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Detailed spectroscopy of 110Cd: Evidence for weak mixing and the emergence of γ -soft behavior
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A study of the β+-electron capture decay of 110In into levels of 110Cd is combined with a reanalysis of data
from a previous study of 110Cd with the (n, n′γ ) reaction with monoenergetic neutrons. The γ γ coincidences
from the 110In decay leads to many new assignments of γ rays observed in the (n, n′γ ) reaction, permitting the
observation of weak low-energy transitions, and setting stringent upper limits on unobserved decay branches.
The uncertainties on many of the lifetimes from the (n, n′γ ) reaction are significantly reduced, and limits are
established for the lifetimes of levels too long for a direct measurement. The absence of enhanced transitions
between the previously assigned phonon states and the deformed intruder states strongly suggests that mixing
between the configurations is generally weak, refuting the strong-mixing scenario as an explanation of the decay
pattern of the excited 0+ states in 110Cd. The decay pattern of the nonintruder states is suggestive of a γ -soft
rotor, or O(6) nucleus, rather than a vibrational, or U(5), pattern. The existence of a four-particle–six-hole proton
excitation in 110Cd is also suggested.
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I. INTRODUCTION

Historically, the Cd isotopes, especially 110,112Cd, have
been favored examples of near-harmonic quadrupole vibra-
tional behavior [1–3], with a two-phonon triplet of levels
having Iπ = 0+, 2+, and 4+ at approximately twice the energy
of the 2+

1 state and a quintuplet of levels, with Iπ = 0+, 2+, 3+,
4+, and 6+, at nearly 3 × E(2+

1 ). The observation of additional
levels in the vicinity of the two-phonon triplet was problematic
[4], however. The conclusion that these extra levels were part
of a deformed coexisting structure was firmly established
by Meyer and Peker [5]. These bands are based [5,6] on
two-particle–four-hole (2p-4h) proton “intruder” excitations
across the Z = 50 closed shell, and they are evidenced by
the enhanced (3He, n) cross sections associated with the 0+
bandheads observed by Fielding et al. [7]. In the following
sections, members of the intruder band are labeled with (i) to
facilitate the discussion.
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Figure 1 shows selected B(E2) values from the low-lying
0+ states in 110–116Cd. The extremely small B(E2; 0+

3 → 2+
1 )

values in 110–114Cd and the B(E2; 0+
2 → 2+

1 ) value in 116Cd are
noted in particular; these transitions would have B(E2) values
of approximately 60 W.u. in a harmonic quadrupole vibrational
picture. To explain this pattern, mixing was introduced [6,9,10]
between the intruder states, described as having predominately
an O(6) character, and vibrational states, possessing predomi-
nately U(5) character, in an interacting boson model-2 (IBM-2)
formalism. Results from this calculation for 110Cd, using the
parameters of Refs. [9,11], are shown for selected transitions
in Table I alongside calculations with no mixing between the
intruder and nonintruder states and data for 110,112Cd. These
calculations are generic for all the Cd isotopes. It is clear that
the mixing is essential to explain the observed pattern.

Recent studies [11–15], using both the (n, n′γ ) reaction
and radioactive decay have begun to characterize the higher-
lying states, especially candidate states for the three-phonon
multiplet in 112,114,116Cd. These studies have revealed con-
sistent discrepancies between the IBM-2 model calculations,
which incorporate strong mixing, and the experimental data
[11,16]. Table II shows selected higher-lying levels and
transitions where the mixing has a dramatic impact on the
predicted transition rate. Testing for the presence or absence
of mixing requires lifetime data and precise intensities for
high-lying, low-energy transitions. The lifetime data from the
110Cd(n, n′γ ) reaction have been reanalyzed—the results of
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FIG. 1. Portion of the level schemes for 110,112,114,116Cd showing the decays from the low-lying 0+ states. The observed transitions between
levels are indicated by arrows with widths proportional to the B(E2) values and are labeled with the absolute B(E2) values or limits, with the
uncertainties in parentheses. Data are taken from Ref. [8] and the present results for 110Cd.

which are presented below. In addition, high-statistics data for
low-intensity transitions following β+–electron capture (EC)
decay of 110In have been obtained. The experimental procedure
which provides the transition intensities is described below.

II. EXPERIMENTAL DETAILS AND RESULTS

The 110In decay experiment was performed with the 8π

γ -ray spectrometer [17] at the TRIUMF-ISAC facility. A
65-μA, 500-MeV proton beam was directed onto a natTa
target. Products that diffused to the surface of target foils were
ionized with a Re surface-ion source and passed through a
magnetic mass separator set to select singly charged A = 110
ions. The resultant beam delivered to the experimental area
consisted of 1.2 × 107 s−1 of the Iπ = 7+t1/2 = 4.9 h 110Ing

and 1.7 × 106 s−1 of the Iπ = 2+ t1/2 = 1.15 h 110Inm. The
beam was deposited onto a FeO-coated mylar tape at the center
of the 8π spectrometer, which consisted of 20 high-purity Ge
(HPGe) detectors with bismuth germanate (BGO) Compton-
suppression shields. The average source-to-Ge-detector dis-
tance was 14 cm. A BC-422Q fast plastic scintillator with a
solid angle of approximately 20% was located immediately
behind the beam deposition point, while the 5 Si(Li) detectors
of the PACES array for conversion-electron studies were
positioned upstream. The data were collected in scaled-down
γ -singles, γ γ , and γ e− coincidences during the approximately
1 h of beam deposition plus 1 h of decay, after which the source
position on the tape was moved to a point outside the array
behind a lead wall and the cycle repeated.

TABLE I. Transition rates, in W.u., from IBM-2 calculations for
110Cd, incorporating mixing between the intruder and nonintruder
states and without mixing of the configurations, compared with the
experimental results for both 110Cd and 112Cd [8].

Transition IBM-2 Experimental

Mixed Unmixed 110Cd 112Cd

2+
1 → 0+

1 27 26 27.0(8) 30.2(3)
0+

2 (i) → 2+
1 31 0 <40 51(14)

0+
3 → 2+

2 55 7.6 <1680 80(12)
0+

3 → 2+
1 1.1 24 <7.9 0.0099(14)

The details of the (n, n′γ ) experiment have been presented
in Refs. [18,19]. In the reanalysis of the data, the spectra
were fitted with a focus on low-intensity transitions and the
consistency of fits across spectra. This procedure resulted in
the assignment [20] of over 170 γ rays to 110Cd, with nearly all
placed, compared to 128 identified in the earlier analysis with
77 placed in the level scheme. This high level of placement
success could not have been achieved without access to the
new 110In decay data.

The γ -ray branching fractions were determined from both
the (n, n′γ ) data and the 110In decay data. The (n, n′γ ) data
were based on γ -ray singles measurements only, whereas the
110In decay data used γ -ray coincidence gating, with gates
taken from above or below. When gating from above, the
standard method was used where the intensity of the γ ray
of interest was divided by the total intensity out of that level.
Gating from below required the method described in Ref. [21]
utilizing

N12 = N Iγ1ε(γ1)Bγ2ε(γ2)εCη(θ12), (1)

where N12 is the number of counts in the coincidence peak
between two cascading γ rays, Iγ1 is the intensity of the
“feeding” γ ray of the pair, Bγ2 is the branching fraction of the
“draining” transition γ2, and ε(γ ) is the detection efficiency
at energy Eγ . The factor N is an overall normalization

TABLE II. Selected transition rates, in W.u., from IBM-2 calcula-
tions with and without mixing of the intruder and nonintruder states,
which show the sensitivity to mixing. The subscript on the level
indicates the experimental ordering of the levels, not necessarily that
of the calculation.

Transition IBM-2

Mixed Unmixed

2+
3 (i) → 4+

1 12 0
2+

3 (i) → 2+
2 10 0

0+
4 → 2+

3 (i) 33 0
0+

4 → 2+
2 18 33

4+
2 → 2+

3 (i) 44 0
2+

5 → 2+
3 (i) 23 0

6+
1 → 4+

3 (i) 6.6 0
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TABLE III. Selected results for levels in 110Cd from the (n, n′γ ) reaction and β+-EC decay of 110In. Uncertainties are listed in parentheses.
The γ -ray energy uncertainties are statistical only and do not include an estimated 20 eV systematic uncertainty. The Iγ values are the relative
intensity of the observed γ rays for each level, normalized to 1.0, derived from the 110In decay unless otherwise noted. For some transitions,
the angular distribution analysis leads to ambiguities in the value of the mixing ratio δ [from the reanalysis of the (n, n′γ ) data]; the second
value listed has the larger χ 2 value, but it cannot be excluded. The final column lists the deduced absolute B(E2) value in W.u., except for
those contained in square brackets, which are relative values.

Ei (keV) Iπ
i Eγ (keV) Ef (keV) Iπ

f Iγ δ τ (fs) B(E2; Ii → If ) (W.u.)

657.765(2)a 2+
1 657.760(1)a 0.0 0+

1 1.0 27.1(8)a

1473.090(6) 0+
2 (i) 815.323(3) 657.8 2+

1 1.0 >1800 <40
1475.801(5) 2+

2 818.323(3) 657.8 2+
1 0.643(10) −2.17+0.35

−0.36 1950+500
−330 19(4)

1475.799(8) 0.0 0+
1 0.357(10) 0.68(14)

1542.458(5) 4+
1 884.688(3) 657.8 2+

1 1.0 42(7)a

1731.312(9) 0+
3 255.547(15) 1475.8 2+

2 0.143(8) >2000 <1680
1073.549(7) 657.8 2+

1 0.857(8)b <7.9
1783.561(7) 2+

3 (i) 307.8b 1475.8 2+
2 <0.0009c 1160+170

−140 <8
310.515(38) 1473.1 0+

2 (i) 0.0037(4) 29(5)
1125.789(5) 657.8 2+

1 0.772(8) 0.186+0.038
−0.028 0.32+0.10

−0.14

1.52+0.12
−0.09 6.7+1.0

−0.9

1783.583(14) 0.0 0+
1 0.224(6) 0.28(4)

2078.885(22)a 0+
4 295.3 1783.6 2+

3 (i) 0.791(21) [100]
603.1b 1475.8 2+

2 <0.18 [<0.65]
1421.1b 657.8 2+

1 0.209(21) [0.010]
2162.809(7) 3+

1 379.2b 1783.6 2+
3 (i) <0.003b 1640+700

−380 <5
620.300(20) 1542.5 4+

1 0.117(4) −0.36+0.04
−0.05 2.4+0.9

−0.8

−1.93+0.24
−0.28 39(12)

687.004(4) 1475.8 2+
2 0.287(9) −1.79(10) 22.7(69)

1505.046(11) 657.8 2+
1 0.596(10) −1.47+0.10

−0.11 0.85(25)
2220.087(7) 4+

2 436.5b 1783.6 2+
3 (i) <0.0003 1510+1140

−460 <0.5
677.623(4) 1542.5 4+

1 0.630(9) −0.41(3) 10.7+4.9
−4.8

744.307(10) 1475.8 2+
2 0.293(9) 22(10)

1562.324(52) 657.8 2+
1 0.076(3) 0.14(6)

2250.580(8) 4+
3 (i) 466.997(16) 1783.6 2+

3 (i) 0.104(4) 1080+450
−250 115(35)

708.122(4) 1542.5 4+
1 0.813(6) 0.131+0.044

−0.036 1.8+1.0
−1.5

774.91(12) 1475.8 2+
2 0.0160(7) 1.2(4)

1592.824(58) 657.8 2+
1 0.067(3) 0.14(4)

2355.776(17) 2+
5 572.2b 1783.6 2+

3 (i) <0.006c 484+47
−38 <5

624.364(36) 1731.3 0+
3 0.0416(11)c 24.2(22)

813.3b 1542.5 4+
1 <0.03 <5

880.0b 1475.1 2+
2 0.0217(13)c 0.66+0.51

−0.34 0.7+0.5
−0.6

882.7b 1473.1 0+
2 (i) <0.017 <1.9

1698.029(12) 657.8 2+
1 0.9367(16)c 2.7(3) 3.2(3)

−0.050+0.034
−0.045 0.009+0.023

−0.008

2479.971(74) 6+
1 229.4b 2250.6 4+

3 (i) 0.00051(3) d 36(11)
259.9b 2220.1 4+

2 <0.0001 <5
937.511(44) 1542.5 4+

1 0.99949(3) 62(18)

aValue taken from Ref. [26].
bValue obtained from the difference in level energies.
cBranching fraction from (n, n′γ ) data.
dLifetime taken from Ref. [27].

constant that characterizes a given decay data set, εC reflects
the change in the detection efficiency due to the coincidence
condition, and η(θ12) is the effect of the angular correlation.
For the present data, the assumption is made that the time
conditions applied during the sorting of the data did not
distort the detection efficiency, and corrections due to angular
correlations and summing effects are in general below ±3%
due to the excellent symmetry of the 8π spectrometer resulting

from the icosahedral positioning of the γ -ray detectors. By
relabeling I ′

γ1
= N12/ε(γ1), the branching ratio for any level

can be found from

BR(γ1) =

I ′
γ1

Bγ2ε(γ2)

∑
j

I ′
γ1j

Bγ2j
ε(γ2j )

, (2)
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FIG. 2. Portion of the low-lying level scheme for 110Cd. The observed transitions between levels are indicated by arrows with widths
proportional to B(E2) values. The levels on the right side of the figure are assigned as members of the deformed intruder band based on
a 2p-4h proton excitation [5,6,23,24]. The 1731-, 1475-, and 1542-keV levels were previously assigned as the 0+, 2+, and 4+ two-phonon
triplet and the 2079-keV (0+

4 ), 2356-keV (2+
5 ), 2163-keV (3+

1 ), 2220-keV (4+
2 ), and 2480-keV (6+

1 ) levels as members of the three-phonon
quintuplet [3,18,19,24,25].

where the summation over j extends to all transitions decaying
from the level of interest. When there was no indication of
a peak present, a limit was calculated using the procedure
outlined in Ref. [22]. When there was weak evidence of a peak
in the region of interest, the branching ratio was determined
as if a real peak was present and the upper limit calculated by
adding 2σ to the central branching ratio value.

The low-lying level scheme of 110Cd is shown in Fig. 2.
The present work has led to the new placement of a transition
among the levels shown in Fig. 2, the 880-keV γ ray from the
2356-keV 2+

5 state, and has firmly established the 229-keV γ

ray from the 2480-keV 6+
1 state. Figure 3 displays portions of

the spectrum obtained by summing spectra from the (n, n′γ )
excitation functions from 2.5 to 2.8 MeV, and subtracting
a normalized 2.4-MeV spectrum. The resulting spectrum
highlights transitions from levels with thresholds between 2.2
and 2.7 MeV, while largely removing the peaks from γ rays
with thresholds below 2 MeV. In Fig. 3(a), the newly assigned
880-keV γ ray is clearly visible. The 572-keV γ ray from the
2+

5 state feeding the 2+
3 (i) intruder state remains unobserved, as

shown in Fig. 3(b). Figure 4 displays a portion of the spectrum
from the 110In decay in which a gate has been placed on a
641-keV γ ray feeding the 2480-keV 6+

1 level. The inset shows
the evidence for the firm placement of the 229-keV 6+

1 →
2251-keV 4+

3 (i) γ ray. The extracted branching fraction is
5.1(3) × 10−4. In addition to these new γ rays, the branching
fractions have been refined considerably for many of the
remaining transitions. For example, the 310.5-keV γ ray
corresponding to the 2+

3 → 0+
2 (i) transition in the intruder

band was previously reported to have branching fractions of
0.0015 (with no uncertainty given) [5] and 0.003 ± 0.001
[18]. By using coincidence gating in the 110In decay data,
as shown in Fig. 5(a), the present result is 0.0037 ± 0.0004.
In Fig. 5(b), the (n, n′γ ) angular distribution data, taken
with En = 2.6 MeV, have been summed to provide increased

sensitivity for low-energy transitions. The 310.5-keV γ ray is
clearly visible. At the location corresponding to the 2+

3 (i) →
2+

2 transition, 307.8 keV, there is an an excess of counts, but
no firm identification of a peak can be made; a fit to the region
yields an upper limit for the branching fraction of <9 × 10−4

and thus a limit for the B(E2; 2+
3 (i) → 2+

2 ) transition of
<8 W.u.

Table III presents the results from the present work.
Combining the new lifetime values with the branching ratios,
together with their limits, leads to the B(E2) values listed.
The lifetimes are, in general, in excellent agreement with those
of the previous analysis [18], but the uncertainties have been
reduced considerably due to more precise fitting of the spectra.
An exception is the lifetime of the 2220-keV 4+ level with
τ = 1510+1140

−460 fs from the present analysis compared with
970+430

−230 fs [18,19].

III. DISCUSSION AND INTERPRETATION

The new results confirm many of the previous conclusions
regarding the structure of 110Cd and, more generally, of
110–116Cd. The structural details that are confirmed are first
discussed, followed by the new insights provided by the present
study.

A. Intruding π 2p-4h configuration

The intruder band is well established, with the 0+
2 (i)

state as the bandhead, a 1784-keV 2+ member, a 2251-keV
4+ member, and a 2877-keV 6+ member [5,7,23,24]. The
improved branching fraction for the 2+

3 (i) → 0+
2 (i) transition

from the coincidence gating and the new lifetime result yield
B(E2; 2+

3 (i) → 0+
2 (i)) = 29 ± 5 W.u. which can be compared

with 47+10
−7 , 65 ± 9, and 86+24

−30 W.u., respectively, for the
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FIG. 3. Portions of the γ -ray spectrum obtained by summing the
excitation function spectra obtained with the (n, n′γ ) reaction for
neutron energies from 2.5 to 2.8 MeV and subtracting a 2.4-MeV
spectrum normalized to the total number of neutrons for the 2.5–
2.8 MeV data. The peaks of interest are labeled by their energies in
keV. The top panel (a) displays the region around the newly placed
880-keV 2+

5 → 2+
2 γ ray, whereas the bottom panel (b) displays the

624-keV 2+
5 → 0+

3 γ ray and the position of a hypothetical peak
corresponding to a 572-keV 2+

5 → 2+
3 (i) transition.

corresponding transitions in 112,114,116Cd [11]. There is thus
a definite trend of increasing collectivity in the deformed
intruder band with increasing neutron number.

The 0+
2 (i) level is assigned as the head of the deformed

intruder band based on the strong 2+
3 (i) → 0+

2 (i) transition
(29 ± 5 W.u.) and also the strong population in the (3He, n)
two-proton transfer reaction [7]. Unfortunately, the lifetime
of the 0+

2 (i) state is too long to be measured in the present
work, and a lower limit of 1800 fs is determined, establishing
a B(E2) upper limit of 40 W.u. for its decay to the 2+

1 level.
The 0+

4 level, at 2079-keV, has a strongly favored decay to
the 2+ member of the intruder band at 1784 keV [the 2+

3 (i)
level]. Figure 6 displays a portion of the γ -ray spectrum of
coincidences with a 1397-keV γ ray from the 3475-keV I =
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FIG. 4. Portion of the γ -ray coincidence spectrum from the 110In
decay obtained by placing a gate on the 641-keV γ ray that feeds the
2480-keV 6+

1 state. The peaks are labeled by their energies in keV.
The inset shows the expanded region near the 229-keV 6+

1 → 4+
3 (i)

γ ray that leads to its firm assignment with a branching fraction of
5.1(3) × 10−4.

1 → 2079-keV 0+
4 level, clearly showing the dominance of

the 295-keV 0+
4 → 2+

3 (i) γ ray. Also noted is the location of
a potential 603-keV 0+

4 → 2+
2 transition; the extracted upper

limit for the branch is <0.18. In Refs. [11,28] it was argued that
the 0+

4 states in 110,112,114,116Cd were excitations built on the
intruder band, based on their “V”-shaped pattern of excitation
energies, with a minimum near the mid-shell, similar to the
lowest 0+ intruder state, and their preferred γ decay to the
first 2+ state of the intruder band.

B. Previous vibrational interpretation

The B(E2; 2+
1 → 0+

1 ) value of 27.0(8) W.u. is clearly
enhanced and has a magnitude expected for a quadrupole
phonon excitation. At approximately twice the energy of the
658-keV one-phonon state, there should exist a triplet of levels,
with spin-parities 0+, 2+, and 4+ and B(E2) values equal to
twice that for decay to the one-phonon level, i.e., 55 W.u.
The B(E2; 4+

1 → 2+
1 ) value of 42 ± 7 W.u. is in reasonable

agreement with this expectation. The 2+
2 level at 1476 keV,

however, has B(E2; 2+
2 → 2+

1 ) = 19 ± 4 W.u., nearly a factor
of 3 smaller than expected. The 0+

3 level at 1731 keV has a
lifetime too long to be determined by the Doppler shift method,
but it has a strongly preferred decay to the 2+

2 level at 1476 keV.
Thus, the only 0+ level that may have an enhanced B(E2) value
to the 2+

1 level, the one-phonon state, is the intruder bandhead.
The small magnitude of the B(E2; 2+

2 → 2+
1 ) value and the

fact that the only possible enhanced B(E2; 0+ → 2+
1 ) value

is from the deformed-intruder bandhead cast doubt on the
appropriateness of the vibrational model for 110Cd. As shown
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FIG. 5. Portion of the spectrum of γ rays in coincidence with the
815-keV 0+

2 (i) → 2+
1 γ ray, and the angular distribution data from

the (n, n′γ ) reaction at En = 2.6 MeV. The top panel (a) displays
the coincidence of the 310.5-keV 2+

3 (i) → 0+
2 (i) γ ray, leading to

a measured branching fraction of 0.0037 ± 0.0004, confirming the
1783-keV level as the 2+ rotational band member of the deformed
intruder band based on the 1473-keV 0+

2 (i) state. (b) Singles spectrum
obtained by the summation of spectra taken at 12 angles from 30◦

to 152◦. The 310.5-keV γ ray is clearly visible, with only weak
evidence of a peak at the location of a 307.8-keV γ ray. This location
corresponds to that of a transition from the 1783-keV level feeding
the 1475-keV 2+

2 level; an upper limit for the branching fraction of
<9 × 10−4 is established.

in Table I, this decay pattern could be explained within the
interacting boson model (IBM) by incorporating strong mixing
between the vibrational phonons and deformed intruder states.
To explain the near vanishing of B(E2; 0+

3 → 2+
1 ) and the

enhancement of B(E2; 0+
2 (i) → 2+

1 ), nearly maximal mixing
between the phonon and intruder configurations was invoked
that resulted in destructive interference for 0+

3 → 2+
1 decay

and constructive interference for the 0+
2 (i) → 2+

1 decay [6,9].
With the more precise lifetimes and upper limits on

transitions determined in the present study, a detailed com-
parison with the IBM-2 calculations, under the assumption of
predominately vibrational character for the nonintruder states,

TABLE IV. Selected E2 transition rates, in W.u., from IBM-2
calculations, with and without mixing the intruder and nonintruder
states, compared to the experimental results for 110Cd. Quantities
in square brackets are relative B(E2) values. Transitions with two
possible solutions for the E2/M1 mixing ratio δ have the B(E2)
value for the most favored δ listed first.

Transition B(E2; Iπ
i → Iπ

f )

Mixed Unmixed Experimental

2+
1 → 0+

1 27 26 27.1(8)
0+

2 (i) → 2+
1 31 0 <40

2+
2 → 0+

1 0.2 0.19 0.68(14)
2+

2 → 2+
1 36 31 19(4)

4+
1 → 2+

1 43 39 42(7)
0+

3 → 2+
2 55 7.6 <1680

0+
3 → 2+

1 1.1 24 <7.9
2+

3 (i) → 4+
1 12 0

2+
3 (i) → 0+

2 (i) 59 128 29(5)
2+

3 (i) → 2+
2 10 0 <8

2+
3 (i) → 2+

1 0.0049 0 0.32+0.10
−0.14, 6.7+1.0

−0.9

0+
4 → 2+

3 (i) 33 0 [100]
0+

4 → 2+
2 18 33 [<0.65]

0+
4 → 2+

1 0.29 [0.010]
3+

1 → 4+
1 13 11 2.4+0.9

−0.8, 39(12)
3+

1 → 2+
2 37 34 22.7(69)

3+
1 → 2+

3 (i) 0.43 0 <5
3+

1 → 2+
1 0.22 0.25 0.85(25)

4+
2 → 2+

3 (i) 44 0 <0.5
4+

2 → 4+
1 22 17 10.7+4.9

−4.8

4+
2 → 2+

2 35 22 22(10)
4+

2 → 2+
1 0.20 0.035 0.14(6)

4+
3 (i) → 2+

3 (i) 107 182 115(35)
4+

3 (i) → 4+
1 1.2 0 1.8+1.0

−1.5

4+
3 (i) → 2+

2 0.066 0 1.2(4)
4+

3 (i) → 2+
1 0.22 0 0.14(4)

2+
5 → 0+

3 16 13 24.2(22)
2+

5 → 4+
1 4.5 8.6 <5

2+
5 → 2+

2 0.83 3.6 0.7+0.5
−0.6

2+
5 → 0+

2 (i) 0.87 0 <1.9
2+

5 → 2+
3 (i) 23 0 <5

2+
5 → 2+

1 0.033 0.0011 3.2(3), 0.009+0.023
−0.008

2+
5 → 0+

1 0.28 0.15
6+

1 → 4+
3 (i) 6.6 0 36(11)

6+
1 → 4+

2 2.6 0.06 <5
6+

1 → 4+
1 54 46 62(18)

can now be made and is shown in Table IV. First, it should
be noted that many of the B(E2) values are very small and do
not provide a means of distinguishing between the mixed and
unmixed calculations. The strong-mixing calculations appear
to reproduce the decay pattern for the intruder band, the
two-phonon triplet, and the 3+ member of the three-phonon
quintuplet. However, the calculations were carefully tuned to
reproduce the decay of the 0+

2 (i) and 0+
3 levels by adjusting

the mixing matrix element and the parameter � that describes
the position of the intruder configuration with respect to the
normal configuration. The 2+

2 , 2+
3 (i), and 3+

1 levels all have
weak mixing with nearby levels. This can be understood as
due to the common O(5) subgroup in both configurations [29].
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The calculated wave functions for the 2+
2 and 2+

3 (i) levels have
amplitudes of 0.94|2n

2〉 and 0.91|2i
1〉, where the superscripts n

and i refer to the unmixed “normal” phonon and the intruder
configurations, respectively. While the mixing of the 2+

2 and
2+

3 (i) levels is small, it still gives rise to an enhancement of
the 2+

3 (i) → 2+
2 transition, with a calculated B(E2) value of

10 W.u.; the experimental upper limit is <8 W.u., implying
that the mixing is even less than calculated. The 3+

1 level has
0.96|3n

1〉 as the dominating component in its wave function.
Only the 4+

3 (i) level, a member of the intruder band, has
a significant mixing of its wave function with dominating
components 0.64|4n

2〉 + 0.74|4i
1〉. While it might be expected

that there should be a strong 4+
3 (i) → 2+

2 transition based on
the composition of the wave function in the calculations, the
transition is suppressed in precisely the same manner as the
0+

3 → 2+
1 transition.

Turning to the remaining levels that display enhanced tran-
sitions to the lower-lying states, we see that a different picture
emerges. The 0+

4 level at 2079 keV, previously suggested as
a member of the three-phonon quintuplet [3,18,19,24,25], has
a dominant decay to the 2+ member of the intruder band.
While the 0+

4 level in the calculations possesses an enhanced
decay to the 2+ intruder band member, an enhanced decay
is also predicted to the 2+ two-phonon level. Experimentally,
the B(E2) value of this latter decay is a factor of at least
150 smaller (but note that only an upper limit on the decay
branch exists) than the B(E2) value for decay to the intruder
band. The 4+

2 level has enhanced decays to both the 2+
2 and

4+
1 levels, as would be expected for a three-phonon state, but

is also predicted to have its strongest B(E2) value (44 W.u.)
for decay to the 2+

3 (i) intruder state—a result of the mixing
between the 4n

2 and 4i
1 states. The experimental upper limit

is <0.5 W.u. The 2+
5 level is predicted to have an enhanced

decay to the 2+
3 (i) intruder band member of 23 W.u., whereas

experimentally an upper limit of <5 W.u. is established.
The remarkable feature now illuminated is the apparent

absence of mixing of the intruder with nonintruder configu-
rations, except perhaps for the ground-state band. The only
level with firmly established large B(E2) values to both the
normal and intruder states is the 6+

1 member of the ground-state
band that decays to the 4+

3 (i) member of the intruder band
with 36 ± 11 W.u. Based on systematics [11], it is also likely
that the intruder bandhead has a large B(E2) value for decay
to the 2+

1 level just below the limit of 40 W.u. established
here. Further evidence for the weak mixing between the
ground-state and intruder bands is from the weakly enhanced
ρ2(E0) values between the lower-spin band members [16,30].
No other level is known to exhibit enhanced E2 decays to
both configurations.1 In the strong-mixing scenario required
to explain the decays of the 0+

2 (i) and 0+
3 levels, a natural

consequence is the mixing of other excited states, leading to
enhanced E2 decays between the configurations.

Rejecting the vibrational-intruder strong-mixing scenario
has the immediate consequence that the decays of the excited

1This statement includes not only the levels discussed here but also
all other excited states below 3 MeV in excitation energy, the results
of which will be published separately [20].

0+
2 (i) and 0+

3 levels are no longer explained, as illustrated in
Table I. However, Table IV shows that the predicted transition
strengths from other levels with large B(E2) values are either
relatively unchanged, or in better agreement, in the calculation
without mixing. For example, the predicted decay of the 4+

2
level to the intruder 2+

3 (i) band member is in much better
agreement with the experimental data in the unmixed calcula-
tion, and similarly for the 2+

5 level. Overall, the result of the
nonmixing calculation is judged to be no better, nor worse, than
that of the mixed calculation. [Note that the effective charges
for the intruder configuration have not been adjusted, but they
could be so as to reproduce the intruder B(E2; 2+

3 (i) → 0+
2 (i))

value, which would renormalize the B(E2; 4+
3 (i) → 2+

3 (i))
value as well.] The disagreement with experimental data stems
largely from the fact that the underlying configuration for the
normal states was taken as vibrational, i.e., dominated by that
expected for U(5) symmetry.

C. Alternative interpretations

If the underlying nonintruder configuration is not vibra-
tional, the question arises as to what it may be. A key would
seem to be the near vanishing of the B(E2; 0+

3 → 2+
1 ) value,

while at the same time an enhancement of the B(E2; 0+
3 →

2+
2 ) value is exhibited. This behavior is that expected for O(6)

nuclei, or the γ -soft picture of Wilets and Jean [31]. Further,
the rearrangement of the levels into band structures, as shown,
for example, in Fig. 7 of Ref. [16], results in a K = 2 band
staggering, which also is in accord with that expected for a
γ -soft nucleus.

Several experimental observations remain problematic in
such an interpretation. Foremost, there is no explanation for
the enhanced intruder B(E2; 0+

2 (i) → 2+
1 ) value, which arose

from strong mixing in the previous scenario. Further, the
Wilets-Jean model, or the O(6) limit of the IBM, predicts
identically zero for the quadrupole moments, contrary to the
experimental observation [26].

Very recently, calculations using the adiabatic time-
dependent Hartree-Fock-Bobolyubov approach with the
Skyrme interaction SIII have been used to generate both the
potential energy and mass parameters for the Bohr Hamil-
tonian [32]. The potential energy surfaces for the 106–116Cd
isotopes, in general, have a minimum with β near 0.2 and
are prolate with γ close to zero, although there is a weak γ

dependence [32]. Nonzero quadrupole moments are calculated
and these are typically somewhat larger than the experimental
values.

It has been pointed out [11] that the properties of the 0+
4

levels in the 110–116Cd isotopes, their “V-shaped” excitation-
energy pattern as a function of neutron number, and their
strongly favored decay to the 2+

3 (i) intruder band members
are consistent with their assignments as excitations built on
the intruder band. The very low energy relative to the intruder
bandhead, however, lying below the position of the first 4+
intruder state and approaching the first 2+ intruder level, is
difficult to reproduce as a typical collective-type excitation
that might be built on the intruder 0+ state. It seems possible
that the 2079-keV state is a 4p-6h proton excitation. It would
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be expected that this configuration would have an even more
deformed shape than the 2p-4h excitation and should thus act
as a bandhead for a rotational-like band. Additional detailed
spectroscopy is required to seek the weak in-band decay
branches needed to identify such possible band members.

IV. CONCLUSIONS

Results from a high-statistics 110In β+-EC decay experi-
ment, combined with a reanalysis of (n, n′γ ) data including
level lifetimes, has resulted in the establishment of stringent
upper limits on unobserved branches and of more precise
B(E2) values than were previously available. It is found that,
generally, the vibrational-phonon and intruder states do not
have enhanced E2 transitions connecting them, apart from the
0+ intruder bandhead and the 6+

1 member of the ground-state
band. Thus, there is no evidence for the strong mixing of

the intruder and nonintruder configurations except for the
ground-state band. The rejection of the strong-mixing scenario
reveals that the nonintruder states are not vibrational, but the
decay pattern is strongly suggestive of a γ -soft, or O(6)-type,
nucleus. The existence of the proton 4p-6h excitation is
speculated upon.
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