the (13/27) — (15/27)
sequence in the latter is not fully reproduced (Fig. 5). Further
details will be given in a forthcoming paper [17]. Effective
charges e, = 1.5¢ and e, = 0.7¢ for protons and neutrons

and a spin g factor of g, = 0.7gsfree for magnetic transitions
were used [3,13]. Calculations were performed with the code
OXBASH [18]. In the second approach an extended model space
7 (p3s2, P12, f502, 89,2) v(ds)2, 872, 5172, d3 )2, h11/2) outside
8Ni was chosen with an interaction derived from the CD-Bonn
nucleon-nucleon potential using the same method as just
described, but for an inert "®Ni core [7]. Monopole tuning was
performed to reproduce the experimental SHE for '32Sn and
levels in neighboring Sn isotopes, the N = 82 isotone *°Cd,
and the 7 ~'v~! neighbor '*°In. Effective charges of 1.5¢ for
protons and 0.5e for neutrons were used for electric transitions

and an effective spin g factor of g; = 0.75 gsfree for magnetic
transitions. In addition orbital g factors of g;(p) = 1.1 and
g1(n) = —0.1 for protons and neutrons, respectively were used.
Calculations were performed with the large-scale shell-model
(LSSM) codes ANTOINE and NATHAN [19] and the results are
denoted by LSSM in Fig. 5.

From the good agreement of the shell-model approaches
SM and LSSM for the experimentally known levels it can
be concluded that the increased mv interaction in SM to
a large extent accounts for the neglect of the w(ps,2, f5/2)
orbitals in the model space used. The 2% excitation energy in
128Cd is still high by ~150 keV. This discrepancy is carried
over into the energy of (13/27) state in '2’Cd, which has
leading configuration of a vi11,, hole coupled to the ZT state
in 12Cd. These remaining deficiencies, with the high-spin
isomers being well reproduced, indicate a lack of collectivity
in the low-spin states. Lifting the 7 (p3,2, f5/2) orbitals closer
to the Fermi surface would create a pseudo-SU(3) hh space
comprising the 7 (p, f52) and v(s, d) orbitals. This would
further increase collectivity as observed one major shell higher
for the Hg isotopes in the 2®®Pb hh space as in the well
studied (s, d) and (p, f) pp cases (see, e.g., [20]). Reduced
transition probabilities in the two experimental scenarios
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TABLE II. Transition strengths and y branching ratios for experiment and shell model. Separate
values are given for the two alternative experimental level schemes EXP* and EXP of '?’Cd.

Transition oL B(oL) (W.u)
J—=>1
EXP* EXP® SM LSSM
(19/27) — (13/27) E3° 3.40(18)x 1072 2.3030)x 107! 6.19x1073  3.04x1073
(19/27) — (15/27) M?2°¢ 2.71(14)x10™*  7.71(16)x 107> 1.98x1073  5.75%x1073
15/27) — (13/27) M1 6.3(6)% 26(3)% 5.8% 7.5%
(15/27) —» (11/27) E2¢ 93.7(31)% 74(3)% 94.2% 92.5%

#Adopted order of cascades.
PReversed order of cascades.
“Pure multipolarity assumed.
4Only y branching ratio known.

are compared to SM and LSSM results in Table II. The
retarded B[E3;(19/2%) — (13/27)] and B[M?2;(19/2%) —
(15/27)] are, respectively, under- and overestimated for both
experimental scenarios. In the model space these transitions
are Uh11/2 d d5/2 and l)h“/z — 87/2» which include small
components in the wave function that may be distorted by
configurations from outside the model space. Moreover, the
effective charges and g factors for £3 and M2 operators
may be different from those for E2 and M1, respectively.
A good correspondence between experimental and theoretical
branching ratio is observed for the (15/27) — (11/27) 821-
keV E2 and the (15/27) — (13/27) 110-keV M1 transitions
in the scenario shown in Fig. 5. It should be noted that the
SM and LSSM values agree as well. The drastic discrepancy
for this branching in the alternative cascade assignment and
slightly better agreement for the M2 and E3 transitions (see
Table II) establishes a preference for the adopted order.

V. SUMMARY AND CONCLUSIONS

In conclusion, a microsecond isomer has been identified
in 127Cd. Based on yy coincidence and lifetime analysis a
level scheme on top of a vhl_ll/2 isomer or ground state was
constructed for this nucleus. In contrast to the odd-mass heavy
Sn isotopes the isomerism in '?’Cd is attributed to competing

hindered E3 and M2 transitions from a (19/2") state, formed
by mixed proton-neutron configurations. The sequence of the
intermediate (13/27) and (15/27) states serves as a benchmark
for shell-model calculations performed with two different
interactions in a small (SM) and an extended (LSSM) model
space. Since the theoretical models reproduce the energies
of the low-lying pure proton and pure neutron excited levels
in 13°Cd and '3°Sn, respectively, an enhanced proton-neutron
interaction is attributed to be the origin of increased collectivity
in the low-spin yrast region of '’Cd.
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