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Background: The heaviest T, = 0 doubly-magic nucleus, 1°°Sn, and the neighboring nuclei offer
unique opportunities to investigate the properties of nuclear interaction. For instance, the structure
of light-Sn nuclei has been shown to be affected by the delicate balance between nuclear-interaction
components, such as pairing and quadrupole correlations. From Cd to Te, many common features
and phenomena have been observed experimentally along the isotopic chains, leading to theoretical
studies devoted to a more general and comprehensive study of the region. In this context, having
only two proton holes in the Z = 50 shell, the Cd isotopes are expected to present properties similar
to those found in the Sn isotopic chain.

Purpose: The aim of this work was to measure lifetimes of excited states in neutron-deficient nuclei
in the vicinity of *°°Sn.

Methods: The neutron-deficient nuclei in the N ~ Z = 50 region were populated using a multi-
nucleon transfer reaction with a '°°Cd beam and a °Mo target. The beam-like products were
identified by the VAMOS++ spectrometer, while the v rays were detected using the AGATA ar-
ray. Lifetimes of excited states were determined using the Recoil Distance Doppler-Shift method,
employing the Cologne differential plunger.

Results: Lifetimes of low-lying states were measured in the even-mass 1°271%8Cd isotopes. In
particular, multiple states with excitation energy up to ~ 3 MeV, belonging to various bands, were
populated in 1°6Cd via inelastic scattering. The transition strengths corresponding to the measured
lifetimes were compared with those resulting from state-of-the-art beyond-mean-field calculations
using the symmetry-conserving configuration-mixing approach.

Conclusions: Despite the similarities in the electromagnetic properties of the low-lying states,
there is a fundamental structural difference between the ground-state bands in the Z = 48 and
Z = 50 isotopes. The comparison between experimental and theoretical results revealed a rotational
character of the Cd nuclei, which have prolate-deformed ground states with S2 ~ 0.2. At this
deformation Z = 48 becomes a closed-shell configuration, which is favored with respect to the
spherical one.

PACS numbers: 21.10.Tg, 23.20.Lv, 25.70.Hi, 27.60.+j, 29.30.Aj, 29.30.Kv, 29.40.Gx



In recent years, the interest in studies of nuclear
structure around Z = 50 has significantly increased.
This region presents unique conditions to investigate ob-
servables, such as excitation energies, quadrupole mo-
ments and reduced transition probabilities, starting from
neutron-deficient nuclei close to the proton drip line, up
to neutron-rich isotopes towards and beyond the N = 82
neutron shell closure. Consequently, the longest iso-
topic chains between two experimentally accessible shell
closures — i.e. tellurium (Z = 52), tin (Z = 50)
and cadmium (Z = 48) isotopes — are being exten-
sively studied in order to probe the evolution of nu-
clear properties in both stable and exotic nuclei. Var-
ious experimental works have pointed out similarities
(e.g. transition-strength and excitation-energy system-
atics, neutron-transfer spectroscopic factors, shape coex-
istence) between the three isotopic chains [1-5] and these
common features have yielded theoretical investigations
devoted to study the Z = 50 region in a more general
and comprehensive way [6-10].

Due to the rather constant excitation energies of the
21+ and 4f states and the presence of low-lying isomers
in the even-mass nuclei, the Z = 50 semi-magic Sn iso-
topes have been considered for decades to be excellent
examples of pairing dominance, showing the typical fea-
tures of seniority schemes [8, 10-14]. On the other hand,
the B(E2;21+ — 0g4.5.) reduced transition probabilities
remain almost constant for the 106 < A < 114 Sn nuclei,
instead of following the parabolic trend expected for the
pairing domination. This observation casts doubts on
the validity of the generalized seniority interpretation.
In particular, recent works [15, 16] highlighted the key
role of the 47 — 2] transition strengths in revealing the
delicate balance between pairing and quadrupole corre-
lations in the light Sn isotopes. Furthermore, thanks to
the precise determination of the B(E2;4] — 2]) value in
1089 [15], Zuker [16] proved how the sole information on
the 2f states is not sufficient for an in-depth description
of the nuclei in this mass region: any “sufficiently good”
interaction is capable of reproducing the electromagnetic
properties of the 21+ states.

The Cd isotopes, which have only two proton holes in
the Z = 50 shell, are expected to present features similar
to those found for the Sn nuclei. For instance, Figure 1
shows that the B(E2;2{ — 0 ) values display similar
trends in the Sn and Cd isotopic chains, except for the
larger collectivity of the latter. In addition, the excita-
tion energies of the 2] and 4] states in even-mass Cd
nuclei are rather constant, similarly to the Sn isotopes.
Therefore, one can expect that the experimental infor-
mation on the Z = 48 nuclei may not only be important
in itself, but it may also provide an insight into the struc-
ture of the corresponding Z = 50 isotones.

*Present address: Physics Division, Argonne National Laboratory,
Argonne (IL), United States.
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FIG. 1: (Color online) Systematics of the experimental

B(E2;2f — O;’,S,) reduced transition probabilities for the
even-mass Cd (red squares) and Sn (blue circles) isotopic
chains. Results are taken from Ref. [17].

Based on the excitation energies of their low-lying
states, the cadmium isotopes have been considered a
textbook example of harmonic quadrupole-vibrational
nuclei [18-22] with a two-phonon triplet and a three-
phonon quintuplet of levels at approximately twice and
three times the energy of the 2] state, respectively. On
the other hand, the electromagnetic properties of the
Cd isotopes, i.e. quadrupole moments and transition
strengths, put their vibrational character in doubt. In
fact, recent multi-step Coulomb excitation and lifetime
measurements have demonstrated a substantial disagree-
ment with a vibrational structure and revealed a system-
atic trend of the B(E?2) values in the even-even 10=116Cd
isotopes [23-32]. These experimental results have lead to
a reinterpretation of these Cd nuclei, whose structure is
seen as the coexistence of various rotational bands. How-
ever, the lack of precise experimental information makes
it difficult to assess whether the vibrational picture still
holds for the neutron-deficient species.

The experiment described in this work aimed at the
determination of the 27 — 0 and 47 — 27 tran-
sition strengths in neutron-deficient Z < 50 nuclei by
measuring lifetimes of the 2 and 4] states. The re-
sults concerning the light Sn isotopes were discussed in
Ref. [15], while the present manuscript focuses on the
lifetimes of low-lying states in even-mass '927198Cd. The
experimental values are compared with the predictions of
new beyond-mean-field calculations using the symmetry-
conserving configuration-mixing approach. The general
features and the evolution of the ground-state structure
are discussed for the whole Cd isotopic chain, with a par-
ticular focus on the variety of excited bands in 196Cd.



I. EXPERIMENT

Multi-nucleon transfer (MNT) is a reaction mechanism
rarely applied to study neutron-deficient nuclei [33-35],
but it was selected in the present work to study nu-
clei approaching 1°°Sn. A '96Cd beam at 770 MeV en-
ergy, provided by the separated-sector cyclotron of the
GANIL facility, impinged on a 0.8 mg/cm? 9?Mo target.
The lifetime measurement was performed with the Recoil
Distance Doppler-Shift (RDDS) method [36-38]. The
target was mounted on the differential Cologne plunger
with a 1.6 mg/cm? thick "**Mg degrader placed down-
stream. Eight different target-degrader distances in the
31-521 pm range were used to measure the lifetimes of
interest. The complete identification of the beam-like
reaction products was performed with the VAMOS++
magnetic spectrometer [39-41], placed at the grazing an-
gle 0;4,,=25°. The emitted v rays were detected by the
~-ray tracking detector array AGATA [42, 43], consisting
of 8 triple-cluster detectors placed in a compact config-
uration (18.5 cm from the target) at backward angles
with respect to the beam direction. The combination
of the pulse-shape analysis [44] and the Orsay Forward-
Tracking (OFT) algorithm [45] allowed reconstruction of
the trajectories of the v rays emitted by the reaction
products. More details can be found in Refs. [15, 46-48].

II. LIFETIME ANALYSIS

Combining the precise determination of the ion veloc-
ity vector given by VAMOS++ and the identification of
the first interaction point of each v ray inside AGATA,
Doppler correction was applied on an event-by-event ba-
sis. The magnetic spectrometer directly measured the ion
velocity after the degrader (8qfter = 9%) and this veloc-
ity was used to correct the detected y-ray energy. The
velocity of the ions before the degrader (Bpefore ~ 10%)
was reconstructed by taking into account the direction
and the energy loss of the ions inside the Mg foil. For
each transition two peaks were observed, related to the
emission of the v-ray before the Mg foil (shifted compo-
nent) and after it (unshifted component). The relative
intensities of the unshifted (I*) and shifted (I®) com-
ponents depend on the ratio between the lifetime of the
investigated state and the target-degrader time of flight,
which depends on the Bycfore velocity and the plunger

distance [37]. Specifically, the ratio R(z) = %, called
decay curve, is described by the Bateman equations.
The lifetimes of the excited states were extracted using
the NAPATAU software [49], applying the Differential
Decay Curve Method (DDCM) [37] by fitting the area
of both the shifted and the unshifted components with
a polynomial piecewise function. These intensities were
scaled according to an external normalization, given by
the number of ions identified in VAMOS++ [50]. This
normalization is not only proportional to the beam in-
tensity and duration of the measurement, but it also

provides a measure of possible degradation of the tar-
get during the experiment. For each i-th target-stopper
distance the lifetime 7; is obtained as

I —%;(Brall),;
= T ]d( 1)J7 (1)
dt~t

where the summation is extended over j feeding transi-
tions, each with a certain branching ratio (Br) and pa-
rameter «, which includes the efficiency correction and
the angular correlation between the transition of inter-
est and the feeding one. The a parameters were ex-
tracted from a 7y-ray energy spectrum obtained by sum-
ming the statistics collected for all target-degrader dis-
tances [37, 49]. In the case of the y-vy coincidence pro-
cedure with a gate placed on the feeding transition, the
contributions from feeding transitions are eliminated and
this term is null. The final result is given by a weighted
average of the lifetimes within the sensitive region of the
technique, i.e. where the derivative of the fitting function
is largest.

For the less intense channels, the Decay-Curve Method
(DCM) was adopted. Since it relies on well-defined fitting
functions, whose parameters can be deduced experimen-
tally, this technique permits to measure lifetimes even if
the number of experimental points is limited. A particu-
lar application of the method is the Ry, approach [51].
In this approach, if the statistics is not sufficient to deter-
mine the area of the y-ray transition components for each
target-degrader distance, the spectra obtained for the dif-
ferent target-degrader distances are summed. The life-
time is then calculated from the solution of the weighted
average of the decay curves R;(z;, T)

0
S (I +I3)

Ryum = Xjn;R(x;, 7) (2)
where x; denotes the plunger distance and n; is the nor-
malization factor for each distance. The normalization
factors n; were given by the total number of + rays de-
tected by AGATA in time coincidence with the shifted
component.

IIT. RESULTS

The coupling of the AGATA and VAMOS++ spec-
trometers represents a powerful tool for high precision
spectroscopy. By requiring a time coincidence between
the identified reaction products and the detected  rays,
it is possible to clearly select the channels of interest. Ad-
ditionally, the combination of a MNT reaction, which is
a binary mechanism (secondary processes, such as parti-
cle evaporation, are negligible), with the complete recoil
identification in VAMOS++ allowed us to reconstruct
the Total Kinetic-Energy Loss (TKEL) on an event-by-
event basis [53]. This quantity is proportional to the to-
tal excitation energy of the investigated nucleus [38, 54].
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FIG. 2: (Color online) Partial level scheme of the even-mass '927'°®Cd presenting the transitions observed in the current
measurement. The arrow widths represent the efficiency-corrected transition yields normalized over the 21 — O;fs, one:
intensities below 1% are shown with dashed arrows, while transitions with yield lower than 0.1% and not useful for the analysis
have been omitted. The excitation energy of the states is highlighted in red. Spin, parity and excitation energy of the states

are assigned according to the NNDC On-Line Data Service from the ENSDF database [52] (file revised as of August 2009 for
10204, September 2009 for 1°*Cd, June 2008 for 1°6Cd, and October 2008 for 108Cd).

While, in the Sn case, a TKEL gate was applied to con-
trol the direct feeding of the states [15, 48], in the present
analysis it was used to reduce the possible presence of
the inelastically scattered '°6Cd beam, which could con-
taminate other channels despite the extraordinary per-
formance of the magnetic spectrometer.

In the following, the lifetime measurements in the even-
mass '027198Cd isotopes are presented, with each case
discussed in detail. Figure 2 shows the partial level

schemes of the investigated nuclei with the ~-ray tran-
sitions observed in the current measurement. Table I

summarizes the measured lifetimes obtained with the dif-
ferent techniques.



A. '°2cd

In order to reduce the contamination caused by the
106Cd beam, a TKEL> 32 MeV condition was imposed.
Such threshold permitted to limit as much as possible
the presence of y-ray peaks related to the inelastically
scattered beam, without decreasing the statistics in the
transitions of interest. In these conditions, the 2 —
0. 4F — 2f and 61 — 47 transitions in °2Cd were
clearly identified in the y-ray energy spectrum obtained
by summing the statistics from all the distances, as shown
in Figure 3.

Since the statistics of the 47 — 27 shifted component
were not sufficient for a coincidence measurement, the
lifetime of the 2] state was obtained via DDCM by sub-
tracting the contribution of the unshifted component of
the 47 — 2{ transition. Figure 4 presents the DDCM
analysis, resulting in a lifetime 7(2]) = 5.6 (6) ps, which
is in agreement with literature [55, 56].

Due to the limited statistics of the 67 — 4 tran-
sition it was not possible to determine the area of the
shifted and unshifted components for the individual dis-
tances. The lifetime was, therefore, measured via DDCM
adopting the so-called “gate from below” approach [57],
resulting in 7(4]) = 3.6 (12) ps.

The results are reported in Table 1.
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FIG. 3: (Color online) Doppler-corrected y-ray energy spec-
trum of '“2Cd before (black) and after (green) the gate on the
Total Kinetic-Energy Loss (TKEL), obtained by summing the
statistics of all the target-degrader distances. The 2t - Og.s.
(red), 47 — 2% (blue) and 67 — 47 (orange) transitions are
marked, indicating the unshifted and shifted centroids with a
solid and a dashed line, respectively.

B. '"cd

Figure 2 presents the partial level scheme of %4Cd,
populated via two-neutrons stripping, showing the tran-
sitions observed in the singles 4-ray energy spectrum and
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FIG. 4: (Color online) DDCM analysis for the lifetime mea-
surement of the 27 excited state of '°2Cd. (top) Area of the
shifted (red diamonds) and feeding-corrected unshifted (blue
triangles) components, normalized to the number of ions de-
tected in VAMOS++. The dashed line represents a fit to the
shifted-component points. (bottom) Corresponding lifetimes
obtained for individual distances. The solid line denotes the
weighted average of the lifetimes, while the filled area corre-
sponds to lo statistical uncertainty.
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in the v —~ matrix obtained by summing the statistics of
the different target-degrader distances. Due to the com-
plexity of the decay pattern and the presence of y-ray
transitions with a similar energy, coincidence techniques
were necessary to extract the lifetimes of several excited
states.

The lifetime of the 2] state, fed by a single transition,
was measured via DDCM by subtracting the contribu-
tion from the unshifted component of the 4] — 2 tran-
sition, yielding 7(27) = 9.6 (3) ps. By gating on the
shifted component of the same feeding transition, simi-
lar result was obtained via the Ry, approach, resulting
in 7(27) = 10.070% ps. These results are in a perfect
agreement with values reported in literature [55, 56, 58].

Due to the presence of multiple feeding transitions,
the lifetime of the 4] state was measured via DDCM
by gating on the unshifted component of the 2 — 0, .
transition, and via the R, approach by gating on the
shifted component of the 878-keV 61 — 4] transition.
The two techniques yielded 7(47) = 1.6 (5) ps and
7(4F) = 1.44%03% ps, respectively. Both results are com-
patible with the most accurate and recent measurement,
reported in Ref. [55].

Due to the limited statistics and the presence of var-
ious feeding transitions, the 67 excited state was stud-
ied only via the Rgy,;, method. Unfortunately, due to
the close proximity of the unshifted component of the
47 — 27 transition, a very narrow gate had to be set on
the shifted component of the 841-keV 8§ — 67 transi-
tion. The consequent limited statistics was not sufficient
to determine the lifetime of the 6] state, but an upper



limit 7(6]) < 6 ps could be obtained.
The lifetimes of the 27, 4 and 67 states are presented
in Table L.

C. 9%¢cd

The lifetime of the 2f excited state in 196Cd, equal to
10.4 (2) ps, was obtained via DDCM from the present
data [47]. The same result was obtained via DCM, see
Table I, and the excellent agreement between the results
of the two approaches validated the calibration of the
plunger device. In the R, approach, since it is based
on the Bateman equations, the knowledge of the abso-
lute target-degrader distances is crucial to properly mea-
sure lifetimes [47]. In the spectrum obtained by summing
the statistics of all the distances and then gating on the
shifted component of the 47 — 2] transition, the inten-
sity ratio resulted 0.56 (1). Considering this experimen-
tal value and exponential functions as R;(xz;,7) decay
curves, Figure 5 presents the R, analysis for the 21+
state, yielding a lifetime of 7(2]) = 10.1(3) ps, which
confirms the validity of this approach.

The lifetime of the 5] excited state was obtained via
the Rgym approach by gating on the shifted component
of the 691-keV transition de-exciting the 6~ state. The
resulting lifetime is 7(57) = 8.2(4) ps. The obtained
precision is over an order of magnitude better than that
of the previous lifetime measurement of this state [59].

Since several y-ray transitions were observed feeding
the 4] state and the statistics in their shifted compo-
nents were not sufficient for a coincidence measurement,
the lifetime of the 4] state was extracted via DDCM
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FIG. 5: (Color online) Decay curve as a function of the life-
time of the 21+ excited state in 106Cd, obtained with the Rsum
approach. The black line represents the experimental value
obtained by summing the statistics of all target-degrader dis-
tances and gating on the shifted component of the 47 — 21*'
transition. The red curve is the expected value calculated
with Equation 2. The interception between the experimental
and expected values (green line) represents the lifetime of the
state. All the dashed curves denote the 1o uncertainty.

. . +
by gating on the unshifted component of the 277 — 0;‘,5.

transition. The analysis yielded 7(4]) = 1.4(2) ps and
the result is in agreement with the measurements of
Refs. [60, 61].

For the following states: 03 (E, = 1795 keV), 25
(B, = 1717 keV), 45 (E, = 2305 keV), (2)* (E, =
2348 keV), 61 (E, = 2503 keV) and 2F,3%, 4% (E, =
2486 keV) no feeding transitions were observed in both
singles -ray spectra and v — -y matrices. Therefore, their
lifetimes were determined via DCM using an exponential
function and, for the most intense channels, via DDCM
as well.

The 4; excited state was investigated via DCM us-
ing second-order Bateman equations. This state was ob-
served, in both singles «-ray energy spectra and -y ma-
trices, to be fed only by the 5+ — 47 and 5; — 45
transitions. The direct population of these states, which
is a parameter of Bateman equations, was extracted from
the y-ray spectrum obtained by summing the statistics
of all target-degrader distances [37]. From the efficiency
and branching-ratio corrected areas of the 1472-, 226-
and 525-keV ~-rays transitions (see Figure 2), the di-
rect feeding of the 47, 5+ and 5] states resulted 59(4)%,
28(3)% and 14(3)%, respectively. Taking into account
the known lifetime 7(57) = 0.9(3) ns [62] and the 7(57)
measured in the present work, the lifetime of the 4; level
was determined to be 7(43) = 4.1(7) ps.
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FIG. 6: (Color online) Ratio of the component intensities as
a function of the target-degrader distance for the 67 — 47
transition in '°°Cd. The solid red line represents the fitted
decay curve obtained with second-order Bateman equations,
whose components are shown with dashed and dotted blue
lines for the feeder and the direct population, respectively.

For the 67 excited state, no feeding transitions were
observed in singles ~y-ray spectra and v — -y matrices. On
the other hand, the decay curve of the 6] — 4] transi-
tion (see Figure 6) suggested feeding from a state with
a lifetime longer than that of the 6] state. Assuming a
two-step decay cascade, the lifetime of the 6] state was
determined to be 7(67) = 1.3(2) ps, while for the feeding
state a value of 24 (5) ps was obtained. As the nature
of this feeding level is unknown, an upper limit of 2 ps



for the 67 lifetime was determined by fitting the decay
curve with an exponential function.

An upper limit of 0.3 ps can be set for the lifetimes
of the 2, 37 and 5, excited states, since in the y-ray
spectra only the shifted components of the 21’ — 2f,
3~ — 27 and 5; — 4] transitions were observed for the
shortest plunger distances. The same limit can be deter-
mined for a state de-exciting via a ~ 2080-keV transition.
Unfortunately, this decay may originate from either of the
levels at the excitation energy of 2718 keV and 2721 keV,
so it is not possible to unambiguously attribute this up-
per limit.

The results obtained via both DCM and DDCM are
summarized in Table L.

D. '%cd

In both singles v-ray energy spectra and -+ matrices
no contamination from the 1Cd beam was observed.
This result is important for the study of °®Cd, since the
two isotopes present similar structures with y-ray transi-
tions very close in energy. Figure 2 shows the partial level
scheme of '°Cd, indicating the observed transitions.

The lifetime of the 2] excited state was measured with
the Rsym method by gating on the shifted component of
the 47 — 27 transition, resulting in 7(2]) = 1073 ps.
The large uncertainty of the lifetime is mostly due to the
limited statistics resulting from the use of v — 7 coinci-
dences, even though the statistics of all target-degrader
distances were summed together. Therefore a DDCM
analysis for this lifetime was performed by subtracting
the intensity of the unshifted component of the 41 — 2
transition, yielding 7(2;) = 10.8 (9) ps.

Due to the limited statistics and the presence of vari-
ous feeding transitions, the lifetime of the 4] state was
obtained via DDCM by gating on the unshifted compo-
nent of the 2;’ — 0;5_ transition. This approach yielded
7(47) = 1.4 (5) ps, which is in agreement with the result
reported in Ref. [60].

Table I reports the lifetimes extracted for the 2] and
47 states.

IV. DISCUSSION

In view of the measured lifetimes, the even-mass Cd
nuclei were studied within a self-consistent beyond-mean-
field framework [68, 69], i.e. the symmetry-conserving
configuration mixing (SCCM) [70, 71] method, with
the Gogny-D1S [72, 73] interaction. The calculations
are based on the mixing of a set of intrinsic states
with different quadrupole (axial and non axial) deforma-
tions. These states are Hartree-Fock-Bogoliubov (HFB)
like wave functions obtained self-consistently through
the particle-number variation-after-projection (PNVAP)
method [74]. Since the HFB states break the rota-
tional invariance of the system, this symmetry is con-

sequently restored by projecting onto good angular mo-
mentum (particle-number and angular-momentum pro-
jection, PNAMP). The final spectrum and the nuclear
wave functions are obtained by mixing such PNAMP
states within the generator coordinate method.

A first estimation of the structure of the Cd isotopes
can be obtained by analysing the calculated potential-
energy surfaces (PES) as a function of deformation pa-
rameters. Figure 7 presents the PNVAP energies as a
function of the (3, ) deformation parameters for the
even-mass 1907130Cd. For all studied isotopes a well de-
fined prolate minimum with S = 0.1 — 0.2 is present in
the PES, except for 128-139Cd, which exhibit practically
spherical minima, due to the vicinity of the NV = 82 shell
closure. Moreover, for the ''0~118Cd isotopes a shallow
second triaxial-prolate minimum with (82, v)=(0.3, 20°)
is obtained.

The final theoretical spectra, obtained by mixing in-
trinsic HFB-like states with different quadrupole defor-
mations, are presented in Figure 8(c), which shows the
systematics of the excitation energies for the 2 and 47
states. The theoretical predictions correctly reproduce
the trends observed experimentally for the 2 and 4
states, although they overestimate the absolute values,
especially for the 2?’ energies above N = 64 and for the
4:1+ energies in the whole range of neutron numbers. This
is a well-known effect in the present form of the SCCM
method where only static intrinsic shapes are considered
in the mixing. Thus, the ground state is variationally
favored with respect to the excited states and, as a re-
sult, a stretched spectrum is obtained. A better approach
would be an SCCM method that includes intrinsically
rotating (cranking) states. Within such a framework
it is possible to explore on an equal footing collective
ground and excited states and the variational approach
does not produce such a stretching [83]. However, this
improvement is very demanding from the computational
point of view, especially for nuclei in this medium-mass
region [84]. Nevertheless, the inclusion of the triaxial
degree of freedom in the SCCM calculations improves
significantly the agreement with the experimental data
with respect to previous axial calculations [85]. Notably,
the intriguing lowering of the 2] energy from '26Cd to
128(0q is still reproduced by the present calculations. In
the vicinity of a shell closure, the excitation energy of the
21 state is expected to increase and display a parabolic
trend as a function of nucleon number. Not only such a
parabolic increase has not been observed experimentally,
but the excitation energy of the 21+ states slightly de-
creases. This pattern was reproduced, for the first time,
by the previous axial calculations [85] and a better agree-
ment is found with the present ones.

In Figure 8 the experimental B(FE2;2] — 0, ) and
B(E2;4{ — 2) strengths are compared to the theoret-
ical results of SCCM, together with the predictions of
Ref. [16] for the neutron-deficient isotopes. An unusual
behaviour is found for '#Cd, where prolate and triaxial-
prolate configurations cross for J™ = 4T and their cor-



TABLE I: Measured lifetimes of the excited states I7 in the even-mass 1°271%8Cd isotopes. The lifetimes are extracted from the
I — IF transitions and the results are compared with literature values. The results from Ref. [47] were presented in a former
publication but they are from the current experiment. From the weighted average of the results belonging to the current work
and literature, the reduced transition probabilities B(E£2;I] — If) and B(M1;1] — I}) are calculated and compared with
the SCCM predictions. For '°°Cd, branching and mixing ratios are taken from the ENSDF database of NNDC On-Line Data
Service [52] (file revised as of June 2008).

2 4 2 3
I I7 E, [keV] 7 [ps] B(E2) [e*fm®] |B(M1) [uN?] x10
DDCM DCM Literature Exper. SCCM | Exper. SCCM
< 8.1 [63]
92¢d| 2f  of, 777 5.6 (6) - 5.9 (5) [55] | 513 (31) 895 - -
5.2 (7) [56]
4f 2f 861 3.6 (12) - < 8.1 [63] 4791330 1396 - -
9 (3) [58]
2 0f. 658 9.6(3) 10.079% 8.5 (12) [55] | 741 (13) 999 - -
1040y 8.5 (2) [56]
+ + +0.33 < 6 [58] ) )
47 27 834 1.6 (5) L44¥05 |, (5) [55] 1367 (202) 1535
61 4f 818 - <6 < 6 [58] > 261 - - -
0F 2 1163 1.7 (5) 1.3 (1) - 1463 (110) 4 - -
9.4 (4) [60]
10.1 (8) [64]
2 of. 633 |104(2) @7 00 (14)(3[;”] 105 (1) [65] | 796 (6) 1056 | - ;
' 7.0 (3) [66]
9.5 (3) [61]
ot 0, 1717 0.46 (10)  0.51 (2) 8';12 gg %22} 70 (11) 104 - -
2 + .
106 27 1084 0.41 (4) 0.55 (3) 5o 3) [61] 375 (17) 346 | 15 (3) 1.2
2 2 1934 - <0.3 - > 87 - > 3.6 -
2t  2f 1715 - 0.59 (2) - - - 18.9 (6) -
2t 3t 4T 2f 1853 2.2 (3) 2.4 (2) - 7.8729 - - -
37 25 1746 - <0.3  0.16 (1) [66] - - - -
1.26 (16) [60]
4f 27 861 1.4 (2) - 2.5 (2) [66] | 1159 (46) 1992 - -
1.42 (7) [61]
<29 [59]
+ + _ > +2.5 _ _
43 2f 1472 4.1 (7) ~ 70 [66] 105725 43
45 4 811 - 1.1 (1) 1.1 (1) [66] 6.8 (24) - 11 (7) -
57 4F 525 - 8.2 (4) 7*5 [59] - - - -
55 47 1426 - <0.3 - - - - -
61 4f 998 - <2 0.54 (8) [61] | 145 (21) 21 - -
65 45 1009 1.3 (6) 1.21 (15) - 627135% 1900 - -
9.9 (1) [65]
%8cd|  2f  of. 633 10.8 (9) 1013 9.1 (4) [60] 815 (8) 1028 - -
10.1 (8) [67]
1.28 (16) [60)
+ + _ - _
47 27 876 1.4 (5) <5 [67) 1228 (145) 1589




FIG. 7: (Color online) PNVAP potential energy surfaces as a function of the (82, v) deformation parameters for the even-mass
1001300 jsotopes. The results are obtained with the Gogny-D1S interaction within the SCCM approach.

responding 21 states show a mild mixing between these
shapes. The overall effect of this mixing is the decrease
(increase) of the 4T energy of the triaxial-prolate (pro-
late) configuration. Moreover, the overlap between the
yrast 47 and 2% states is smaller but is found at larger
B2 values than their neighbors, producing a net increase
of the B(E2;47 — 27) reduced transition probability.
Except for this single case, the calculated strengths of
the 217 — 0 and 41 — 2f transitions well reproduce
the trend of the experimental results, slightly overesti-
mating the By deformation. This slight overestimation
is a plausible explanation for the almost perfect repro-
duction of the 2] excitation energies in °0=19Cd. The
theoretical values, indeed, should be larger than the ex-
perimental ones for a SCCM method without cranking
terms.

The collective wave functions (CWF), i.e. the weights
of the intrinsic quadrupole deformations in each nuclear
state, are presented for the 27 and 4] excited states
in Figure 9 and Figure 10, respectively. For all Of
states (not shown), the SCCM calculations predict a well-
defined prolate minimum with deformation By = 0.2,
which slightly decreases for N > 76 due to the proxim-
ity of the neutron shell closure. A non-zero deformation
of the ground states in the Cd nuclei was also deduced
from the LSSM calculations of Zuker [16] and its origin
was attributed to the pseudo-SU(3) symmetry, due to the
evident quadrupole dominance in the nuclear interaction.

These results are consistent also with former studies that
interpreted these nuclei as deformed rotors [86, 87]. Sim-
ilar behavior is predicted for the 2 and 4] states, ex-
cept for the 119=118Cd nuclei presenting a second triaxial-
prolate minimum in the PES of Figure 7. For those nu-
clei, the CWFs of the 2] and 4] states are spread in
both 2 and . This suggests that they constitute per-
fect candidates for shape coexistence, as investigated for
HO112¢3d in the recent work of Garrett et al. [31, 32].

As the ground-state bands are expected to present
the features of prolate-deformed rotors, the intrinsic
quadrupole moments and, consequently, the By defor-
mation parameters can be extracted from the measured
lifetimes of the 2 and 4] states, as discussed in de-
tail in Ref. [88, Sec.IV]. Assuming an axially symmet-
ric rotational model and adopting the weighted average
of the values reported in Table I, the deduced average
Bo parameters are 0.14 and 0.17 for 192Cd and for the
even-mass 1947108Cd, respectively. These results are in
agreement with the constant deformation predicted by
the SCCM calculations, even though the theoretical pre-
dictions slightly overestimate its magnitude. For °6Cd
another estimation of the (82, v) quadrupole-deformation
parameters of the 07, state can be obtained by adopting
the so-called “quadrupole sum rules” method [89, 90]. As
discussed in Ref. [90, Sec.IV-A], this model-independent
approach permits to extract the value of (82), by cal-
culating the lowest-order shape invariant (Q?) from the
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FIG. 8: (Color online) Reduced transition probabilities (a)
B(E2;2{ — 0], and (b) B(E2;4f — 27), and (c) 21 and
4}' excitation energy systematics for even-mass Cd isotopes.
The experimental results [55, 56, 58, 60, 61, 63-67, 75-82] are
compared with the recent Large-Scale Shell-Model (LSSM)
calculations of Ref. [16] (blue open pentagons) and the present
SCCM predictions (red open circles and squares). The results
of this work (black open squares) are obtained by adopting the
weighted average of the DCM and DDCM lifetimes, reported
in Table I.

B(E2;2f — 0} ) reduced transition probabilities. The
lower-order invariant results (Q?) = 0.419 (8) €?b? and,
assuming (B2 =~ /(B2), the quadrupole deformation
strength is B = 0.175 (2). The 2] and 27 excited
states were considered in the sum rules, while higher-
lying states are expected to contribute to the value of
B2 by less than 1% [90-93]. With the same procedure,
the next-order shape invariant (Q3cos(346)) can be calcu-
lated, leading to an estimation of the triaxiality. Assum-
ing the diagonal E2 matrix elements of Ref. [61, Tab. I
and considering the lifetimes measured in this work (the
sign of the non-diagonal matrix elements has been chosen
consistently with the results of Ref. [61]), the next-order
invariant results (Q3cos(36)) = —0.025 (18) e3b?, yelding
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the triaxial parameter v = 32 (1)°.

Contrary to what is observed in the neutron-deficient
Su isotopes [15], no unusual trends are present for the
reduced transition probabilities between the low-lying
states in the light Cd nuclei. The Z = 48 nuclei be-
have, instead, as prolate-deformed rotors, as suggested
also in Refs. [16, 31, 32]. Even though these two isotopic
chains differ by only two protons, the Sn and Cd nu-
clei present completely different structures whose origin
can be attributed to a rearrangement of the nuclear or-
bitals. While for the Gogny-D1S interaction the spherical
Z = 50 gap remains rather constant along the Cd isotopic
chain and has the same size as for the Sn nuclei, in the
Nilsson plots a gap is produced at a prolate-deformed
configuration, due to the lowering of the ds/; and g7/,
and the rise of the gg/o proton orbitals. At this deforma-
tion, Z = 48 is a closed-shell configuration and is favored
with respect to the spherical one [85]. Thus, the structure
of the ground-state band changes completely between the
Cd and the Sn isotopes: the former are dominated by ro-
tational structures, while the latter have seniority spectra
associated to particle-pair breaking. This fundamental
structural change is obscured by the observed similari-
ties between the Z = 48 and Z = 50 nuclei in terms
of several experimental observables. The present study
demonstrates that, contrary to what one could naively
imagine, it is not possible to infer details of the struc-
ture of Z = 50 nuclei from the properties of the Z = 48
ones and vice versa. This does not preclude, however,
using the experimental data on one chain in order to re-
fine the model description of the neighbouring one. For
instance, Zuker [16] tuned the adopted nuclear interac-
tion to the experimental information on the Cd isotopes,
where the quadrupole dominance is evident, and subse-
quently used this interaction to investigate the Sn nuclei.
Finally, the lowering of the d5/2, g7/2 orbits and the rise
of the gg/o neutron orbitals could also favor the proton-
neutron coupling that would eventually produce the 5/27
ground states found for the odd-mass cadmium isotopes
101-109Cq [94]. Nevertheless, a detailed SCCM calcu-
lation that could confirm such ground state properties
of the odd-even Cd isotopes is beyond the scope of the
present work.

A. '%cd

Contrary to the common view of the Cd nuclei as
harmonic quadrupole vibrators, the theoretical calcula-
tions predict the low-lying bands to be due to rotation
of deformed structures (see Figure 11). This result is
in agreement with the conclusions of a recent study on
110.112¢q [31, 32], which suggested that an interpretation
of these nuclei as exhibiting coexistence of multiple dis-
tinct structures is more appropriate than a vibrational
picture.

As discussed previously, the
dict a prolate-deformed ground-state

calculations pre-
band with
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FIG. 9: (Color online) Collective wave functions (CWF) as a function of the (B2, v) deformation parameters for the 27 states
in the even-mass '°°~3°Cd isotopes. The results are obtained with the Gogny-D18S interaction within the SCCM approach.
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FIG. 10: (Color online) Collective wave functions (CWF) as a function of the (2, 7) deformation parameters for the 4] states
in the even-mass 1°°~13°Cd isotopes. The results are obtained with the Gogny-D1S interaction within the SCCM approach.
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FIG. 11: (Color online) Top: Level scheme of °°Cd predicted by the present SCCM calculations. The numbers on the arrows
represent the B(FE2) reduced transition probabilities in Weisskopf units. Bottom: The CWFs are shown for all the investigated
states and grouped in bands with different (82,~): prolate-deformed ground-state band (black), predominantly K = 2 pseudo-
gamma band (red), predominantly K = 4 band (green), oblate-deformed shape-mixed band (magenta), prolate-deformed
shape-mixed band (orange) and the continuation of the latter at larger angular momenta (blue).



(B2,7) =~ (0.2,0°). This prediction of the quadrupole-
deformation strength is slightly larger than the values
deduced by assuming the quadrupole sum rules method,
yielding 85 = 0.175(2), or the axial-rotor model, result-
ing B2 = 0.169 (3). However, with the latter approach,
the lifetime of the 6] state leads to 82 = 0.12(2), which
is not compatible with the quadrupole-deformation
strengths estimated for the 27 and 4] excited states.
Such a difference may be attributed to the mixing
between the 67 and 6] states, since these levels are very
close in excitation energy and they both decay to the
47 state. A (mostly K = 2) pseudo-gamma band built
on top of the 25 state, having (82,7) ~ (0.2,25°), and
a mostly K = 4 band are associated to the ground-state
band.  Additionally, another prolate-deformed band
with (B2,7) =~ (0.35,0°) develops above the 4] state.
Below the 4] state this band splits into two branches
corresponding to strongly mixed configurations. One
of them includes the 0F (oblate shape-mixing) and 27
(triaxial shape-mixing) states, coupled by a strong E2
transition of 52 W.u. The second branch is formed by
the 05 (prolate-deformed) and the 2] (oblate-prolate
shape-mixing) states.

From the comparison between experimental and theo-
retical level schemes (see Figure 2 and Figure 11, respec-
tively) and reduced transition probabilities of Table I,
it has been possible to identify four of these configura-
tions. In particular, thanks to a good agreement between
the theoretical and experimental transition strengths it
is possible to firmly identify the pseudo-gamma band.
However, the experimental information on the structures
built on top of the 05 and 03 states is too limited to draw
conclusions regarding the strongly mixed configurations.

Consistently with the overestimation of the quadrupole
deformation strengths and reduced transition probabil-
ities, the SCCM calculations predict the spectroscopic
quadrupole moment Q,,(2{) = —0.62 eb, whose abso-
lute value is larger than what measured experimentally,
ie. —0.28 (8) eb [65] and —0.19 (4) eb [61]. In the recent
work of Rhodes et al. [61] the spectroscopic quadrupole
moments are obtained also for the 47 and 67 excited
states, yielding —0.39 (18) eb and —0.8 (5) eb respec-
tively. While the experimental results seem to rapidly
increase with the spin, the theoretical predictions are
rather constant, i.e. Qsp =~ —0.76 eb, for the same states.
Such an interruption of the increasing quadrupole mo-
ment would be in agreement with the trend of the [,
values estimated with the axial-rotor model, support-
ing the hypothesis of mixing between 6f and 6; excited
states. On the other hand, it is worth nothing that both
theoretical predictions and experiment give negative val-
ues of the quadrupole moments, confirming the prolate-
deformed structure of the ground-state band. In addi-
tion to the ground-state band, Rhodes et al. measure
also Qsp(24) = 1.01 (5) eb. This result is in agreement
with the SCCM calculations, which predicts 0.66 eb for
the pseudo-gamma band-head.
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V. CONCLUSIONS

The structure of even-mass 1°27198Cd isotopes was in-
vestigated via lifetime measurements at GANIL. These
neutron-deficient nuclei were populated via an uncon-
ventional use of a multi-nucleon transfer reaction and,
thanks to the powerful capabilities of the AGATA and
VAMOS-++ spectrometers, an unambiguous identifica-
tion of the channels of interest was possible. Moreover,
the combination of the magnetic spectrometer with the
adopted binary reaction mechanism permitted the recon-
struction of the TKEL on an event-by-event basis, which
was used in the present work to reduce the contamination
of the y-ray spectra by the scattered '°6Cd beam.

Using the RDDS technique, the lifetimes of the 2f and
41 states in even-mass 1027195Cd were obtained. Ad-
ditionally, lifetimes of other 8 states in '°°Cd were de-
termined, providing a deep insight into the structure of
excited bands in this nucleus.

In view of these experimental results, state-of-the-
art beyond-mean-field calculations were performed for
the even-mass '°°~139Cd nuclei using the symmetry-
conserving configuration-mixing approach. Except for
the nuclei in proximity of the neutron shell closures, these
calculations predict prolate-deformed ground-state bands
in the whole Cd isotopic chain. For 1°6Cd the comparison
between theoretical results and recent measurements of
spectroscopic quadrupole moments confirms the struc-
ture of the ground-state band. The quadrupole defor-
mation (5 is in fair agreement with the estimation ob-
tained from the measured lifetimes by adopting the sum-
rules method and by assuming an axially-symmetric rotor
model. According to the LSSM calculations of Zuker [16],
the presence of deformation along the Cd isotopic chain
can be attributed to the quadrupole dominance observed
for the Z = 48 nuclei. The calculations within the
SCCM approach show that, due to a rearrangement of
the ds/ and gg/p orbitals, a deformed closed-shell con-
figuration is obtained for Z = 48. As discussed in de-
tails in Ref. [85], the semi-magic character of Cd nuclei
impacts the N = 82 shell quenching problem: all the ob-
servables that were attributed to a possible reduction of
the N = 82 shell closure in proximity of 132Sn can simply
be described by invoking the structure of the Cd nuclei.

Despite the similarities between the Z = 48 and
Z = 50 nuclei, in particular with regard to the electro-
magnetic properties of the 2] states, the structures of the
two isotopic chains are completely different. This result
supports the conclusions of our previous work [15] con-
cerning the limited role of the observables related to the
21 states in investigations of the structure of the Z ~ 50
nuclei. For both Cd and Sn, only a precise knowledge of
the properties of the 41+ states allows us to shed light on
the structure of the nuclei in question. Experimental in-
formation on these states has been shown to be crucial to
disentangle between different models and interpretations.

Further experimental and theoretical studies are nec-
essary to fully understand the structure of neutron-



deficient Cd nuclei. Theoretical and experimental re-
sults suggest that the multiple shape-coexistence inter-
pretation, proposed by Garrett et al. for 10-112Cq,
can be extended to the neutron-deficient region. In
this context, future multi-step Coulomb-excitation mea-
surements, benefiting from the lifetimes measured in
the present work, will permit to directly determine the
(B2, 7v) deformation parameters of the individual nuclear
states. Moreover, in view of the predictions presented in
this manuscript, the investigation of the structures built
on top of the two excited 07 states is of great interest.
The identification of these bands together with a precise
determination of EO transition strengths for the decay
of their band-heads will be crucial to verify the shape-
coexistence scenario in these neutron-deficient nuclei.
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