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were obtained. The nucleus '%Cd is a prime example of emergent collectivity that possesses a simple
structure: it is free of complexity caused by shape coexistence and has a small, but collectively active
number of valence nucleons. This work follows in a long and currently active quest to answer the funda-
mental question of the origin of nuclear collectivity and deformation, notably in the cadmium isotopes.

Keywords: The results are discussed in terms of phenomenological models, the shell model, and Kumar-Cline sums
Coulomb excitation of E2 matrix elements. The (0;’||EZ||2T> matrix element is determined for the first time, providing a
Electromagnetic moments total, converged measure of the electric quadrupole strength, (Q?2), of the first-excited ZT level relative
Sum rules to the 0} ground state, which does not show an increase as expected of harmonic and anharmonic vi-

Collective model

shell model brations. Strong evidence for triaxial shapes in weakly collective nuclei is indicated; collective vibrations

are excluded. This is contrary to the only other cadmium result of this kind in 1'Cd by C. Fahlander et
al. (1988) [38], which is complicated by low-lying shape coexistence near midshell.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Nuclear collectivity has traditionally been thought to evolve ing) character, through weakly deformed open-shell nuclei with vi-
from magic or semi-magic closed-shell nuclei with seniority (pair-  brational character, and finally to well-deformed open-shell nuclei
with rotational character. This perspective has been the paradigm
- since the first half of the 20th century, but a series of recent
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The stable even cadmium isotopes have been the focus of con-
siderable interest in characterizing the emergence of collectivity,
and they have often been considered to be some of the best ex-
amples of low-energy vibrators [5-7]. The energy levels of the
nearly degenerate multiplet of 0%, 2%, and 4" states observed
in Cd isotopes near midshell are in good agreement with the
predictions of a 2-phonon vibrational multiplet. More specifically,
the midshell nuclei 11%112Cd were proposed as vibrational candi-
dates for the U(5) limit of the Interacting Boson Model (IBM) by
Arima and lachello [8]; 18Cd was highlighted as an example of
near-harmonic quadrupole vibration [9]; 11°Cd was suggested as
a good anharmonic quadrupole vibrator [10]; and, generally, the
Cd isotopes have been cited as examples of spherical vibrators
by many others (see, e.g. [11]). However, two-proton transfer re-
actions strongly populate the first-excited 0% states in 110-112¢d,
indicating that these levels are intruder bandheads with 2p-4h
character, rather than 2-phonon vibrational excitations [12]. The
predominant view for some time was that the intruder and 2-
phonon 07T states in '1%112Cd are strongly mixed; such would
explain both the decay patterns and transfer data [13,14]. In recent
years, however, this view has been challenged by high-precision
lifetime and branching ratio measurements [2,3]. Multiple shape
coexistence in 11%112Cd was proposed in Refs. [1,4], where the
low-lying level schemes were explained without reference to nu-
clear vibrations.

The nucleus 19Cd (Z = 48, N = 58) is an excellent laboratory
for studying the emergence of collectivity. It has 2 valence pro-
ton holes and 8 valence neutrons outside the double-magic 1%0Sn
core, and is the lightest (most proton-rich) stable cadmium iso-
tope. Detailed spectroscopy is available and the 23, 03, and 03
states are known. This nucleus is also sufficiently close to 90Sn
that large-scale shell-model calculations can be applied and used
to investigate the interplay between collective and single-particle
degrees of freedom. Additionally, the O; and Og' states (intruder
| shape-coexistence candidates) are lowest in energy at midshell,
potentially interfering with the other structural features. For 196Cd,
these states are higher in energy, meaning that a test for low-
lying vibrations can be conducted with fewer complications from
intruder mixing.

There has been some interest in the light Cd isotopes, specif-
ically 19Cd, in recent years [15-21]. The first B(E2) measure-
ments for 19Cd are from safe Coulomb excitation using Cd targets
and proton, «, and 80 beams [22-24]. However, in 2016 a life-
time measurement using a Doppler-broadened lineshape analysis
yielded 7(27) and 7(47) lifetime values in disagreement with the
previous Coulomb excitation results [15]. Since then, a multi-step
Coulomb excitation experiment using 2%8Pb and “3Ti targets has
been published [18], confirming the previous Coulomb excitation
results, in disagreement with Ref. [15]. Moreover, two more recent
lifetime measurements [17,19] (recoil distance Doppler-shift and
decay-curve methods, respectively) of 196Cd also disagree with the
results in Ref. [15].

Shell-model calculations for 196Cd using different interactions
have been published, with an emphasis on using the shell-model
results with Kumar-Cline invariants to predict nuclear shapes [16,
20,18]. An alternate approach is taken in Ref. [1], where be-
yond mean field calculations predict multiple shape coexistence for
the 110112 jsotopes. These calculations were extended to '96Cd
in Ref. [19], again predicting multiple shape coexistence. Beyond
mean field calculations were also used to compare electromagnetic
properties of the yrast states in Ref. [21].

In an effort to help clarify the collective nature of this nu-
cleus, a multi-step Coulomb excitation experiment on 1%6Cd was
conducted using the ATLAS facility at Argonne National Labora-
tory. A 408-MeV (3.849 MeV/A) 196Cd beam was incident on a
11 mg/cm?, 208Pb target. A 40-ug/cm? thick layer of 2C was
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Fig. 1. Doppler-corrected y-ray spectra for (a): all particle angles, and (b)-(f): the
five particle angle regions used in the cosiA analysis. The state denoted 4, is the
4% state at 2486 keV in 1%6¢d.

present upstream of the 298Pb layer. The GRETINA array [25] with
32 crystals present was used to detect gamma rays, and the
CHICO2 charged particle array [26,27] measured recoiling target
and beam nuclei. The detected particle angles were used together
with an empirical estimate of the target recoil energy to Doppler
correct the detected gamma rays. The total gamma-ray spectrum
for all particle angles is presented in Fig. 1 (a). Strong popula-
tion of the low-lying states — 27,4}, 237 — is seen, along with

weaker population of higher-lying levels — 63, 37, and 4% at

2486 keV (the designation 4:;1[1ective] is used as there are an un-

known number of 4 states at lower energy that are not populated
by Coulomb excitation). Weak population of both the 05 and 03
states is observed as well.

The semi-classical Coulomb excitation program GosiA was used
to extract matrix elements from the gamma-ray intensities [28].
The data were separated into five ranges of particle scattering an-
gle. The separate gamma-ray spectra for each of these are given in
Fig. 1 (b)-(f). Experimental input lifetimes (2; and 03 ), branching
ratios, and mixing ratios from Refs. [29-36,17,19] were included as
constraints in the cosia x2 analysis. Individual constraints were re-
moved to check the self-consistency of the results obtained. There
is generally little to no sensitivity to the signs of the quadrupole
interference terms, which are products of transition matrix ele-
ments. There is a slight preference in the chi-squared surfaces for
positive P3 = (07 [|E2[|25)(25 ||E2(12])(2]||E21/0]) and both signs
give approximately equivalent matrix element magnitudes. A pos-
itive P3 term is consistent with the majority of nuclei, including
114¢d [37,38]. Systematic uncertainties accounting for energy loss
through the target, relative y-ray detection efficiency, unknown
8(M1/E2) mixing ratios, and unknown matrix elements for un-
observed transitions, were accounted for. The extracted matrix el-
ements are given in Table 1.
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Fig. 2. Comparison of low-lying level schemes from experiment, beyond mean-field calculations [19], and “jj45" shell-model calculations [18]. Transitions strengths in W.u.,

Qs(21) values in eb, and level energies in keV are indicated.

Table 1
Matrix elements extracted from this work compared to previous results.

(JTNE2|JTF) (eb)

T ]? Ey, This work Ref. [18] Other Refs.

of 2f 633 0.636(9) 0.652(11) 0.76(3) [15]
0.653(13) [23]
0.620(3) [24]

2F 4t 861 1.05(3) 1.044(24) 0.79(2) [15]
1.11(7) [23]

4t 65 1009 1.18(9) 1.37(10)

27 25 1084 0.44(3) 0.415(15) 0.49(4) [23]
0.32(5) [39]

o 27 1716 0.195(15) 0.169(4) 0.190(13) [23]

27 0y 1163 0.176(14)

27 oi 79 <—0.02

27 470 1853 0.09(4)

27 4. 770 0.26(12)

27 03 427 0.4(2)

27 03 1511 0.026(13)

27 27 —0.38(17) —0.25(5) —0.37(11) [24]

af af —0.15(18) —0.52(24)

27 27 +0.81(38) 1.33(6)

(JTUMINTF) (en)

i ]? Ey, This work Ref. [18] Other Refs.

2F 27 1084 —0.31(3) —0.263(17) —0.39 [23]
—0.35(5) [39]

(JINE3NTT) (eb3/2)
Jr ]? This work Ref. [18] Other Refs.
of 37 2379 <04 0.28(14) 0.40(5) [40]

@ State energy is 2486 keV.

The results compare well with previously published values, and
mostly agree with the recent Coulomb excitation results [18]. It is
clear that the 2] and 4; lifetime results from Ref. [15] are anoma-
lous and do not agree with any of the Coulomb excitation studies;
note that no 1:(4?) constraints were used in the present study.
The lifetime of the 0; state was measured in Ref. [19], but the
lack of a known 0f — 25 branch prevented a B(E2;05 — 23)
determination. We report a (2T||E2||0;) value here by using the
lifetime in Ref. [19] as a constraint to the GOSIA fit of observed
intensities and evaluating the sensitivity of the extracted matrix
element relative to the (2 [|E2[|05) one. The 0 — 2] transition
was very weakly observed, meaning that there is little sensitivity
to the (27||E2|/03) and (2] [|E2]|05) matrix elements.

Electric quadrupole invariants were calculated with the Kumar-
Cline sum rules by taking sums over E2 matrix elements [41].
For the lowest excited states, sufficient experimental information is
available to give good confidence that such sums have converged.
The two expressions used for the present analysis are:

Table 2

Electric quadrupole shape invariants (Kumar-Cline sum rules) extracted from this
work.

(Q?) (e?b?)
State Experimental BMF ji45
of 0.443(13)? 0.575 0.484
Z;r 0.375(29)° 0.574 0.493
4f >0.28(3) 0.838 0.482
2 >0.21(13) 0.661 0.408
0; > 0.031(5) 1.03 0.0919
(Q3 cos(35)) (e3b%)

State Experimental BMF ji45
0?’ +0.01(6)* +0.202 +0.265
(8) (°)

State Experimental BMF ji45
of 29(4)? 21 13

2 A less likely P3 < 0 solution leads to (Q2)g+ = 0.428(12), (Q2),+ = 0.373(31),
(Q?cos(38)) = +0.20(5), and (8) = 15(5)°.

2 _ 5 220
(@ >—,/mer<s||f:‘2||r><r||52||s>{S § r} (1)

175 .
225+ 1) ;(_)

X (SIE2|e)(EIE2][r)(r[|E2||s)
2 2 2|12 20

X{r S t}{s s r}’ (2)
where s is the state for which the invariants are evaluated, r and t
are intermediate states, and the Wigner 6j symbols are used. The
first invariant (Q?) gives a model independent indication of defor-
mation, while the second one, (Q 3 cos(38)), allows the axial asym-
metry § to be evaluated with § = arccos((Q 3 cos(38))/(Q 2)3/2)/3.
The invariants evaluated for the low-lying states are given in Ta-
ble 2. While enough matrix elements for the OT and ZT states are
available to ensure good convergence of the sum, in part due to the
new (07 ||E2||2]) matrix element, only partial sums for the 05,
27, and 47 levels can be evaluated. Thus, lower limits on the (Q?)
invariants are given; matrix elements connecting these states to
higher excitations are necessary to evaluate the converged sums. A
less likely P3 < 0 solution has no appreciable impact on the (Q 2)
values.

Fig. 2 (a) shows the low-lying level scheme extracted from this
work, with arrow widths corresponding to the B(E2; |) strengths
in Weisskopf units and Qs(2%) values in eb. The experimental
results are compared with two state-of-the-art theoretical ap-

(Q3cos(38)) = (—)°*!
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Fig. 3. Comparison of electrical quadrupole invariant (Q2) values for low-lying
states between experiment and several theoretical approaches. Geometric vibrations
(vib) and vibrations with quenched boson number (IBM-U(5)) are excluded by the
experimental (Q2) value for the Z;r state. Beyond mean-field (BMF), shell-model
(ji45), and generalized triaxial rotor model (GTRM) calculations all give equivalent
ratios for the 27 state. (Q2) sums for the 47,27, and 05 states would differentiate
between these models, however more matrix elements are needed for convergence.

proaches: the beyond mean-field calculation (BMF) for 1%6Cd in
Ref. [19] (the same as for 110:112Cqd in Refs. [1,4]), and a shell-
model calculation presented in Ref. [18]. The latter is denoted
“jj45”, see Ref. [18] for details. The results from a second calcu-
lation, “sr88”, were also presented in Ref. [18], and are not given
here. The “jj45” calculation has a more extensive basis than “sr88”,
and for the purposes of the present analysis, including the shape
invariants, the two calculations give similar results. The BMF calcu-
lations do a good job of reproducing the excitation strengths of the
21, 4], and 27 states. However, the energies predicted by the BMF
model are much higher than experimentally observed, almost by a
factor of 2. Moreover, the energy (Ex) ordering of the excited 0
states is incorrect, and the strength from the 0% level correspond-
ing to the experimental 0; state is underpredicted by a factor of
~ 7. In contrast, the shell model achieves good agreement with en-
ergy levels and predicts the decay strength of the 02+ well, while
underestimating the decay strengths from the 2; state. The ex-
perimental and theoretical results all show Q (2]) + Q(25) ~ 0,
consistent with a rotor, 2-phonon mixing, and global expectations,
cf. Fig. 2 in Ref. [42].

The rotational invariants calculated with the Kumar-Cline sum
rules bridge the laboratory and body frames, allowing shape infor-
mation to be compared in a model independent way. Fig. 3 pro-
vides the ratio (QZ)/(QZ)OT for low-lying states in 1°6Cd. The ex-
perimental sums are compared to various theoretical approaches.
A geometric vibrator (vib, dark blue) is clearly ruled out by this
comparison: the ratio (QZ)ZT/(QZ)OT = 1.4 for a harmonic vibra-
tion, 1.31 for a two phonon-mixing treatment of an anharmonic
vibration [43-46], 1.25 for an effective field theory (EFT) treat-
ment of an anharmonic vibration [47], and 1.2 — 1.4 for a wide
range of anharmonic B-y potentials within the Geometric Collec-
tive Model (GCM) [48]; the experimental value is 0.85(7). This is
contrary to the only other cadmium result of this kind in '14Cd
by C. Fahlander et al. [38], which showed an increase in (Q?2) but
was complicated by low-lying shape coexistence near midshell. An
IBM calculation in the U(5) limit was carried out to assess the ef-
fect of a finite number of bosons (IBM-U(5), orange). The results
of the 5-boson calculation quenched the (Q2) sum to 1.16. This
is closer to the experimental value than a geometric vibrator, but
still not in agreement. The experimental value is close to a triaxial
rotor (GRTM, green, 1.0), the BMF calculations (magenta, 1.0), and
the “jj45” SM calculations (light blue, 1.0). Unfortunately, the ex-
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perimental sums for the 47, 23, and 05 states are incomplete, and
so cannot be meaningfully compared to the theoretical sums. The
asymmetry parameter § for the ground state is extracted from the
first and second quadrupole invariants as (§) = 29(4)°, where 0° is
associated with a prolate shape, 30° with triaxial, and 60° with an
oblate one.

The results for 196Cd suggest that the isotopic chain can be de-
scribed as evolving directly from seniority to rotational character
with competition from intruders or shape coexistence becoming
progressively more influential towards midshell, in line with the
explanation proposed for '1%112Cd by Garrett et al. [1]. However,
the BMF calculations do not describe the excited 0% states for
106¢d as well as they do for '1%112Cd. Thus, a transition in the
character of the 0 levels may occur between 1°°Cd and 1°Cd or
essential physics is missing in the theoretical description. Fig. 4
displays the energy and systematics across the proton-rich Cd nu-
clei, starting with semi-magic 2Cd at the N = 50 shell closure.
The present work on 1%6Cd shows that the 4% state at 2486 keV
and the 6% level at 2503 keV are populated by Coulomb excita-
tion while several lower-lying 4" states, and a 67 one at 2492
keV (Refs. [33,34]), that are not observed. Coulomb excitation se-
lectively populates states connected by strong E2 matrix elements
— i.e, it differentiates between collective and non-collective struc-
tures. Thus, the current data may suggest that the 6;“ level should
be associated with the 07,27, 4] sequence, and that the 4% state
at 2486 keV may be connected with a “y band” member, associ-
ated with the 2 and 37 states.

In summary, '%Cd was studied by multi-step Coulomb exci-
tation on a 2%Pb target with GRETINA-CHICO2 and some 14 E2
matrix elements were extracted. These matrix elements were com-
pared to several theoretical approaches. The rotational invariants
(Q2) and (Q3cos(38)), were evaluated with the Kumar-Cline sum
rules, providing a measure of the electric quadrupole strengths
and axial asymmetries. The (05 [|E2|2{) matrix element was de-
termined for the first time, providing a total, converged measure
of the electric quadrupole strength, (Q2), of the first excited 21+
level relative to the O{r ground state. The results indicate an E2
strength that is quenched with respect to both the geometric and
U(5) vibrational expectations. The total extracted E2 strength is
consistent with other theoretical approaches including the shell-,
beyond mean-field, and geometric rotor models. However, the shell
model did not reproduce the large axial asymmetry found experi-
mentally. These models all appear to have one feature in common:
the 21+ state is not vibrational but more similar to a rotation.
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