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The collective structure of 106Cd is elucidated by multi-step Coulomb excitation of a 3.849 MeV/A beam 
of 106Cd on a 1.1 mg/cm2 208Pb target using GRETINA-CHICO2 at ATLAS. Fourteen E2 matrix elements 
were obtained. The nucleus 106Cd 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. 
The results are discussed in terms of phenomenological models, the shell model, and Kumar-Cline sums 
of E2 matrix elements. The 〈0+

2 ||E2||2+
1 〉 matrix element is determined for the first time, providing a 

total, converged measure of the electric quadrupole strength, 〈Q 2〉, of the first-excited 2+
1 level relative 

to the 0+
1 ground state, which does not show an increase as expected of harmonic and anharmonic vi-

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 114Cd 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 
from magic or semi-magic closed-shell nuclei with seniority (pair-
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ing) character, through weakly deformed open-shell nuclei with vi-
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 
detailed spectroscopy experiments on the cadmium isotopes has 
challenged this view [1–4].
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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 110,112Cd were proposed as vibrational candi-
dates for the U(5) limit of the Interacting Boson Model (IBM) by 
Arima and Iachello [8]; 118Cd was highlighted as an example of 
near-harmonic quadrupole vibration [9]; 110Cd 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 110,112Cd, 
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 0+ states in 110,112Cd 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 110,112Cd was proposed in Refs. [1,4], where the 
low-lying level schemes were explained without reference to nu-
clear vibrations.

The nucleus 106Cd (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 100Sn 
core, and is the lightest (most proton-rich) stable cadmium iso-
tope. Detailed spectroscopy is available and the 2+

2 , 0+
2 , and 0+

3
states are known. This nucleus is also sufficiently close to 100Sn 
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 0+

2 and 0+
3 states (intruder 

/ shape-coexistence candidates) are lowest in energy at midshell, 
potentially interfering with the other structural features. For 106Cd, 
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 106Cd, in recent years [15–21]. The first B(E2) measure-
ments for 106Cd are from safe Coulomb excitation using Cd targets 
and proton, α, and 16O beams [22–24]. However, in 2016 a life-
time measurement using a Doppler-broadened lineshape analysis 
yielded τ (2+

1 ) and τ (4+
1 ) lifetime values in disagreement with the 

previous Coulomb excitation results [15]. Since then, a multi-step 
Coulomb excitation experiment using 208Pb and 48Ti 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 106Cd also disagree with the 
results in Ref. [15].

Shell-model calculations for 106Cd 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 110,112Cd isotopes. These calculations were extended to 106Cd 
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 106Cd was 
conducted using the ATLAS facility at Argonne National Labora-
tory. A 408-MeV (3.849 MeV/A) 106Cd beam was incident on a 
1.1 mg/cm2, 208Pb target. A 40-μg/cm2 thick layer of 12C was 
2

Fig. 1. Doppler-corrected γ -ray spectra for (a): all particle angles, and (b)-(f): the 
five particle angle regions used in the gosia analysis. The state denoted 4col is the 
4+ state at 2486 keV in 106Cd.

present upstream of the 208Pb 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 — 2+

1 , 4+
1 , 2+

2 — is seen, along with 
weaker population of higher-lying levels — 6+

2 , 3−
1 , and 4+

col at 
2486 keV (the designation 4+

col[lective] 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 0+

2 and 0+
3

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+

1 and 0+
2 ), branching 

ratios, and mixing ratios from Refs. [29–36,17,19] were included as 
constraints in the gosia χ2 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 = 〈0+

1 ||E2||2+
2 〉〈2+

2 ||E2||2+
1 〉〈2+

1 ||E2||0+
1 〉 and both signs 

give approximately equivalent matrix element magnitudes. A pos-
itive P3 term is consistent with the majority of nuclei, including 
114Cd [37,38]. Systematic uncertainties accounting for energy loss 
through the target, relative γ -ray detection efficiency, unknown 
δ(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., 
Q s(2+) values in eb, and level energies in keV are indicated.
Table 1
Matrix elements extracted from this work compared to previous results.

〈 Jπi ||E2|| Jπf 〉 (eb)

Jπi Jπf Eγ This work Ref. [18] Other Refs.

0+
1 2+

1 633 0.636(9) 0.652(11) 0.76(3) [15]
0.653(13) [23]
0.620(3) [24]

2+
1 4+

1 861 1.05(3) 1.044(24) 0.79(2) [15]
1.11(7) [23]

4+
1 6+

2 1009 1.18(9) 1.37(10)

2+
1 2+

2 1084 0.44(3) 0.415(15) 0.49(4) [23]
0.32(5) [39]

0+
1 2+

2 1716 0.195(15) 0.169(4) 0.190(13) [23]
2+

1 0+
2 1163 0.176(14)

2+
2 0+

2 79 < −0.02
2+

1 4+
col

a 1853 0.09(4)

2+
2 4+

col
a 770 0.26(12)

2+
2 0+

3 427 0.4(2)

2+
1 0+

3 1511 0.026(13)

2+
1 2+

1 −0.38(17) −0.25(5) −0.37(11) [24]
4+

1 4+
1 −0.15(18) −0.52(24)

2+
2 2+

2 +0.81(38) 1.33(6)

〈 Jπi ||M1|| Jπf 〉 (μN )

Jπi Jπf Eγ This work Ref. [18] Other Refs.

2+
1 2+

2 1084 −0.31(3) −0.263(17) −0.39 [23]
−0.35(5) [39]

〈 Jπi ||E3|| Jπf 〉 (eb3/2)

Jπi Jπf This work Ref. [18] Other Refs.

0+
1 3−

1 2379 < 0.4 0.28(14) 0.40(5) [40]

a 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+

1 and 4+
1 lifetime results from Ref. [15] are anoma-

lous and do not agree with any of the Coulomb excitation studies; 
note that no τ (4+

1 ) constraints were used in the present study. 
The lifetime of the 0+

2 state was measured in Ref. [19], but the 
lack of a known 0+

2 → 2+
2 branch prevented a B(E2; 0+

2 → 2+
2 )

determination. We report a 〈2+
1 ||E2||0+

2 〉 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+

2 ||E2||0+
2 〉 one. The 0+

3 → 2+
1 transition 

was very weakly observed, meaning that there is little sensitivity 
to the 〈2+

2 ||E2||0+
3 〉 and 〈2+

1 ||E2||0+
3 〉 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:
3

Table 2
Electric quadrupole shape invariants (Kumar-Cline sum rules) extracted from this 
work.

〈Q 2〉 (e2b2)

State Experimental BMF jj45

0+
1 0.443(13)a 0.575 0.484

2+
1 0.375(29)a 0.574 0.493

4+
1 > 0.28(3) 0.838 0.482

2+
2 > 0.21(13) 0.661 0.408

0+
2 > 0.031(5) 1.03 0.0919

〈Q 3 cos(3δ)〉 (e3b3)

State Experimental BMF jj45

0+
1 +0.01(6)a +0.202 +0.265

〈δ〉 (◦)
State Experimental BMF jj45

0+
1 29(4)a 21 13

a A less likely P3 < 0 solution leads to 〈Q 2〉0+ = 0.428(12), 〈Q 2〉2+ = 0.373(31), 
〈Q 2 cos(3δ)〉 = +0.20(5), and 〈δ〉 = 15(5)◦ .

〈Q 2〉 =
√

5

2s + 1

∑
r

〈s||E2||r〉〈r||E2||s〉
{

2 2 0
s s r

}
(1)

〈Q 3 cos(3δ)〉 = (−)s+1

√
175

2(2s + 1)

∑
rt

(−)r

× 〈s||E2||t〉〈t||E2||r〉〈r||E2||s〉
×

{
2 2 2
r s t

}{
2 2 0
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 2〉 gives a model independent indication of defor-
mation, while the second one, 〈Q 3 cos(3δ)〉, allows the axial asym-
metry δ to be evaluated with δ = arccos(〈Q 3 cos(3δ)〉/〈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 0+

1 and 2+
1 states are 

available to ensure good convergence of the sum, in part due to the 
new 〈0+

2 ||E2||2+
1 〉 matrix element, only partial sums for the 0+

2 , 
2+

2 , and 4+
1 levels can be evaluated. Thus, lower limits on the 〈Q 2〉

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 Q s(2+) values in eb. The experimental 
results are compared with two state-of-the-art theoretical ap-
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Fig. 3. Comparison of electrical quadrupole invariant 〈Q 2〉 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 〈Q 2〉 value for the 2+

1 state. Beyond mean-field (BMF), shell-model 
(jj45), and generalized triaxial rotor model (GTRM) calculations all give equivalent 
ratios for the 2+

1 state. 〈Q 2〉 sums for the 4+
1 , 2+

2 , and 0+
2 states would differentiate 

between these models, however more matrix elements are needed for convergence.

proaches: the beyond mean-field calculation (BMF) for 106Cd in 
Ref. [19] (the same as for 110,112Cd 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 
2+

1 , 4+
1 , and 2+

2 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+

2 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 0+

2 well, while 
underestimating the decay strengths from the 2+

2 state. The ex-
perimental and theoretical results all show Q (2+

1 ) + Q (2+
2 ) ≈ 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 〈Q 2〉/〈Q 2〉0+

1
for low-lying states in 106Cd. 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 〈Q 2〉2+

1
/〈Q 2〉0+

1
= 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 β-γ 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 114Cd 
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 〈Q 2〉 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-
4

perimental sums for the 4+
1 , 2+

2 , and 0+
2 states are incomplete, and 

so cannot be meaningfully compared to the theoretical sums. The 
asymmetry parameter δ for the ground state is extracted from the 
first and second quadrupole invariants as 〈δ〉 = 29(4)◦ , where 0◦ is 
associated with a prolate shape, 30◦ with triaxial, and 60◦ with an 
oblate one.

The results for 106Cd 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 110,112Cd by Garrett et al. [1]. However, 
the BMF calculations do not describe the excited 0+ states for 
106Cd as well as they do for 110,112Cd. Thus, a transition in the 
character of the 0+

2 levels may occur between 106Cd and 110Cd 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 98Cd at the N = 50 shell closure. 
The present work on 106Cd 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 6+ 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+

2 level should 
be associated with the 0+

1 , 2+
1 , 4+

1 sequence, and that the 4+ state 
at 2486 keV may be connected with a “γ band” member, associ-
ated with the 2+

2 and 3+
1 states.

In summary, 106Cd was studied by multi-step Coulomb exci-
tation on a 208Pb 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 
〈Q 2〉 and 〈Q 3 cos(3δ)〉, were evaluated with the Kumar-Cline sum 
rules, providing a measure of the electric quadrupole strengths 
and axial asymmetries. The 〈0+

2 ||E2||2+
1 〉 matrix element was de-

termined for the first time, providing a total, converged measure 
of the electric quadrupole strength, 〈Q 2〉, of the first excited 2+

1
level relative to the 0+

1 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 2+

1 state is not vibrational but more similar to a rotation.
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Fig. 4. Systematics of the low-mass Cd isotopes. The seniority structure is shown by the black states, with more collective states in blue and green appearing when closer 
to the mid shell. The green states are a suggested gamma band, and the excited 0+ states are potentially intruder configurations. The orange states are likely quasi-particle 
excitations in the valence space.
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Spieker, D. Weisshaar, C.Y. Wu, Exploring the role of high- j configurations in 
collective observables through the coulomb excitation of 106Cd, Phys. Rev. C 
103 (2021) L051301, https://doi .org /10 .1103 /PhysRevC .103 .L051301.

[19] M. Siciliano, J.J. Valiente-Dobón, A. Goasduff, T.R. Rodríguez, D. Bazzacco, G. 
Benzoni, T. Braunroth, N. Cieplicka-Oryńczak, E. Clément, F.C.L. Crespi, G. de 
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Testov, Lifetime measurements in the even-even 102−108Cd isotopes, Phys. Rev. 
C 104 (2021) 034320, https://doi .org /10 .1103 /PhysRevC .104 .034320.

[20] A.P. Zuker, Quadrupole dominance in the light Sn and in the Cd isotopes, Phys. 
Rev. C 103 (2021) 024322, https://doi .org /10 .1103 /PhysRevC .103 .024322.

[21] S. Sharma, R. Devi, S.K. Khosa, Microscopic study of structure of light- and 
medium-mass even-even cadmium isotopes, Phys. Rev. C 103 (2021) 064312, 
https://doi .org /10 .1103 /PhysRevC .103 .064312.

[22] P.H. Stelson, F.K. McGowan, Coulomb excitation of medium-weight even-even 
nuclei, Phys. Rev. 110 (1958) 489–506, https://doi .org /10 .1103 /PhysRev.110 .
489.

[23] W. Milner, F. McGowan, P. Stelson, R. Robinson, R. Sayer, Coulomb excitation 
of the even-A cadmium nuclei, Nucl. Phys. A 129 (3) (1969) 687–696, https://
doi .org /10 .1016 /0375 -9474(69 )90710 -6.

[24] M. Esat, D. Kean, R. Spear, A. Baxter, Mass dependence of the static quadrupole 
moments of the first 2+ states in the cadmium isotopes, Nucl. Phys. A 274 (1) 
(1976) 237–252, https://doi .org /10 .1016 /0375 -9474(76 )90239 -6.

[25] S. Paschalis, I. Lee, A. Macchiavelli, C. Campbell, M. Cromaz, S. Gros, J. Pavan, 
J. Qian, R. Clark, H. Crawford, D. Doering, P. Fallon, C. Lionberger, T. Loew, 
M. Petri, T. Stezelberger, S. Zimmermann, D. Radford, K. Lagergren, D. Weis-
shaar, R. Winkler, T. Glasmacher, J. Anderson, C. Beausang, The performance of 
the gamma-ray energy tracking in-beam nuclear array GRETINA, Nucl. Instrum. 
Methods Phys. Res., Sect. A, Accel. Spectrom. Detect. Assoc. Equip. 709 (2013) 
44–55, https://doi .org /10 .1016 /j .nima .2013 .01.009.

[26] M. Simon, D. Cline, C. Wu, R. Gray, R. Teng, C. Long, CHICO, a heavy ion detector 
for Gammasphere, Nucl. Instrum. Methods Phys. Res., Sect. A, Accel. Spectrom. 
Detect. Assoc. Equip. 452 (1) (2000) 205–222, https://doi .org /10 .1016 /S0168 -
9002(00 )00429 -0.

[27] C. Wu, D. Cline, A. Hayes, R. Flight, A. Melchionna, C. Zhou, I. Lee, D. Swan, R. 
Fox, J. Anderson, CHICO2, a two-dimensional pixelated parallel-plate avalanche 
counter, Nucl. Instrum. Methods Phys. Res., Sect. A, Accel. Spectrom. Detect. 
Assoc. Equip. 814 (2016) 6–11, https://doi .org /10 .1016 /j .nima .2016 .01.034.

[28] T. Czosnyka, et al., Bull. Am. Phys. Soc. 28 (1983) 745, www.pas .rochester.edu /
~cline /Gosia/.

https://doi.org/10.1103/PhysRevLett.123.142502
https://doi.org/10.1103/PhysRevLett.123.142502
https://doi.org/10.1103/PhysRevC.75.054310
https://doi.org/10.1103/PhysRevC.78.044307
https://doi.org/10.1103/PhysRevC.78.044307
https://doi.org/10.1103/PhysRevC.101.044302
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibCFEFB870DDD3748A2823E87C6D14CCC1s1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibCFEFB870DDD3748A2823E87C6D14CCC1s1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibCBBBA05790423773C68064340E1BAA7Ds1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibCBBBA05790423773C68064340E1BAA7Ds1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibF0784D8DD9E2B614AE0E2A71DA23CCC6s1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibF0784D8DD9E2B614AE0E2A71DA23CCC6s1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bib0F182B7C291672877C92501BA8923184s1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bib0F182B7C291672877C92501BA8923184s1
https://doi.org/10.1103/PhysRevLett.59.535
https://doi.org/10.1103/PhysRevC.65.034304
https://doi.org/10.1103/PhysRevC.65.034304
https://doi.org/10.1016/0375-9474(95)00314-Q
https://doi.org/10.1016/0375-9474(95)00314-Q
https://doi.org/10.1016/0375-9474(77)90504-8
https://doi.org/10.1103/PhysRevC.25.3160
https://doi.org/10.1103/PhysRevC.25.3160
https://doi.org/10.1103/PhysRevC.35.2318
https://doi.org/10.1103/PhysRevC.94.034303
https://doi.org/10.1103/PhysRevC.96.014302
https://doi.org/10.1103/PhysRevC.96.014302
https://doi.org/10.1088/1674-1137/44/9/094001
https://doi.org/10.1088/1674-1137/44/9/094001
https://doi.org/10.1103/PhysRevC.103.L051301
https://doi.org/10.1103/PhysRevC.104.034320
https://doi.org/10.1103/PhysRevC.103.024322
https://doi.org/10.1103/PhysRevC.103.064312
https://doi.org/10.1103/PhysRev.110.489
https://doi.org/10.1103/PhysRev.110.489
https://doi.org/10.1016/0375-9474(69)90710-6
https://doi.org/10.1016/0375-9474(69)90710-6
https://doi.org/10.1016/0375-9474(76)90239-6
https://doi.org/10.1016/j.nima.2013.01.009
https://doi.org/10.1016/S0168-9002(00)00429-0
https://doi.org/10.1016/S0168-9002(00)00429-0
https://doi.org/10.1016/j.nima.2016.01.034
http://www.pas.rochester.edu/~cline/Gosia/
http://www.pas.rochester.edu/~cline/Gosia/


T.J. Gray, J.M. Allmond, R.V.F. Janssens et al. Physics Letters B 834 (2022) 137446
[29] B. Pritychenko, M. Birch, B. Singh, M. Horoi, Tables of E2 transition probabilities 
from the first 2+ states in even-even nuclei, At. Data Nucl. Data Tables 107 
(2016) 1–139, https://doi .org /10 .1016 /j .adt .2015 .10 .001.

[30] S. Flanagan, R. Chapman, J.L. Durell, W. Gelletly, J.N. Mo, The decay of 5.3 min 
106In and 6.3 min 106m In, J. Phys. G, Nucl. Phys. 2 (8) (1976) 589–602.

[31] J. Daniere, R. Beraud, M. Meyer, R. Rougny, J. Genevey-Rivier, J. Treherne, High-
spin states in 106Cd, Z. Phys. A, Atoms Nuclei 280 (4) (1977) 363–369, https://
doi .org /10 .1007 /bf01435445.

[32] L.E. Samuelson, J.A. Grau, S.I. Popik, F.A. Rickey, P.C. Simms, States in 106Cd pop-
ulated by heavy-ion (xn) reactions interpreted by a two-quasiparticle-plusrotor 
model, Phys. Rev. C 19 (1979) 73–95, https://doi .org /10 .1103 /PhysRevC .19 .73.

[33] J. Kumpulainen, R. Julin, J. Kantele, A. Passoja, W.H. Trzaska, E. Verho, J. 
Väärämäki, D. Cutoiu, M. Ivascu, Systematic study of low-spin states in even 
Cd nuclei, Phys. Rev. C 45 (1992) 640–661, https://doi .org /10 .1103 /PhysRevC .
45 .640.

[34] B. Roussière, P. Kilcher, J. Sauvage-Letessier, C. Bourgeois, R. Beraud, R. Duffait, 
M. Meyer, J. Genevey-Rivier, J. Treherne, Decays of 108m+g In and 106m+g In, Nucl. 
Phys. A 419 (1) (1984) 61–76, https://doi .org /10 .1016 /0375 -9474(84 )90285 -9.

[35] T. Schmidt, γ -ray spectroscopy of 106Cd and a shell-model based deformation 
analysis of 100−110Cd isotopes, Ph.D. thesis, Faculty of Science, University of 
Cologne, 2019.

[36] A. Linnemann, C. Fransen, J. Jolie, U. Kneissl, P. Knoch, C. Kohstall, D. Mücher, 
H.H. Pitz, M. Scheck, C. Scholl, F. Stedile, P. v. Brentano, N. Warr, V. Werner, 
Low-lying J = 1 states in 106Cd, Phys. Rev. C 75 (2007) 024310, https://doi .org /
10 .1103 /PhysRevC .75 .024310.

[37] J.M. Allmond, J.L. Wood, W.D. Kulp, Triaxial rotor model description of 
quadrupole interference in collective nuclei: the P3 term, Phys. Rev. C 80 
(2009) 021303, https://doi .org /10 .1103 /PhysRevC .80 .021303.

[38] C. Fahlander, A. Bäcklin, L. Hasselgren, A. Kavka, V. Mittal, L. Svensson, B. 
Varnestig, D. Cline, B. Kotlinski, H. Grein, E. Grosse, R. Kulessa, C. Michel, W. 
Spreng, H. Wollersheim, J. Stachel, Quadrupole collective properties of 114Cd, 

Nucl. Phys. A 485 (2) (1988) 327–359, https://doi .org /10 .1016 /0375 -9474(88 )
90106 -6.

[39] Z. Grabowski, R. Robinson, Properties of the 2′ and 2′′ states in 106,112,114Cd, 
Nucl. Phys. A 206 (3) (1973) 633–640, https://doi .org /10 .1016 /0375 -9474(73 )
90092 -4.

[40] M. Fewell, R. Spear, G. Adam, M. Esat, Determination of B(E3; 0+ → 3−) values 
for the stable isotopes of cadmium, Aust. J. Phys. 38 (4) (1985) 555, https://
doi .org /10 .1071 /ph850555.

[41] D. Cline, Nuclear shapes studied by Coulomb excitation, Annu. Rev. Nucl. 
Part. Sci. 36 (1) (1986) 683–716, https://doi .org /10 .1146 /annurev.ns .36 .120186 .
003343.

[42] J.M. Allmond, Simple correlations between electric quadrupole moments of 
atomic nuclei, Phys. Rev. C 88 (2013) 041307, https://doi .org /10 .1103 /PhysRevC .
88 .041307.

[43] F.K. McGowan, R.L. Robinson, P.H. Stelson, J.L.C. Ford, Coulomb excitation of vi-
brational triplet states and octupole states in the even cadmium nuclei, Nucl. 
Phys. 66 (1) (1965) 97–118, https://doi .org /10 .1016 /0029 -5582(65 )90135 -5.

[44] T. Tamura, T. Udagawa, Static quadrupole moment of the first 2+ state of vibra-
tional nuclei, Phys. Rev. 150 (1966) 783–790, https://doi .org /10 .1103 /PhysRev.
150 .783.

[45] D. Bès, G. Dussel, Phenomenological treatment of anharmonic effects in Cd 
isotopes, Nucl. Phys. A 135 (1) (1969) 1–24, https://doi .org /10 .1016 /0375 -
9474(69 )90143 -2.

[46] Z.Z. Qin, Y. Lei, S. Pittel, Global correlations between electromagnetic and spec-
troscopic properties of collective 2+

1 and 2+
2 states, Phys. Rev. C 94 (2016) 

024301, https://doi .org /10 .1103 /PhysRevC .94 .024301.
[47] E.A. Coello Pérez, T. Papenbrock, Effective field theory for nuclear vibrations 

with quantified uncertainties, Phys. Rev. C 92 (2015) 064309, https://doi .org /
10 .1103 /PhysRevC .92 .064309.

[48] D. Troltenier, P.O. Hess, J.A. Maruhn, in: S.E.K.K. Langanke, Joachim A. Maruhn 
(Eds.), Computational Nuclear Physics 1, Springer, Berlin, Heidelberg, 1991.
6

https://doi.org/10.1016/j.adt.2015.10.001
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibB2B477957C97D89846D3605F1BAB4363s1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibB2B477957C97D89846D3605F1BAB4363s1
https://doi.org/10.1007/bf01435445
https://doi.org/10.1007/bf01435445
https://doi.org/10.1103/PhysRevC.19.73
https://doi.org/10.1103/PhysRevC.45.640
https://doi.org/10.1103/PhysRevC.45.640
https://doi.org/10.1016/0375-9474(84)90285-9
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibEF0460BFEDC1ACA89D8FE8F3DA80D444s1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibEF0460BFEDC1ACA89D8FE8F3DA80D444s1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bibEF0460BFEDC1ACA89D8FE8F3DA80D444s1
https://doi.org/10.1103/PhysRevC.75.024310
https://doi.org/10.1103/PhysRevC.75.024310
https://doi.org/10.1103/PhysRevC.80.021303
https://doi.org/10.1016/0375-9474(88)90106-6
https://doi.org/10.1016/0375-9474(88)90106-6
https://doi.org/10.1016/0375-9474(73)90092-4
https://doi.org/10.1016/0375-9474(73)90092-4
https://doi.org/10.1071/ph850555
https://doi.org/10.1071/ph850555
https://doi.org/10.1146/annurev.ns.36.120186.003343
https://doi.org/10.1146/annurev.ns.36.120186.003343
https://doi.org/10.1103/PhysRevC.88.041307
https://doi.org/10.1103/PhysRevC.88.041307
https://doi.org/10.1016/0029-5582(65)90135-5
https://doi.org/10.1103/PhysRev.150.783
https://doi.org/10.1103/PhysRev.150.783
https://doi.org/10.1016/0375-9474(69)90143-2
https://doi.org/10.1016/0375-9474(69)90143-2
https://doi.org/10.1103/PhysRevC.94.024301
https://doi.org/10.1103/PhysRevC.92.064309
https://doi.org/10.1103/PhysRevC.92.064309
http://refhub.elsevier.com/S0370-2693(22)00580-9/bib501081DCA4A65937A5202A48180F3CAAs1
http://refhub.elsevier.com/S0370-2693(22)00580-9/bib501081DCA4A65937A5202A48180F3CAAs1

	E2 rotational invariants of 0+1 and 2+1 states for 106Cd: The emergence of collective rotation
	Declaration of competing interest
	Data availability
	References


