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COEXISTING STRUCTURES AT LOW- AND HIGH
—SPIN IN EVEN-EVEN Cd AND Sn NUCLET*
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Comprehensive spectroscopic studies of even-mass Cd, Sn and Te nu-
clei have been carried out within the Jyvaskyla - Uppsala collaboration.
A special emphasis is put on the systematics of collective intruder states
and the role of proton excitations across the Z = 50 gap in these states.

PACS numbers: 21.10. Re, 23.20. -g, 25.40. -h, 27.60. +j

1. Even-mass Sn nuclel
1.1. Introduction

Many of the collective properties of even Sn nuclei can be reproduced
in neutron-quasiparticle calculations. First evidence for possible low-lying
proton excitations across the Z = 50 gap was found by Fielding et al. [1]
in (3He, n)-experiments, where population of the first excited 01 states
in even 198—118G6n nyclei via the L = 0 two-proton transfer was found to
be as strong as that of the ground states. Collective band structures up
to spin 121 on these 01 states in even 11271188n nuclei were identified
in y-spectroscopic studies by Bron et al. [2]. Similarities in the energy
systematics of these bands with the known proton-intruder bands in odd-
mass In and Sb nuclei clearly indicated that these bands are based on the
deformed proton (g2 /2g7_ /22) 2p-2h configurations. Later the bands in 112Sn

and 114Sn have been extended to higher spins [3, 4] and new bands involving
also hyq /2 protons have been found in lighter Sn isotopes down to 1°6Sn

[6-7]. It is only in the midshell Sn isotopes where these band structures can

* Presented at the XXIX Zakopane School of Physics, Zakopane, Poland,
September 5-14, 1994.

(261)



262 R. JuLIN

be studied at low spins. In the light Sn isotopes these bands appear yrast
Just after the alignment of h;; /; neutrons.

1.2. Low-spin stales

In order to obtain more systematic information about the collective
behaviour of the low-spin states of even Sn isotopes we successfully used
low-energy proton-inelastic scattering for populating the low-lying states.
Various py and pe™ coincidence methods were employed in lifetime mea-
surements [8] as well as in obtaining more selectivity for the v-ray and
conversion-electron measurements. Various types of magnetic lens plus
Si(Li) electron spectrometers were designed and constructed for in-beam
conversion—electron measurements [9-11]. Light-ion beams from the
Jyvaskylda MC20 cyclotron and from the Uppsala EN tandem were used.
Methods for multiple Coulomb excitation of vibrational nuclei were devel-
oped [12]. Oxygen beams from the Uppsala EN tandem were used in these
measurements.
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Fig. 1. Level scheme of 18Sn [13]. The widths of the arrows are proportional to
the reduced transition probabilities. Observed weak E2 branches are not shown in
this figure.

As an example from our low-spin studies [13-15], results for N = 66
midshell nucleus !'8Sn are shown in Fig. 1. The B(E2) values shown in
this figure indicate much more collectivity for the 0;’, 2;, 4? and 4;‘ states
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than predicted by the neutron-quasiparticle calculations. Concerning the
deformed structures, the 0;, 25 and 4; states are the members of the
intruder band proposed by Bron et al. {2]. The resulting B(E2) values in
Fig. 1. clearly indicate that a possible band structure at low spins in 116Sn
is more complicated.

The observed pattern of the E0 transitions (Fig. 1.) between the 0T
states in even 11471208y, j5 quite unique. While the E0 transitions from the
excited 01 states to the ground state are rather weak, the ones between
the excited 0% states are found to be exceptionally strong. The strong
E0 transition in 1'6Sn can be generated if the associated 0% states are
strongly mixed and involve deformation. A rough calculation [13] indicates
deformation of the order of 8 = 0.2. This value is not far from f3-values
extracted from the strongest observed B(E2) values shown in Fig. 1.

As a conclusion, our E2 and especially E0 data supports the idea of
having deformed states present already among the lowest excited states of
even-mass Sn nuclei near the neutron midshell. Our results also clearly
evince strong mixing at low spins, which makes the identification of the
rotational band structure difficult.

In the calculations where proton 2p-2h excitations are coupled to the
quadrupole vibration of the even Sn core, Wenes et al. [16] have obtained a
quite good agreement with our experimental E0 and E2 data.

1.3. High-spin states and systematics

As a side product from a comprehensive study of very light Sn region
nuclei at NORDBALL, we also obtained more information about the decay
properties of the intruder band in 1°8Sn [17].

Good statistics in this thick target experiment allowed us to determine
DCO ratios for some key transitions. As a consequence, we identify the
close-lying levels in 198Sn at 5754 keV and 5765 keV with I™ = 107 instead
of I™ = 127 of Refs (6, 18]. Therefore, for the collective band on the top of
these states our spin values are 2k units smaller than those in Refs [6, 18].

Our results included, Fig. 2 shows the energy systematics of the ob-
served collective bands in even Sn isotopes together with the first excited
2% state energies and the energies of the proposed vh?, /2 101 states. An
interesting change in the excitation energy behaviour of the intruder bands
is observed with the decreasing neutron number. In light isotopes the energy
pattern seems to follow the energy of the suggested uhf1 /2 107 states. This
energy trend indicates that h; /, neutrons might play an important role in
generating the collective bands of light Sn nuclei, giving some support to
the suggestion of Viggars et al. [5].
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Fig. 2. Energy systematics of the observed collective bands in even Sn nuclei. The

energies of the 2] states and the neutron hfl /2 10% states are also shown.

2. Even—mass Cd nuclei
2.1. Introduction

It was actually the appearance of additional 01 and 2% states among
the well-developed triplet of two-quadrupole-phonon states in 12Cd and
114Cd, which gave rise to ideas of having coexisting deformed states present
at low spins in even-even nuclei near the Z=>50 shell closure [19]. Later
the two-proton transfer results [1] indicated that this deformation could be
induced by the two-proton excitations across the Z = 50 gap. The role of
proton intruder configurations in the development of collectivity in even Cd
nuclei has remained an intriguing question. Especially the role of mixing
has been dubious [20]. In the calculations mixing is strongest in the middle
of the neutron shell while in the two-nucleon transfer selective feeding of
certain 07 states is observed [1, 21].

Before our systematic studies attempts to follow the behaviour of the
suggested intruder states, when moving away from the midshell 1'2Cd and
11404 nuclei, have failed because of the surprisingly scarce experimental
data.



Coezisting Structures at Low- and High Spin... 265
2.2. Systematics of low-spin states

For the systematic study of low-lying levels in even 106=116Cd [22, 23]
we employed various in-beam and off-beam v-ray and conversion-electron
spectroscopy methods available at the MC20 cyclotron laboratory in
Jyvaskyla. Inelastic proton scattering, (d,p), (p,2n) and (a,2n) reactions, as
well as EC/B-decay of odd-odd In isomers, were found particularly advan-
tageous in the population of low-lying non-yrast levels. Proton-v, proton-
electron, 7 coincidence, 7-ray angular-distribution and excitation-function
measurements were carried out, as well as conversion-electron spectroscopy
following the (p,p’) reaction and In decay.

Results of these studies combined with the available data for 118Cd and
120Cd [24] render it possible to relate low-lying levels of similar character
and for the first time follow the systematic behaviour of the 0;, 2;’, 4?,

07, 2; quintuplet of states from 1°6Cd to 12°Cd (Fig. 3).
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Fig. 3. Systematics of low-lying low-spin states in 196-120Cd [23].

The most conspicuous feature of the level systematics in Fig. 3 is the
behaviour of the OX, Og and 2] states. The 05 (0:) states in the even

106-114C( are characterized by enhanced E2(0;’——>21+) transitions, which is
reflected in the small value of the observed B(EO;O;—»O;"/B(EZ;O;—»?IL)
ratio. In 116Cd we identify the 0; state as the 0: state, since this state but

not the Oj state is populated in Coulomb excitation (B(E2;03+—+2'1*') = 30
W.u.) [25]. This interpretation is supported by the lifetime measurements
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in Ref. [26]. On the basis of excitation energies it is now straightforward
to identify the 07 states in 118Cd and 120Cd [24] as the Oj states. This
interpretation i.e. the crossing of the Oj and 0; states between the Cd
isotopes with A = 114 and 116, is also supported by the (t,p) study of
O’Donnell et al. [21]. However, contrary to their suggestion, our data do
not reveal any corresponding crossing on the neutron-deficient side.

A characteristic feature of the OE (0;) states in the even 106—-114Cq
isotopes is the large value for the B(E2;05 —27)/B(E2;0 —27) ratio (=
R), apparently due to the hindrance of the E2(0;—>2T) transition. For
the OE (0;") states in even 116~120Cq, this ratio is not known, since it is
difficult to observe the low-energy E2(OE — 27) transitions. An indication
of noncollectivity of the E2(O; — 21*') transitions in 116Cd and !8Cd is
observed in the lifetime measurements by Mach et al. [26].

Considering the observed E2 rates, in the simple quadrupole-vibrator
picture, the 0;" (0:) together with the 2; and 4;L states form a two-phonon
triplet in 196—114Cd. The OE state is the three-phonon state which due to
unharmonicities is pushed down in energy, in even 116-120Cd down below
the two-phonon Oj; state. This interpretation conflicts with that of Ref. [27],
where 118Cd is introduced as an almost perfect harmonic vibrator up to the
three-phonon excitation.

Concerning possible proton intruder states, it is interesting to note that
the 2;’ state in Fig. 3 has a similar energy behaviour as the Ojt state. The
V shape in Fig. 3 for these states is very similar to the behaviour of the
proton 2p-lh intruder states in odd Sb nuclei. The intruder states in the
even Cd isotopes should involve proton 2p-4h excitations, i.e. 6 valence
quasiprotons. The total neutron-proton interaction in these states should
be similar to that in the ground state band of the Ru (Z = 50 — 6) and
Ba (Z = 50 + 6) isotones. In Fig. 4 the energy differences between the OX
and 2;" states of Fig. 3 are compared to the energy of the 2;" states in Ru
and Ba isotones. The similarities are remarkable and indicate that these
Oj and 2? states could represent the two lowest members of the intruder
band. In Fig. 4 also the energies of candidates for the 4T and 67 members
of the intruder band in 1'2Cd observed in our (@,2n) reaction studies [28],
together with the candidates for 11°Cd and 114Cd [29, 30] are shown and
compared with the ground-state bands of Ru and Ba isotopes.

The above considerations lead to a paradoxical conclusion: The intruder-
like behaving Oj state is the state which in the phonon picture plays the
role of the two-phonon 01 state. This interpretation is different from the
one in Ref. [31], where the intruder 07 state in even Cd nuclei is associated
with the 01 state having the large R-value, i.e. O'I; state in our notation.
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Fig. 4. Proposed members of the intruder bands in even °6-12°Cd compared to the
members of the ground-state bands of the even-even Ru and Ba isotones [23]. The
energies of the intruder 0+ states (0}) in Cd isotopes are normalized to 0 MeV.

In this connection we point out that it is clearly the Oj; (0;) state (but not
the 0% (0F) state) in 11°Cd and '!2Cd which is populated in the (*He,n)
two-proton transfer reactions [1].

The similarities in Fig. 4 indicate that the 2; - 0: energy differences
are not seriously affected by the mixing. Moreover, the selective population
in the (*He,n) [1] and (t,p) reactions [21] does not support the idea of strong
mixing.

As a conclusion, on the basis of our experimental results, the concepts of
intruder and phonon states in even Cd nuclei represent different approaches,
which may not fit into the same frame.

2.3. Coezisting structures at high spin

For probing collective properties of 18Cd and 11°Cd at higher spin, we
used the NORDBALL array to detect 47 coincidences from '2C, 13C, 160
and 180 induced reactions on thin as well as gold-backed °°Mo and 9¢Zr
targets [32, 33]. We also employed a plunger device, specially designed for
the NORDBALL array by the Uppsala-Jyviskyld group, in RDM lifetime
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measurements for low- and intermediate-spin states of 1°8Cd and 11°Cd [34,
35]. Preliminary lifetime values for the high-spin states of the yrast band in
110Cqd were also extracted in the DSAM analysis of the backed-target data
[36].
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Fig. 5. A part of the level scheme of '°Cd deduced from the ®6Zr(120, 4n) data
[32]. Only positive-parity states are shown. For completeness, the 01 state (07) of
Band 7 is also shown, although it was not seen in this reaction.

Our studies with the NORDBALL array revealed a number of coexisting
structures close to the yrast line in 1°8Cd and !'%Cd. As an example a part
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of the obtained level scheme of positive-parity structures in 119Cd is shown
in Fig. 5. A complete level scheme can be found in Ref. [32].

Concerning the proton-intruder structures, an interesting feeding pat-
tern to the intruder band in 11°Cd is observed (Band 7). From our RDM
measurement [34] we derived B(E2)= 26 W.u. for the 171 keV E2 transition
from the 3611 keV uhfl/2 10 state to the 3440 keV 8% state indicating

that the 8T state is a less aligned member of the yhfl/2 multiplet. Con-

sidering the reduced transition rates [34], this 8t state favours the decay
to the 67 member of the intruder band (Fig. 5) indicating a contribution
of hy;/; neutrons in the intruder band. A similar feeding of the intruder

band we also observed in our (a,2n) experiment for 112Cd [28]. An intrigu-
ing question is in which extend the deformation-driving hy;, orbitals are
responsible for the intruding collective band structures in even-mass Cd nu-
clei. Identification of the high-spin members of the intruder band in 1°Cd
is difficult. In principle Band 8 could be the continuation of the intruder
band after the alignment of neutrons.

On the basis of feeding and de-excitation properties [34] we associate
the 3187 keV 8% state with the height-K 1rg9_/22 configuration. The level

structure on the top of this state (Band 3) clearly resembles that of the
11281 core nucleus. Coupling of this 8% state with hy;/2 neutrons gives rise
to collective M1 bands (Band 1 and 2). Differing from the similar bands
of an oblate shape in the light Pb nuclei, these high-K bands observed in
108Cd and 119Cd are associated with a prolate shape.

Above the 3276 keV 81 state the ground-state band continues along
Band 9. A vibrational character of the ground-state band up to five-phonon
excitations is indicated by the increasing value of the transition-quadrupole
moment up to I™ = 10 [36]. In the soft-rotor picture this behaviour would
be explained by a stretching effect.

Above the aligned uh?l/2 107 state, the alignment in the yrast band
(Band 4) stays constant until from I = 22 up to I = 28 an upbend is
observed. Results from our DSAM analysis reveal that the E2 transitions in
this upbending region are fast [36]. The origin of this increasing collectivity
is not yet understood.
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