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NEW FEATURES IN SYSTEMATICS OF LOW-SPIN
STATES IN EVEN 106-120Cd

Abstract

Low-lying low-spin collective states in even 106,108,110,112,116Cd were
investigated by means of in-beam and off-beam y-ray and conversion-electron
spectroscopy. New spin assignments and decay branching ratios for the levels in
106Cd, 108Cd, 110Cd and 112Cd were obtained. The present results essentially
complement the level systematics from 106Cd to 120Cd. From the new data, it is
inferred that two sets of low-lying O+ states having different excitation characteristics
cross between 114Cd and 116Cd. No such crossing is observed on the neutron-
deficient side. One of these sets appears to have features of both intruder and two-

quadrupole-phonon states.
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1. Introduction

In the even-mass Pd, Cd, Sn and Te nuclei, close to the magic proton number Z
= 50, the low-lying positive-parity states are commonly described by the spherical
quadrupole vibrator model. This model predicts equally spaced sets of energy levels
with the same vibrational quantum number n for harmonic vibrations. The spin of the
first excited state is 2+, while at twice the energy of this state there is a degenerate
triplet of states having spins 0%, 2* and 4+ (the two-phonon states). At three times the
energy of the 2‘{ state there is a quintuplet of states with spins 0%, 2+, 3+, 4+, 6+ (the
three-phonon states). Electric quadrupole transitions (E2) are only allowed between the
states differing by one phonon (An = % 1) and electric monopole transitions (EO)
between the states with the same spin within the same multiplet (An = 0) or differing by
two phonons (An = * 2). Many features of the Pd, Cd, Sn and Te nuclei agree quite
well with this simple model, although already at the energy region of the three-phonon
states the particle-like excitations are possible and the identification of the phonon states
is difficult.

The observed energy splitting of the states in the phonon multiplets can be
accounted for by anharmonic effects in the model. The non-zero quadrupole moment of
the 2; state in 114Cd, measured by de Boer et al. [Boe65], can be explained by the
anharmonic vibrator. However, detailed studies have revealed serious discrepancies
which cannot be explained even by anharmonicity effects.

In the 112Cd and 114Cd isotopes the simple vibrator picture is strongly disturbed
already at the two-phonon energy region: In addition to the two-phonon triplet of
states, these nuclei contain extra 0+ and 2+ states forming a quintuplet of states at that
energy region (O;, 2;, 4";, O;, 2;). The extra states have been a long-standing
challenge to the models of nuclear structure.

Several authors have proposed that deformed states coexist with spherical

quadrupole vibrational excitations in these Cd isotopes [Gne71, Ber73, Mey77,



Paa79]. However, these explanations were only qualitative, partly due to the lack of
experimental data at that time.

During the past few years it has generally been assumed that intruder
configurations involving two-proton main shell excitations are present in odd-mass In
(Z = 49) and Sb (Z = 51) nuclei and also in even-mass Sn (Z = 50) nuclei [Hey83]).
These excitations provide an explanation for the observed rotational-like bands at low
energies in these nuclei. The existence of the intruder states is established also in heavy
nuclei around Z = 82: in the odd-mass Au, Tl and Bi, and the even-mass Hg, Pb and
Pt nuclei [Hey83, Hey87]. There are several distinctive features of these states:

@) Considerable deformation as a result of the proton-neutron interaction

among the increased number of valence particles outside a closed shell. This

implies that the proton intruder states should be lowest in energy in the middle of
the neutron shell, increasing rapidly in energy when moving away from the
midshell.

(i1) A rotational band built on the intruder state. The rotational bands e.g. in

the even 112-1183n isotopes have been established on the basis of the level

spacings and the enhanced intraband transitions as compared with the interband
rransitions [Bro79, Har88, Har89].

(iii) Increased excitation cross section in specific few-nucleon transfer

reactions. In the Sn isotopes the intruder 0+ band-head is strongly populated in

the (°He,n) two-proton transfer-reaction [Fie77).

The finding of the intruder states in Cd isotopes is critical to the whole concept
of intruder states. In the even-even Cd isotopes the intruder configurations are expected
to be the two-particle four-hole (2p-4h) excitations across the Z = 50 closed shell (Fig.
1.1). Strong population of low-lying 0+ states of even-mass Cd nuclei in the (3He,n)
two-proton transfer-reaction [Fie77] is regarded as a clear evidence of an intruding two-
proton component of those states. In 110Cd the observed rotational band is build on top
of the first excited 0+ state [Mey77]. Fast EQ transitions between excited 0+ states in

the even Sn isotopes [Bdc81, Kan79] are explained as being due to a mixing of



different shapes of those 0* states. In 112,114Cd the EO transitions between the O; and
0; levels are weak indicating that the mixing is not strong, or the deformation
associated with these states is weak [Jul80].

The most detailed description of collective properties of even-mass Cd isotopes
has been based on the idea of mixing of intruder and vibrational phonon states. The
particle-core coupling model and the interacting boson model (IBM) have been applied
in several works [Sch82, Sam82, Hey82, Mhe84, Apr84, Kus87, ODo88]. The
mixed-symmetry states of IBM have been studied by Lipas et al. [Lip86].

Heyde and Aprahamian et al. [Apr84] have introduced a schematic model in the
IBM formalism to describe the behaviour of intruder and vibrational states in Cd

isotopes. In this scheme the "normal” or vibrational states in Cd isotopes are formed in
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Fig. 1.1: A schematic representation of the normal proton configuration (left)

and the intruder proton 2p-4h configuration (right) of the even-mass Cd isotopes (Z =
50 - 2). The proton pair from the gg/p orbital is excited across the closed-shell gap

forming the two-particle four-hole configuration.



a system consisting of a one proton boson and several neutron bosons (maximum 8§, for
114Cd). The 2p-4h intruder or rotational states corresponding to the excitation of a
proton pair to the next shell results in a system which can be approximated by three
proton bosons instead of one. The two systems mix. The quadrupole-quadrupole
interaction between proton and neutron bosons is approximately proportional to the
product of the number of proton and neutron bosons. This leads in the mixed system to
the "V" shaped systematic behaviour for the intruder states; they are decreasing in
excitation energy when approaching the neutron midshell and rising thereafter. The
mixing of the intruder states with the normal states is therefore believed to increase
towards the neutron midshell.

The 118Cd and 120Cd isotopes have been studied in the view of this schematic
model [Apr84, Apr85, Apr87]. As a consequence of raising of the energy of the 0+
intruder state, 118Cd was expected to be marginally affected by mixing of the
vibrational and intruder states. Indeed, based on the energy spacings and the general
de-excitation patterns of the low-lying levels 118Cd was suggested to be the first
candidate for a perfect vibrator [Apr87]. However, this picture was destroyed by the
life-time measurements of Mach et al. [Mac89].

Kusnezov et al. [Kus87] have studied the intruder band in 110Cd both
experimentally and theoretically. In their IBM mixed-configuration calculations the
mixing between the bands is so strong that the identity of the ground-state band and
intruder band is lost, and the distinction into different bands has no physical meaning
any more.

The experimental (t,p) transfer intensities to the O+ states in 112Cd, 114Cd and in
116Cd have been interpreted by O'Donnel et al. [ODo88]. Their results from the three-
state mixing calculations show weak mixing and thus allow a clear identification of the
0* levels as being rotational or vibrational.

Fahlander et al. [Fah88] have extensively studied 114Cd via Coulomb excitation.
They conclude that the vibrational model provides an overall better description of the

data than the models mixing the vibrational and intruder states.



No consistent picture has emerged from these numerous theoretical
interpretations of the data. Different kinds of mixing have been introduced in the
various studies, and even different states have been assigned as the intruders. There are
still open questions: Which one of the 0* states among the quintuplet of states (0;, 2;,
4;, 0;, 2;) can be characterized as the two-phonon Ot state and which one as the
intruder 0* state having the proton 2p-4h configuration? What'is the role of mixing?

In locating intruder states, for example in the Pt-Pb region, studies of level
systematics have been of crucial importance. For the even-mass Cd isotopes, attempts
to establish the systematics of the suggested intruder states have failed mainly because
of the scarce experimental information, especially on the neutron deficient isotopes (see
e.g. Fig. 1 in Ref. [Apr84] and Fig. 5 in Ref. [Rou84]).

In the present work, a comprehensive experimental study of low-lying levels in
106Cd, 108Cd, 110Cd and 112Cd, and a few complementary experiments on 116Cd were
carried out at JYFL. The main emphasis in this work has been in the systematic
behaviour of the (O;, 2;, 4';, O;, 2;) quintuplet of states. Inelastic proton scattering,
(p,2n) and (@,2n) reactions, as well as EC/B+-decay of odd-odd In isomers, were
found particularly advantageous in the population of low-lying non-yrast levels in Cd
nuclei. Various tools for in-beam and off-beam y-ray and conversion-electron
spectroscopy developed at JYFL were especially suitable for this kind of study.

As aresult, new spin and level assignments as well as branching ratios obtained
in this work render it possible to relate low-lying levels of similar characteristics in even
106-120Cd. For the first time, the systematic behaviour of the aforementioned quintuplet
of states can be followed from 106Cd to 120Cd. The new data for 112Cd reveal the
candidate for the intruder band, enabling us to look at the intruder band systematics up
to spin 6* in the even 110.112,114Cq isotopes. The role of intruder states within the
picture of simple collective models is discussed.

Part of the material presented in this work has been published in Ref. [Kum90]
and reported in the JYFL Annual Reports 1988 and 1989. In preparation are two

papers giving a detailed description of our experimental results on the Cd isotopes.



2. Experimental methods and data analysis

The light ions (p, d, 3He, o) available from the JYFL MC-20 cyclotron are well
suited to study low-lying levels in nuclei. Inelastic scattering of protons populates
collective and non-yrast states. Therefore proton-gamma coincidence measurements
were chosen as a tool for investigating all the stable even-mass Cd isotopes from 106Cd
to 116Cd (except 114Cd) in the present work. Although inelastic proton scattering has
been applied to Cd isotopes, detailed conversion-electron and y-ray spectroscopy
studies have not been performed [DeF88, Hae82, DeG83, DeF89, Bla81]. The light
stable Cd isotopes, 106Cd and 108Cd, we studied using for the first time the (p,2n)
reaction on the 107Ag and 109Ag target nuclei.

So far extensive gamma-ray spectroscopy following the EC/B* decay of the
odd-odd In isotopes has been carried out for Cd isotopes [DeF88, Hae82, DeG83,
DeF89], while the electron spectroscopy only for 106Cd and 108Cd [Rou84). We used
the (p,n) reaction to produce odd-odd 106,108,110Jp isotopes and measured y-ray and
electron spectra following the EC/B+ decay of 106.108,110]n isomers.

The existence of the stable Pd isotopes enable the (3He,xn) and (o.,xn) reactions
to be utilized in the study of the Cd isotopes. However, those reactions already
preferably populate yrast states. The (o.,2n) reaction has previously been used mainly
in the study of the high-spin yrast states of the even 106-112Cd isotopes [DeF88,
Hae82, DeG83, DeF89]. In the present work the (¢,2n) reaction was performed for
110Cd and !12Cd to verify the results of Refs. [Kus87, Gei74].

A summary-list of the experiments carried out in the present study of low-lying
levels in even-mass Cd isotopes is presented in Table 1.1. The properties of targets are

collected in Table 1.2. In the following the different methods are briefly explained.



Table 1.1:

List of the experiments for even-mass 106-112,116Cd in the present work

Reaction Type of Mass number of Cd isotope
spectroscopy #  investigated
(p,p") e,y 106, 108, 110
pY coin 106, 108, 110, 112, 116
(p,2n) Y 106, 108
Yy coin b 106, 108
Y(0) 106, 108
YEp) 106, 108
(a,2n) Y 110, 112
YY coin 110, 112
Y(B) 110, 112
YEq) 110, 112
Indecay e,y 106, 108, 110

2 ¢ indicates electron spectroscopy, singles mode; vy indicates y-ray spectroscopy, singles mode;
¥(8) and Y(E) mean y-ray angular-distribution and excitation-function measurements, respectively.

b Compton-suppressed Yy coincidences.

Table 1.2:

Summary of targets used in different reactions.

Isotope  Target Enrichment Target thickness Reactions

studied nucleus (%) (mg/cm?) performed

106cd  106Cd 90 1.1 (p,p) ; In decay
107Ag  97.8 9.3 (p,2n)

108cq  108cd  73.7 1.4 (p,p) ; In decay
109Ag  98.8 7.6 (p,2n)

110c4  110Cd  95.6 1;3 (p,p") ; In decay
108pd 99.0 6.8 (a,2n)

12cg 124 95.5 1.6 (p,p")
110pd  99.0 5.8 (,2n)

116Cd  116C4  94.2 2 (p,p")




2.1. Inelastic proton scattering

An efficient method in locating levels and obtaining branching ratios was the
detection of gamma-rays and conversion electrons from inelastic proton scattering at
low bombarding energies. This method was especially useful for the 106Cd and 108Cd
isotopes, due to the relatively high (p,n)-reaction threshold (7.5 MeV and 5.9 MeV,

respectively).

2.1.1. Gamma-ray spectroscopy

Gamma-rays were measured in coincidence with scattered protons. The
coincidence arrangement shown in Fig. 2.1 consisted of one Ge detector and three
Si(Li) detectors. A 19% Ge detector was placed at about 3 cm from the target at 90
degrees to the beam direction and three 200 mm2 x 3 mm Si(Li) particle detectors were
positioned at 2.5 cm from the target at an angle of 140 degrees with respect to the beam.
One Si(Li) detector covers about 2.4% of the 47 solid angle. Targets were 1 - 2 mg/cm?
thick metallic foils of enriched 106Cd, 108Cd, 110Cd, 112Cd and 116Cd (Table 1.2).
Beam energies of Ep = (7 - 9) MeV and intensity of about 1.5 nA were used. A Cu
absorber of about 1 mm was used in front of the Ge detector. Most of the delta
electrons from the target were absorbed by means of a 0.5 mg/cm? thick Ni foil in front
of the Si(LLi) detectors.

The typical net collection-time of py coincidence events was about 25 hours. The
data including 4 parameters (gamma and 3 proton detectors) were recorded in event-by-
event mode on magnetic tapes and sorted off-line. The proton-gamma matrix was
produced by summing up the three properly gain-shifted proton spectra during the data
sorting.

The energy resolution in the summed Si(Li) spectra was about 200 keV, which

allowed a sufficient level selection. In Fig. 2.2 (a) the proton gated y-ray spectrum is



shown, and in Fig. 2.2 (b), (c) and (d) typical proton-gated y-ray spectra corresponding
to 0.3 MeV wide proton gates from 106Cd(p,p") are illustrated. The gate of protons
equivalent to the excitation energy of (1.6 - 1.9) MeV in 106Cd is shaded in the y-ray
gated proton spectrum of Fig. 2.3 and corresponds to y-ray spectrum in Fig. 2.2 (b).

The arrangement tends to moderate proton-gamma angular-correlation effects,
which were estimated to cause about a 10% uncertainty to the y-ray intensities deduced
from the proton gated y-ray spectra. This was evaluated in the case of 108Cd.

From the y-ray gated proton spectra gamma-ray placements and branching ratios
were confirmed. Some ?y-ray gated proton spectra from the 106Cd(p,p') reaction are
shown in Fig. 2.3. Moreover, the gamma-ray population of a state from higher-lying
levels could be observed directly, as can be seen in Fig. 2.3: the gate of 1163 keV -

ray de-exiting the level at 1.8 MeV shows that the level is fed from a state at 2.4 MeV.

5
p-beam
_——
Fig. 2.1: The detector setup for proton-gamma coincidence measurements. Top:

The Si(Li) detectors at 140° backward angles and the Ge detector at 90° with respect to
the beam. Bottom: The Si(Li) detectors seen from the Ge-detector side.
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In this geometry the summing of y-rays in cascade was not negligible.
Especially it caused an irritating spurious y-ray peak at the energy corresponding to the
transition from the excited 0* state to the ground state 0+, where no y-transition is
allowed at all. One example is shown in the insert of Fig. 2.2 (b), where the 1795 keV
line is the sum peak of the 633 keV and 1163 keV transitions. The angular correlation
of the y-rays in the (0*-2+-0%)-cascade is more strongly peaked around O degrees (the
angle between the y-rays) than for example in the (4+-2+-0+)- or the (2+-2+-0+)-
cascade. Thus the sum peak in the first case appeared to be even larger than in the (4+-
2+-0+)-cascade. Typically the sum-peak area corresponding to the (4+-2+-0+)-cascade
was 1.5% of the area of the less intense y-ray peak involved, while the sum-peak area
corresponding to the (0+-2+-0%)-cascade was about 3%. Furthermore, the different de-
excitation paths were considered in evaluating the sum peaks. The areas of the y-ray
peaks were carefully checked to subtract the sum-peak contribution and give the true *y-
ray intensity.

The relative efficicncy calibrations for the y-ray detectors were done with the
calibration sources of 133Ba, 152Eu and 56Co by placing the source into the target place.
The final energy calibration was done by means of internal calibration or with the
aforementioned sources.

Our proton-gamma coincidence setup was also successfully utilized in the study
of the 0+ states near S MeV in 208Pb [Jul87] and in the study of the low-spin states of

198p>t ['Yat88).

2.1.2. Electron spectroscopy

Our combination electron-spectrometer system [Jul88] which includes a
Siegbahn-Slitis type of magnetic lens and a cooled 110 mm?x 3 mm Si(Li) detector
was employed in the conversion-electron measurements. The maximum transmission
for the detector used is about 7%, and the momentum bandwidth about 17%. The

resolution of Si(Li) detector was about 2.8 keV at 1 MeV. To suppress the delayed -
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background, a narrow time gate, typically about 20 ns, synchronized with the cyclotron
beam micropulse (rf) was used. Energy selection correlated with the momentum
window was used in the sweeping mode of the spectrometer in order to reduce the
background originating from the Faraday cup.

The relative efficiency calibration for the electron spectrometer was done with
the sources 207Bi and 152Eu. The final energy calibration was done by means of the
internal calibration.

Electron spectra following the inelastic proton scattering were obtained for the
106Cd, 108Cd and 110Cd isotopes. The conversion-electron spectrum covering the
energy range from 1.4 MeV to 2.3 MeV in Fig. 2.2 (e) and the energy range 0.3 MeV
to 2.3 MeV in Fig. 2.4 is shown for the 106Cd(p,p') reaction.

In order to deduce absolute EO and E2 transition rates from a 0* state one should
know the lifetime of the decaying state. When the lifetime is not known the
experimental ratio X of the competing EO and E2 transitions de-exciting the 0+ states

can be deduced from the K internal-conversion electron intensities as follows [Kan84]:

0F . 0
Xijk - B(E0,0:' 0+]) = 986 10-6 A4 ES(Ez)aK(EZ) IK(EO) ’
B(E2;07 - 2%) Ik (B2) Qk(EO0)

where the E2 transition energy Ey (E2) is given in keV, the Ix(E0) and Ix(E2) are the
observed K conversion-electron intensities, and the ag(E2) is the theoretical E2 K
internal-conversion coefficient [R6s78] and Qg (EO) is the electronic factor for the EO
transition from Ref. [Bel70].

The EO/E2 branching ratios were extracted from the (p,p’) electron spectra, as
well as from the In decay measurements. The experimental K internal-conversion
coefficients, ok = Ie. / Iy, were also deduced from both the (p,p) and indium decay
measurements (see the chapter 2.4 for In decay). The ¥-ray and electron intensities
were normalized to give the theoretical og [R6s78] corresponding to E2 multipolarity

for the 2'1" - O; transition.
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2.2. (p,2n) reaction

To further study low-spin properties of the 106Cd and 108Cd isotopes, the
(p,2ny)-reaction was employed. The targets were enriched self-supporting 107Ag and
109Ag foils (Table 1.2). With this reaction gamma-gamma coincidences, angular-

distribution and excitation-function curves for y-rays were measured.

2.2.1. Gamma-gamma coincidence measurements

The performance of large Compton suppressed Ge detector arrays has been
found particularly useful in the study of high-spin states of fast rotating nuclei. In those
studies high multiplicity of y-rays and Doppler effects normally do not allow detector to
source distances to be less than 15 cm [Eji89]. Consequently, the way to increase the
detection efficiency and enhance the detection of high-multiplicity events in coincidence
experiments, is to add as many detectors as possible around the target. On the other
hand, in this geometry there is space enough to surround Ge detectors by BGO anti-
Compton shields (for such setups, see e.g. Ref. [Eji89]).

In the study of low-spin non-yrast states via light-ion reactions, the y-ray
multiplicity is low and the Doppler effects are small. Therefore, the coincidence
efficiency is often maximized by using a close-geometry detector setup. At JYFL three
or four Pb-shielded Ge detectors at a distance of about 5 cm from the target have
normally been used. In that geometry there is no space for anti-Compton shields,

For the aforementioned arguments it was interesting to apply the two Compton-
suppressed Ge detectors (20-25 %) (designed for the NORDBALL array [Mos89]) to
the typical low-spin experiments. The coincidence arrangement is shown in Fig. 2.5.
The BGO+Ge units are positioned at about 115 degrees to the beam direction. The
distance of Ge-crystal to target is about 8 cm, corresponding to an effective solid angle

of about a factor of two smaller than that at the distance of 5 cm in the conventional
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close-geometry setup. In a two-detector coincidence measurement it corresponds to a
loss of a factor of four in the coincidence efficiency. The use of anti-Compton mode

further reduces the coincidence rate by a factor of 7.

Hevimet

Beam

Fig. 2.5: The arrangement of two Compton-suppressed Ge detectors of the
NORDBALL type.

The comparison of the three detectors in the close-geometry setup and the two
NORDBALL-type detectors in the new setup was made in the 1158n(c,n)118Te
reaction. In a few days about 3 x 106 coincidence events were recorded in the new
setup, which was about 10 times less events than in the old geometry. In spite of the
smaller number of events in the anti-Compton experiment, a much better peak-to-
background ratio was achieved, especially for the low-energy peaks (Fig.2.6).

Moreover, the number of tapes to be handled was reduced from 22 to 1.
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= 14.5 MeV taken with the coincidence arrangement shown in Fig. 2.5 in (a) and with

the conventional three detector setup in (b).
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For 106Cd and 108Cd, yy-coincidences with the new setup were measured at Ej,
= 14.5 MeV and at E; = 12.7 MeV, respectively. About 3.3 x 106 and 1.4 x 106
Compton-suppressed coincidence events for 106Cd and 108Cd, respectively, were
recorded in the event-by-event mode in these measurements. The Ey-Ey matrix sorted
off-line was symmetrized before gating. Spectra corresponding to the gate set on y-rays
of the 2’; - 0"1' transition in 106Cd and 108Cd are illustrated in Figs. 2.7 and 2.8,
respectively. See also Fig. 3.2 in the chapter 3 showing more examples of gated

coincidence y-ray spectra in 106Cd.
2.2.2. Angular-distribution measurements

The incoming projectile and the target form an excited compound nucleus which
is strongly aligned in the angular momentum relative to the beam direction. The decay
of the compound system, first by evaporation of neutrons and then by the emission of y
rays, has little influence on this alignment thus even the low-lying states of the final
nucleus still possess a significant alignment. Consequently, y-rays depopulating these
states exhibit characteristic angular distributions depending upon the multipolarity of the
radiation and the spin of the states involved.

In this work the y-ray angular-distribution measurements for the
107Ag(p,2n)106Cd (E, = 14.5 MeV) and 109Ag(p,2n)!108Cd (E, = 12.7 MeV) reactions
were carried out at 5 different angles between 90° and 158° with respect to the beam
direction. The singles y-ray spectra were recorded with a 25% Ge detector (the
resolution of 1.7 keV at 1.1 MeV) positioned at a distance of 12 cm from the target. The
five spectra were normalized by using another 15% Ge detector at a fixed position at
125 degrees.

The angular-distribution of the emitted y-rays can be expressed in terms of

Legendre polynomials as

W(0) =1 + QaA22P2(cosB) + QqA44P4(cosB),
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when the first term is normalized to unity. The angle of the detector with respect to the
beam direction is 8. The Ay = 0L2A'2n & and A4 = ouATax are the angular-distribution
coefficients, where 0y and a4 are the attenuation factors due to the spin de-alignment,
and the A2max and Aglax are the coefficients in the case of complete alignment. Useful
tables for those can be found in Refs. [Yam67, Mat74]. The solid-angle corrections,
Q2 and Qg, due to the finite size of the detector were estimated to be less than 5%
[Kra72] and thus were neglected in the present analysis.

The simple "empirical rule" for the coefficients Aps and Ay4 is the following: a
positive Ajpj value with a smaller negative A44 value indicates a Al = 2 transition; a
negative Apj value with a positive A44 value close to zero indicates a Al = 1 transition;
pure dipole Al = O transition has a large positive Apy value with a negative A4 value
close to zero. One must apply the rule with caution, since it assumes pure transitions,
which is not often the case. The effect of mixed multipolarities can be found in the
tables by Mateosian et al. in Ref. [Mat74].

Generally the y-rays from an aligned state are emitted anisotropically. In the
special case, when the initial state has spin O, and thus no orientation, the angular
distribution of the emitted 7y-rays is isotropic. This was used in several cases as an
additional evidence for assigning spin O+ to the state. A few examples of the angular
distributions of y-rays in 106Cd and 108Cd are shown in Figs. 2.9 and 2.10,

respectively.
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Fig. 2.9: Angular distributions and least-square fits to the W(B) function for some

y-ray transitions in 106Cd.
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2.2.3. Excitation-function measurements

The increase of the projectile energy results in an increase of the angular
momentum of the compound nucleus. Since the angular momentum changes little after
the neutron evaporation, the dependence of the yray intensity on the projectile energy
can be used to evaluate the spin of the residual states. Due to the increase in the angular
momentum, the high-spin states are relatively more populated with increasing
bombarding energy than the low-spin states.

The y-ray excitation functions were measured for 106Cd and 108Cd in the (p,2n)
reaction with proton energies of Ep = 12.3 MeV, 14.0 MeV, 15.7 MeV and 17.4 MeV.
The same detectors as in the angular-distribution measurements were used to collect the
singles y-ray spectra at 125 degrees with respect to the beam direction and at the
distance of 5 cm from the target.

Figures- 2.11 and 2.12 show some typical curves obtained. The relative
intensities of y-rays are normalized to the intensities of the 2; - 0.; transition at each
proton energy and to one at the lowest bombarding energy. Particularly, the spin of the
first excited 0+ state in 106Cd and 108Cd could be verified through the steepest
downward slope in the excitation-function curve of the de-exciting (0+ — 2+) yray
(see the curves of the 1163 keV and the 1088 keV transitions in Figs. 2.11 and 2.12,

respectively).
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2.3. (o,2n) reaction

For the study of low-lying levels of the 110.112Cd isotopes, the (a.,2n7) reaction
on an enriched 108,110Pd target (Table 1.2) was also used. The Yyy-coincidence,
angular-distribution and excitation-function measurements were performed.

About 18 x 106 gamma-gamma coincidences were recorded for 110Cd at Eq, = 18
MeV by employing 20 % and 25 % Ge-detectors in the conventional close-measurement
geometry without anti-Compton shields. In the yy-coincidence measurement for 112Cd
at Eq = 20 MeV, three Ge-detectors were used in close geometry (40%, 25% and 15%)
and about 60 x 100 yy-coincidences were recorded. Examples of the spectra are shown
in Figs. 3.6 and 3.8 later in chapter 3.

In the y-ray excitation-function measurements ®-beam energies from 17.0 MeV
to 20.0 MeV were used (Figs. 2.13 and 2.14). In the angular-distribution
measurement, y-ray spectra at 5 angles between 90° and 155° were measured at Eq = 18
MeV and Eq = 20 MeV for 110Cd and 112Cd, respectively. In Fig. 2.15 a few angular
distributions are shown for 112Cd. The analysis of those measurements was done like

the one for 106,108Cd in the (p,2n) reaction described in the previous chapter.

2.4. Decay measurements

In addition to the in-beam experiments, valuable information for 106Cd, 108Cd
and 110Cd was obtained in off-beam measurements of y-ray and conversion-electron
spectra following the EC/B+-decay of odd-odd In isomers. The decaying isomers were
the 2+ state and the 7* ground state, the half-lives of which are collected in Table 2.1.
The data is from Nuclear Data Sheets [DeF88, Hae82, DeG83] if not mentioned
otherwise. The Qgc given also in Table 2.1 shows that there is enough energy
available to populate the excited levels in 106,108,110C{ isotopes through the EC/B*-

decay.
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Table 2.1.  Properties of decaying isomers in 106,108,110]p,

1061 1081 1101,

Ir Q)+ 2 2+ b 2+ cC
T1/2 [min] 5.2 39.6 69.1
Igs 7+ 7+ b 7+ €
T1/2 [min] 6.2 58.0 294
Qgec [MeV] d 6.5 5.1 3.9

From Ref. [Gul90]

From Ref. [Kra89a]

From Ref. [Kra89b]

Only one value given, since the decaying
isomers are within 50 keV.

a o o D

The decaying isomers were produced in bombardments of enriched, rolled
106Cd, 108Cd and 110Cd foils (Table 1.2) by the (10 - 12.5) MeV protons. In the y-ray
measurements multispectra were recorded which allowed us to deduce half-lives. The
information was used to identify the transition into the right nucleus, not for the exact
value of the half-lives (which are already known). In the conversion-electron
measurements, the aforementioned magnetic lens plus Si(Li) electron spectrometer was
employed. In the measurements, the activation, waiting and collection periods were as
follows, respectively: 9 min, 3 min and 12 min for 106Cd; 50 min, 20 min and 80 min
for 108Cd; 70 min, 30 min and 80 min for 110Cd. In Fig. 2.16 parts of a y-ray and a
conversion-electron spectrum following the EC/B+ decay of 108In are presented.

The K-conversion coefficients, ok =Ie. / Iy, were determined from these In
decay measurements. The intensities for y-rays and electrons were normalized to give
E2 multipolarity for the 2;' - 0*1' transition according the values given in the tables of
Rosel et al. [R6s78]. Since both of the isomers decaying were produced, the ok-

values were corrected for different decaying half-lives (Table 2.1) in the case of 110cd
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due to different collection times of the electron and y-ray spectra. For other isotopes the
correction is within the experimental errors and was neglected. An example of ak-
coefficients is in Fig. 2.17, where the theoretical (curves) [R6s78] and the experimental
(markers) ag-values are shown for transitions in 108Cd. As one can see in the figure
the multipolarities M1 and E2 can not be distinguished experimentally. However,.the
angular distribution data combined with the conversion coefficients often permit us to

make a unique determination.

o Ec/p* Conversion-electron EO
108,55 108 Cd spectrum 1913
2000 -
i 1530
' 1602 1986
= K LM
1000 LA 1733 —
K1512 || K1569 —
. | i . it 2048
| K141 4 < M
W\J - A
0 T T T T T T =]
- Gamma-ray
spectrum
20000
10000
1400 1600 1800 2000
Transition energy (keV)
Fig. 2.16: The singles y-ray (bottom) and conversion-electron (top) spectra

following the EC/B* decay of 108In. The electron spectrum is shifted so that the K

conversion-electron peaks coincide with the corresponding y-rays.
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3. Experimental results

In this chapter we discuss in detail the experimental results for Cd isotopes
obtained in this work. A shortreview of the earlier studies is also given.

A summary of the results is given in Tables 3.1 - 3.5 for each isotope. As only
the low-lying collective states were of interest we limited level-energy range to that
below about 2.5 MeV for 106Cd, 108Cd and 110Cd and below 2 MeV for 112Cd and
116Cd. Above that energy the non-collective two quasi-particle excitations become
more important. The y-ray intensities from different reactions applied in this work are
given in those tables. One should note that the y-ray intensities obtained from the (p,p')
reaction correspond to the direct level population and are thus related to the (p,p’) cross
section, since they do not include y-ray feeding. However, the y-ray branching ratios
from each level can be compared in different reactions. The internal K-conversion
coefficients presented in the tables are from the prescnt decay studics of odd-odd In and
from the (p,p’) measurements. Theoretical K-conversion coefficients for Cd are shown
in Fig. 2.17. The angular-distribution coefficients A2 and As4 are from the (p,2n)
reaction for 106,108Cq (see also Figs. 2.9 and 2.10) and from the (c:,2n) reaction for
110Cd and !12Cd (Fig. 2.15). The excitation-function curves shown in Figs. 2.11
(106Cd), 2.12 (108Cd) and 2.13 (}10Cd) illustrate at least one transition from each level,
when possible. Only a few curves which are relevant for the discussion on 112Cd are
shown in Fig. 2.14. The last column in Tables 3.1 - 3.5 gives the multipolarity
deduced in this work.

The level schemes of the even-mass Cd isotopes obtained in this work are
presented in Figs. 3.1 (106Cd), 3.3 (108Cd), 3.5 (110Cd), 3.7 (112Cd) and 3.9
(116Cd). The placements of the transitions are based on the yy- and py-coincidence
data. The adopted y-ray branching ratios shown in the level schemes are obtained by

averaging the values from different experiments. The spin and parity assignments are
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inferred from the excitation functions and the angular distributions of y-rays and from

the conversion-electron data.

3.1. The nucleus 106Cd

The level scheme of the nucleus 106Cd has previously been studied mainly by -
spectroscopic methods via the EC/B+ -decay of 106In [Fla76, Hua78, Wis80, Rou84].
Roussiere et al. [Rou84] have also measured the conversion electrons. The high-spin
states and the yrast-level structure have been investigated in compound-nucleus
reactions: 104Pd(a,2ny) [Dan77], 97:96Mo(12,13C, 3ny) [Sam79], 94Zr(160, 4ny)
[Sam79] and 93Nb(160, p2ny) [And85]. Particle spectroscopy has been applied by
Fielding et al. [Fie77] via the (3He,n) two-proton transfer reaction, where excited levels
above 3 MeV were strongly populated. Inelastic scattering of protons on 106Cd was
examined by Lutz et al. [Lut69], and inelastic scattering of alpha particles by Spear et
al. [Spe77]. In many Coulomb-excitation experiments only the first three excited levels
have been populated (e.g. ref. [Mil69, Esa76]). The majority of the data mentioned
above has been summarized in the recent compilation of A = 106 [DeF88].

The experiments presented in this work have revealed two new levels in the level
scheme of 106Cd below the 2.4 MeV excitation, while no evidence was found on two
levels reported earlier. For 6 levels the I value is new or revised and 8 new transitions
were observed. In the next paragraphs details of the assignments obtained will be

discussed.
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Table 3.1. Properties of levels and transitions in 196Cd as obtained in this work.

Ejevel 2 Etrang 2 y-intensity Ang. Distr. Coeff. Multi-
®eV) IF keV) IT (®P)C (02n) Indecay 1030k d A2 Asy polarity

)

632.6 27 632.6 0’1' 1000 1000 1000  3.00)*  0171)  -0.06(2) E2

1493.8 4{ 861.2 2;‘ 128 390 313 14(1) 024(1)  -0.06(2) E2

1716.6 2;' 1084.0 2;‘ 197 43 27 0.84(10) -0.14(1)  -0.06(2) - E2MI
1716.6 0;' 168 47¢ 154f

1795.3 0;’ 1162.7 2;' 164 14 12 0689 0032  -0.1003) )

2104.6 4; 388.0 2; 184) 25 23 038(5)  -0.23(7) B2
6107 47 34 65 28  37(4) 0.09(1) 0042 E2MI
14720 2] 20 37 16 0375  027()  -0.06(1) E2

21439 0;’ 4272 2; 33 39 14 841004 014(7)  -005(10) E2
15114 2) 101 73 34 040159 -0.086)  -0.0309) E2
21439 0;' <01 >428 EO

22522(6) (4) 7588 47 95 23 19 030(10)  -0.14(14) (E2M1)
1619.6(6) 2;' 19090) 44 39 034(5) 1

254005 @*3") 5362 2, 65 22 04823)  0.01(36) (E2M1)
1621.4(4) 2;' 100(50) 15 h i

2305.1 47 811.2 4;' 38 28 9.6 183  0.14(7) 0.08(1)  E2/MI
16726 2] 48 37 19 <045 0345  -0.16(7) E2

23305 5) 2259 4, 28 31 17 55(6) 0773)  -0.005(44) E2/MI
8368 4] 83 22 65  26(@) 0313  -0065) E2MI

23473 1714.7 2;' 185 24(6)¢ f

23706  (QF 5753 0 25 1.8 37 366549 E2
6539 2, 30 26 4.6 005(5)  -0.12(7) E2MI
1738.0 2]' 9 82 12 20.14(3)  -0104) E2MI1
2370.6 0‘1‘ 63 1.0

23786 37 17460 2] 121 43 12 <015 -02203)  -0.02(5 El

Energy uncertainties typically 0.3 keV.
Intensity error typically 15 %. Intensity of the 2.{ - 0; transitions nonnalized to 1000.
Gamma-ray intensities from the (p,p") reaction correspond to the direct level population.

o

(2]

d TheK internal-conversion coefficients determined from the In decay experiminents except the ones marked with 4
are from the (p,p) experiments.

¢ Intensity determined from the Yy-coincidence spectra.

f Intensity contains the 1716.6 keV and 1714.7 keV transitions; see the data for the 1716.6 keV transition.

& EO transition; ag > 35 x ag(M4).

h  Intensity contains the 1619.6 keV and 1621.4 keV transitions; see the data for the 1619.6 keV transition.

i Conversion coefficient for the sum of the 1619.6 keV and 1621.4 keV transitions.

Conversion coefficient normalized to o, = 3.0(1) for the 632.6 keV line.
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The earlier assignments of 4+ and 2+ for the 1493.8 keV and 1716.6 keV levels
[DeF88] are in agreement with the data given in Table 3.1 and the excitation-function
data of Fig. 2.11. The present average value of 0.96(15) for the y-ray branching ratio of
the 1716.6 keV and 1084.0 keV transitions from the 2+ (1716.6 keV) level is somewhat
smaller than the value of 1.4(3) adopted in Ref. [DeF88] (although within the
experimental errors). This may be due to the difficulties in the analysis of close-lying
1716.6 keV and 1714.7 keV lines.

The 1795.3 keV level has previously been populated in the beta decay of the
low-spin isomer of 106In [Rou84,Fla76,Hua78] and in the inelastic scattering of alpha
particles [Spe77]. The spin and parity assignment of 47 for this state was proposed in
Ref. [Fla76]. However, the present angular distribution of the depopulating 1162.7
keV transition is nearly isotropic (Fig. 2.9). Moreover, the excitation function of this
transition shows a clear I = O character (Fig. 2.11). Thus, this state can be identified
with the first excited 0+ state in 106Cd. In spite of the relatively strong population of this
0+ state in the inelastic proton scattering any EQ transition from this state to the ground
state is not observed in our conversion-electron measurements, which must be due to
the fast competing 1162.7 keV E2 transition de-exciting this level. In the 1162.7 keV
¥-ray gated proton spectrum in Fig. 2.3 one observes a peak at Ex = 2.4 MeV indicating
feeding of this level from a level at about 2.4 MeV (see the discussion for the 2370.6
keV level).

No evidence for the 2034.8 keV level reported in Ref. [Rou81, Rou84] is
found in this work. The level has been tentatively assigned as I = 0* in Ref. [Rou81],
but was not confirmed in the later study of the same authors [Rou84]. Fig. 3.2 shows
that the 1402.1 keV transition which was suggested to depopulate the 2034.8 keV level
in fact is in coincidence with both of the 632.6 keV and 861.2 keV transitions, thus
depopulating a level at higher excitation energy. The py-coincidence data confirms this
result .

For the 2104.6 keV level we confirm I® = 4+ through the excitation functions,

angular distributions and conversion-electron coefficients of the depopulating 388.0



39

keV, 610.7 keV and 1472.0 keV transitions. The y-ray branchings of that level are in
agreement with Ref. [DeF88].

We identify a new level at 2143.9 keV for which we firmly assign I* = O+,
From the conversion-electron and y-ray data in the (p,p’) reaction a new 2143.9 keV EQ
transition could be established (Figs. 2.2 (¢) and 2.4). In the pYy-coincidence
experiments the corresponding new 1511.4 keV and 427.2 keV E2 transitions to the 2?
and 2; states (Fig. 2.2 (c)) are observed, and the placement is confirmed by the yy-
coincidence measurements. The slope of the 1511 keV y-ray excitation-function curve
in the (p,2n) reaction (Fig. 2.11) is typical for y-rays from a 0+ level. The connecting
EO transition between the 0; and 0; states is not observed in our electron spectra from
the (p,p") reaction or from the 106In EC/B+ decay. The 427.2 keV y-ray gated proton
spectrum (Fig. 2.3) shows no feeding of this level from higher lying levels in the (p,p’)
reaction.

For the 2252.2(6) keV level we tentatively assigned I™ = (4+), mainly on the
basis of the (p,2n) excitation functions for the depopulating 758.8 keV (new) and
1619.6 keV y-transitions to the 4, and 2] states, respectively (Fig. 2.11). This level is
probably the same as the 2252.7 keV (3, 4*) level seen in an earlier in-beam y-ray study
of the 97Mo(12C,3n) reaction [Sam79], and the same as the 2252.9 keV level observed
in the 106In decay study [Rou84]. The present py- and Yyy-coincidence data show that
this level is fed from the level at about 3020 keV (which is beyond the energy region
considered here) by the 767 keV transition (see the gate on the 759 keV y-ray in Fig.
3.2).

The 2254.0(5) keV level has a low-spin value I"* = (2+, 3+) according to the
(p,2n) excitation-functions for the depopulating 536.2 keV (new) and 1621.4 keV y-
transitions (Fig. 2.11). There is no transition to the ground state from this state, which
would favor the 3+ assignment. Also the angular distribution of the 536.2 keV
transition with the large negative A3 is consistent with the I® = 3+, Roussiere et al.

[Rou84] have reported the 1620.2 keV and 1622.1 keV transitions, of which the latter
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one was not placed into their level scheme, therefore supporting our result of two close-

lying levels.
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Fig. 3.2: Typical yy-coincidence spectra from the 107Ag(p,2n) reaction at Ep =

14.5 MeV measured with two NORDBALL-type Compton suppression spectrometers.
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The 2305.1 keV level has earlier been assigned I = (4) in the in-beam
96.97Mo(13:12C,3n) study [Sam79)]. The present excitation functions and the angular
distributions of the 811.2 keV transition and of a new 1672.6 keV 7y-transition from this
level (Fig. 2.11) are in accord with the old result. In addition, the conversion
coefficients of both of these transitions (Table 3.1) imply a positive parity for this state,
thus revealing I = 4+ for the state.

The present data for the 2330.5 keV level confirms the y-ray branching ratio and
I® = 5+ adopted for this level in Ref. [DeF88].

In the level scheme we have omitted the 2338.7 keV level seen in the (12C,3n)
and (13C,3n) reactions [Sam79). The 1704.5 keV transition which was previously
suggested to de-excite this level is observed to feed the 1494 keV 4;' level in our yy-
coincidence measurements and further confirmed by the py-coincidences.

The 2347.8 keV level is strongly populated in the present (p,p') experiment, but
the (2)* assignment of Ref. [DeF88] could not be verified due to the complexity of the
depopulating 1714.7 keV transition (close-lying 1716.6 keV transition).

The level at 2370.6 keV has been associated with a L=3 state at 2366 keV
observed in a (p,p') experiment [Lut69] and thus suggested to be the first excited 3-
state [Dan77]. However, in addition to the 1738.0 keV transition to the 2;' state and a
new 653.9 keV transition to the 2; state, we observe the 575.3 keV transition to the
newly assigned 0; state and 2370.6 keV transition to the ground state (see the 1163
keV gate in Figs. 2.3 and 3.2). The measurement of the K internal conversion-
coefficients for these transitions is obscured by the L-conversion lines of the strong E2
transitions (552 keV, 633 keV and 1717 keV). However, the K conversion-coefficient
for the 575.3 keV transition could be obtained in the (p,p’) reaction where the 3044
keV (8)* level decaying by the interfering 552.4 keV transition is not populated in
difference to the 106In decay. The E2 multipolarity of the 575.3 keV transition
definitively rules out the 3- assignment. Consequently, a tentative (2*) assignment for

this state is suggested in this work.



42

The 2378.6 keV level is strongly populated in our (p,p) experiment. The level
has been observed in Refs. [Fla76] and [Hua78], but no spin and parity assignments
have been proposed. The conversion-coefficient limit definitely gives an El
multipolarity for the 1746.0 keV transition from this state to the 2}' state. Also the
negative Ajj angular-distribution coefficient implies a Al = 1 character for this
transition (Fig.2.9 and Table 3.1). The (p,2n) excitation-function curve indicates an I =
3 for this state (Fig. 2.11). Thus, this state can firmly be assigned I = 3-. The state
could well be the same one as the proposed 3- state at 2366 keV of Ref. [Lut69], where

the levels separated by less than 50 keV were not resolved.

3.2. The nucleus 108Cd

The level scheme of 108Cd has been established in the EC/B+ decay of 108In
using y-ray spectroscopy [Fla75, Wis80, Rou84] and also using electron-spectroscopy
methods [Rou84]. The high-spin yrast states are examined via 96Zr(160,4ny) [Sam78]
and 106Pd(c.,2ny) [And85] reactions. The 108Cd has been studied also in the one-
proton (3He,d) [Aub72] and the two-proton (3He,n) [Fie77] transfer reactions, as well
as in the (d,6Li) alpha-transfer reaction [Jin79] through particle spectroscopy. Also
inelastic scattering of protons [Lut69] and alpha-particles [Spe77] have been applied.
The three lowest-lying levels has been populated in Coulomb-excitation (e.g. Ref.
[Mil69]). The results of these experiments, excluding those of Ref. [Rou84], have
been compiled by Haese et al. [Hae82].

Based on the measurements of the present work we have established for the
108Cd isotope three new levels below the 2.5 MeV excitation energy, four new or
revised I™ assignments and about 10 new transitions. One level previously reported was
not confirmed. Some details of the results that are summarized in Table 3.2 and Fig.

3.3 are discussed below.
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Table 3.2: Properties of levels and transitions in 108Cd as obtained in this work.

Elevel 2 Etans 2 y-intensity © Ang. Distr. Coeff. Multi-
4 \
&eV) IT A{keV) I @p)° (20) Decay 1030k A Asa polarity
632.9 2}‘ 632.9 o‘l‘ 1000 1000 1000 3.0(1)*  0.183)  -0.02(4) E2
15083 4] 8754 2] 61 343 230  14(3) 0284)  -0.03(7) B2
16017 2 969.1 2] 141 68 46 1220  -0092)  -0053) E2MI
1601.7 0] 123 62 47 036(5) 0.143)  -0.01(5 E2
1721.0 o; 1088.1 2]‘ 127 15 14 08(1) 0.04(2)  -0.043) E2
1913.3 o; 311.3 2; 46 44 74 210) )
1280.6 2]‘ 39 51) 82 0396 -00117) -00125) E2
1913.3 0‘1“ <4 25 EO
2456 () 5442 2 83 60 1.5 042(3) <0095  E2/M1
6373 4] £ o4qd  f
15127 2} 62 48 12 040(5) -036(2)  -0.00@4) E2M1
2162.5 2; 15296 2] 80 30 81 0435  0122) -0013) E2MI
2162.5 0‘1“ 25100 1.7 62
22019 3 6002 2,  18(3) 3.0
1569.0 2} 54 6 12 0193) -0.123)  -0.01(4) El
22392 4 637.5 2‘2‘ s55f 3)d  63f
7309 4] 13 27 21 294) 0.12(4)  -0035 E2MI
16063 2} 84 23 17 037(5) 026(1)  -0.08(2) B
23657 2, 17328 2] 57 17 39 03204)  0.13(4) 001(5)  E2MI
23657 0] 8525 27 53 0.06(6)  -0.16(9)
23747 @ 127 2 46 10 56 234 (E2)
17418 2] 34 54 13 0324) 0028  -0.13(11) (E2)
24861 2% 884.5 2‘2‘ 5@ 2a
18532 2] 34 15 28 0335) 0102  -0003) E2MI
24860 07 105
2 Energy uncertainties typically 0.3 keV.
b

Intensity error typically 15 %. Intensity of the 2; - OI transitions normalized to 1000.
Gamma-ray intensities from the (p,p') reaction correspond to the direct level population.

o o

Intensity determined from ‘yy-coincidence spectra.

o

EOQ transition; ag > 17 x ag (M4).
Intensity contains the 637.3 keV and 637.5 keV transitions; see the data for the 635.7 keV transition.
Conversion coefficient normalized to ag = 3.0(1) for the 632.9 keV line.

(=)
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The data of Table 3.2 and of Fig. 2.12 are consistent with the earlier
assignments of 4'{ and % [Hae82] for the 1508.3 keV and 1601.7 keV states,
respectively.

The 1721.0 keV level is strongly populated in the (3He,d) proton-transfer
reaction and suggested to have 17 = (0 - 2)* [Aub72]. A level at 1704(25) keV has
been observed in the (d,6Li) alpha-transfer reaction [Jin79), which could be considered
to be the same level. From the proton gated y-ray spectra (Fig. 3.4) we establish a
strong 1088.1 keV transition from this state to the 2‘; state. The Yy-coincidence
measurement in the (p,2n) reaction confirms the placement. This agrees with the
information for the 1087.6 keV y-ray given by B. Roussiere et al. [Rou84], although it
was not placed into their level scheme. In our work, both the isotropic angular-
distribution (Fig. 2.10) and the excitation-function curve (Fig. 2.12) of the 1088.1 keV
gamma-ray determine I = O for this level. Consequently, the state must be the first
excited O* state in 198Cd. As in the case of the 0; state in 106Cd, no EO transition from
this state to the ground state is observed.

The 1913.3 keV level has previously been assigned as I* = O+ by B. Roussiere
et al. [Rou84] based on the observed EO transition to the ground state. Our data
confirm the assignment. The EOQ transition can be seen in Fig. 2.16 which shows the
conversion-electron and y-ray spectra from the 198In decay. The y-ray branching ratio
of the 311.3 keV and 1280.6 keV E2 transitions is consistent with the results of Ref.
[Rou84].

The 2020.7 keV level and the depopulating 1387.8 keV transition reported in
Ref. [Rou84] are not observed in any of our experiments. Thus, the level was omitted
from the level scheme of 108Cd.

At2145.6 keV we find a new level which de-excites to the 2, 47 and 2; levels.
These transitions are placed on the basis of the ¥y- and py-coincidence experiments
(Fig. 3.4). From the present conversion coefficient of the 1512.7 keV transition,
positive parity is deduced for this state. On the basis of the negative Aj; angular-

distribution coefficients for the 544.2 keV (Fig. 2.10) and 1512.7 keV y-rays and the
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excitation-function curve (Fig. 2.12) of the 1512.7 keV y-ray, we propose an I = 3 for
this state, thus suggesting I* = (3)+.

The level at 2162.5 keV has earlier been assigned as 3 [Rou84, Mum85].
From the conversion-electron and y-ray spectra of Fig. 2.16, one clearly sees that the
1529.6 keV transition from this state to the 2;' state has a multipolarity of E2/M1 rather
than E1 (see also Fig. 2.17). In Ref. [Rou84] the E1 multipolarity is determined for the
1529.7 keV transition based on their experimental K-conversion coefficient. This value
is the only one reported in Ref. [Rou84], which is in serious disagreement with our
results. Since the transition from this state to the ground state is observed in the present
work, a spin and parity 2+is adopted. The excitation function (Fig. 2.12) and the
angular distribution (Fig. 2.10) of the 1529.6 keV vy-ray are in agreement with the 2+
assignment.

The 2201.9 keV level is confirmed to have I™ = 3- by the 1569.0 keV El1
transition to the 21+ state, which is shown in Figs. 2.16 and 2.17. Moreover, a new
600.2 keV transition to the 2‘2P level is observed in the present work.

The 2239.2 keV level has previously been assigned as 4+ [Rou84], which
agrees with our data.

For the 2365.7 keV level, our experiments have confirmed the 2+ assignment
reported in Ref. [Mum§85]. The 7-ray branching ratio agrees with Ref. [Hae82].

At 2374.7 keV a new level is located. The level is depopulated by the 1741.8
keV and 772.7 keV transitions to the 2? and 2; states, respectively (Fig. 3.4). In Ref.
[Rou84] the unplaced transition of 1741.8 keV is reported. The E2/M1 multipolarity
(Table 3.2 and Figs. 2.16 and 2.17) for both of the transitions indicate positive parity.
The angular distribution of the 1741.8 keV transition (Fig. 2.10) favors a spin of 0, but
the assignment is not conclusive.

The new level at 2486.1 keV might be the 2481 keV level observed in the
(3He,d) reaction [Aub72]). We have seen the depopulating transitions of 1853.2 keV
and 884.5 keV to the 2; and 2; states (Fig. 3.4), respectively, and the transition to the

ground state. This, together with the excitation-function curve for the 1853.2 keV
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transition (Fig. 2.12), reveals I* = 2+ for the state. Also the E2/M1 multipolarity of the

1853.2 keV transition is consistent with the 2+ assignment.

3.3. The nucleus 110Cd

The level scheme of 110Cd has previously been deduced mainly from the 110In
EC/B+*- and 110Ag B--decay studies [Sar69, MeyPC, Kaw72, Ver79, Mal81]. The
(n,n"y) measurements have been performed by Demidov et al. [Dem76, Dem78]. A
study of high-spin yrast states has been carried out with the 96Zr(180,4ny) reaction
[Lum74]. The energy levels and I"* assignments have been evaluated in one- and two-
proton transfer reactions: (3He,d) in Ref. [Aub72] and (®He,n) in Ref. [Fie77). Also
inelastic scattering of p, d, and alpha particles has been studied in Refs. [Lut69,
Kim66, Spe77]. Only the few lowest-lying states were excited through Coulomb
excitation [Mil69, DeG83]. The results of all the above mentioned experiments are
included in the A=110 compilation of P. DeGelder et al. [DeG83]. Some data from the
(a,2n7y) reaction study have been reported by Kusnezov et al. [Kus87], and the details
of those experiments have been recently published by Kern et al. [Ker90]. The results
of our measurements are briefly discussed in the following paragraphs, and

summarized in Table 3.3 and in Fig. 3.5.

The second excited level at 1473.2 keV has previously been identified as a 0*
state through a y-ray angular-correlation measurement in the 110Ag decay [Kaw72] and
a proton-transfer reaction study [Aub72]. The excitation-function curve (Fig. 2.13) and
the angular distribution (Table 3.3) for the 8§15.4 keV transition to the 2‘{ state in our
(0r,2n)-reaction experiments are in accordance with this assignment. As in the case of
the 03 states in 106Cd and 108Cd, we could not observe the EO transition to the ground

state.
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Table 3.3: Properties of levels and transitions in 110Cd as obtained in this work.

Ejevel 2 Epans 2 y-intensity ° Ang. Distr. Coeff. Multi-
keV) T (keV) JT  (p)°(x2n) Decay 1030x A A4 polarity
6578 2] 6578 07 1000 1000 1000 27()*  023(2)  -0.153) E2
14732 0, 8154  2) 75 12 28 1629 00812 -00817) E2
14759 2, 818.1 2] 81 71 98 d 0231)  -0.10(1) E2/MI
14759 0] 40 42 57 046(3)  0.183)  -0.114) E2
15425 4] 8848 2] 15 560 S0 1202 0283)  -0.22(5) E2
17313 03 2554 2, 27 10 012 23 E2
10737 2] 20 67 11 0858  0016)  -0.07(9) E2
17836 27 11258 2] 33035 11 0435  021(2) -0.10Q) E2M1
17836 0] 11 97 34  0I183) 0182  -0.01(2) E2
20786 0, 2953 2; 92 33 04  280) 006(4)  -0.18(5) E2
6054 0 <03 >50€ EO
20784 0] <017 >7f EO
20789 3; 6029 2, 69 55 07 -0.3(2) -0.33) El
14212 2] 43 39 46  0192) -0283)  -0.04(5) El
21628 3] 6870 2, 36 80 07 070(5)  -0.012) E2M1
15050 2] 12 25 L1 0505 -055@4)  -0037) E2MI
22202 4, 6778 4] 36 26 25 0.05(1) 20.132) E2/M1
443 2 15 14 L1 2003) 028(1)  -0.27(1) E2
15623 2] <07 30 03 022(6)  -0.19(8) E2
2250.5 43‘ 467.0 2;‘ 73) 8 028(4)  -0.29(5) E2
7080 4] 24 388 045(3)  -0.14(4) E2MI
747 2 1)
15927 2] 5(1) 022(3)  -0.16(4) E2
2287.5 16297 2] 15 10 1.0 0.01(5)  0.01(8)
2332.1 16743 2] 12 22 02 0.14(10)  -0.18(15)
2355.8 1698.0 27 13 69 30 0275 -0021)  -0122) E2/MI
2 Energy uncertainties typically 0.3 keV.
b Intensity error typically 15 %. Intensity of the 2'; - 0"1L transitions normalized to 1000.
¢ Gamma-ray intensities from the (p,p) reaction correspond to the direct level population.
d Conversion coefficient for the sum of the 815.4 keV and 818.1 keV transitions; see the data for the 815.4 keV wansition.
¢ EO transition; ag > 1.6 x ag(M4).
f EO transitions; og > 38 x ag(M4).
& Intensity deduced from <yy-coincidence spectra.
:

Conversion coefficient normalized to ag = 2.7(1) for the 657.8 keV line.
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Our results for the 1475.9 keV 2; and 1542.5 keV 4;' states agree with the
previous results on these levels [DeG83].

The ‘spin of the 1731.3 keV level was assigned tentatively as (0)* based on the
(3He,d) data and the level systematics of even Cd isotopes [DeG83]. Our excitation-
function (Fig. 2.13) and angular-distribution (Table 3.3) measurements for the 1073.7
keV transition to the 2? state in the (,2n) reaction prove that this level has I* = 0+,
Moreover, we have observed a new 255.4 keV E2 transition to the 2; state (Fig. 3.6).
The EO transitions to the 0; state and to the ground state were not observed.

The 1783.6 keV level is known as the third 2+ state [DeG83]. Our data agree
with this assignment.

We do not observe the 1809.5 keV level seen in the 110In decay by Meyer
[MeyPC]. According to our ‘yy-coincidence measurements in the (0.,2n) reaction the
proposed depopulating 1151.7 keV transition does not belong to the 110Cd nucleus but
most probably to 111Cd (Fig. 3.6). Furthermore, there is no evidence for this state in
our pY-coincidence spectra.

The 2078.6 keV level has been assigned spin O+ in the 110Ag (1+;24.6 s) decay
[Kaw72] and in the (3He,d) reaction [Aub72], where it is strongly populated. In our
study of the 110In EC/B*-decay, we have observed new EQ transitions from this state to
the ground state and to the 1473 keV 0; state. Our value for the conversion coefficient
of the 295 keV transition (Table 3.3) supports the earlier placement of (OZ - 2;). Other
possible E2 transitions from this OZ state are hampered by transitions from the close-
lying 3- state.

The 2078.9 keV level has been identified in many experiments [DeG83] as a 3-
state. We have observed two depopulating transitions, the 602.9 keV transition to the
2; state and the 1421.2 keV transition to the 2'1" state. According to our conversion
electron data, the latter transition has definitively an E1 character (Table 3.3) confirming
the 3- assignment.

Our data agree with the earlier assignments of 3* for the 2162.8 keV level and 4+

for the 2220.2 keV and 2250.0 keV levels [DeG83].
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For the monopode levels at 2287.5 keV and 2332.1 keV, quite strongly
populated in our (p,p’) experiments, we are not able to get any definite spin and parity
assignments. In the (n,n"y) study the assignments of 2+ and O+ were given to these
states [Dem78], respectively.

The level at 2355.8 keV is assigned as 2% in Ref. [Dem78]. The conversion
coefficient of the 1698.0 keV transition feeding the 2; level defines positive parity
(Table 3.3). The excitation-function curve of this transition indicates I 2 4, but the

angular-distribution coefficient Ay is not consistent with that.

3.4. The nucleus 112Cd

The level scheme of 112Cd has been deduced from the 112In EC/B+- and 112Ag
[--decay studies [Kaw72, Wal72]. The (n,n"y) and (V,Y') examinations have been
performed by Demidov et al. [Dem76, Dem78] and [Mor71], respectively. The study
of yrast states has been carried out only in the (,2nY) reaction [Gei74]. The levels
have been evaluated in the two-proton transfer reaction (3He,n) in Ref. [Fie77], in the
(d,p) reaction by Barnes et al. [Bar67] and, recently, in the (t,p) reaction by Medsker et
al. [Med87]. Also inelastic scattering of p, d, and alpha particles has been studied in
Refs. [Del89, Pig84, Kim66, Spe77]. Only low-lying states were excited through
Coulomb excitation [Mil69, Jul80, DeF89]. The low-lying O* states have been
examined via the EC/B+-decay of 112In and the (d,p) reaction [Jul80]. The results of all
the above mentioned experiments are included in the newest A=112 compilation of
DeFrenne et al. [DeF89].

We used the 112Cd nucleus as a reference case for our (p,p'y) experiments.
Especially, we could examine the population of O+ levels by this reaction. Since no
electron spectroscopy is applied in the present work for 112Cd, the EO transitions are
not included in Table 3.4 nor in Fig. 3.7 summarizing our results. The earlier study of

Julin et al. [Jul80] is referred for the EQ measurements. The new data from our recently
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performed (o,2n) reaction revealed one new level below 2.1 MeV excitation energy and
several new transitions. The results of our measurements are briefly discussed in the

following paragraphs.

The results obtained in this work for the four lowest excited levels are consistent
with the data given in the A = 112 compilation. The y-ray branching ratio for the
transitions from the 0; level obtained in our (&,2n) experiment are in disagreement
while those obtained from the (p,p’) reaction are in agreement with the results of Ref.
[DeF89]. The (p,p') results have been adopted to the level scheme (Fig. 3.7), since in
the (o,2n) case the 815 keV line is a doublet with the other transition being higher in the
level scheme. Contrary to the (a,2n) study by Geiger et al. [Gei74], performed at
similar alpha-beam energies as our experiments, we populated clearly the first two
excited 0% levels.

The 1468.8 keV 2+ level has previously been observed to decay to the ()5L , 2“‘1'
and the ground states [DeF89]. Our result is consistent with that. The branching ratios
of the depopulating transitions agree with the adopted values [DeF89].

The 1870.8 keV level has been assigned as O+ in several experiments: via the y-
ray angular-distribution measurements in the photoexcitation study [Mor71], via the y-
ray angular-correlation measurements in the 112In (1+) decay [Kaw72], in the 112Ag
(2-) decay [Wal72], and earlier through particle spectroscopy in the (d,p) reaction
[Bar67]. It has also been populated in the proton-scattering experiments by Pignanelli
et al. [Pig84], and recently in two-neutron (t,p) transfer-reaction [Med87].

In the earlier (o,2n) study Geiger et al. [Gei74] report that the first two excited
0+ states are not populated while the 1870 keV 0% state is. The 402 keV, 558 keV and
1253 keV transitions to the 2;, 2; and 2*1' levels, respectively, have been observed to
depopulate this level |Gei74]. In addition to thosc transitions, we found a new 455 keV
transition to the 4'{ level in our Yy-coincidence measurements from the (o,2n) reaction
(see the gates 455 keV and 701 keV in Fig. 3.8). This result is in serious disagreement

with the 0+ assignment for the 1870 keV level. Therefore, we repeated the y-ray
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angular-distribution and excitation-function measurements to figure out the spin of the
level: The angular distributions of the 402 keV and 1253 keV transitions are definitely
of AI = 2 character and not isotropic (Fig. 2.15 and Table 3.4) as reported in Ref.
[Gei74]. The angular distribution of the 455 keV transition is consistent with Al =0
(Fig. 2.15). The excitation functions indicate spin 4 for the level (Fig. 2.14), but are
not conclusive. Moreover, the 1870 keV state is fed from the 2570.9 keV level (Fig.
3.8), which we assign as a 6% state based on the angular-distributions and excitation-
functions of the depopulating 701 keV and 1155 keV transitions (Figs. 2.14 and 2.15,
Table 3.4). Thus, we adopt I™ = 4+ for the 1870 keV state.

We conclude, however, that there are two levels at about 1870 keV excitation
energy: the O* and 4+ levels. The very strong evidence for the 0* level is deduced from
different experiments as stated above, but the 4+ level is clearly populated in the (o,2n)
reaction . Most probably in our (p,p') experiment it is the O+ level that is populated,
since the y-ray branchings for the depopulating transitions are quite different than those
in the (o,2n) reaction. Based on the energies of the transitions to the 2"; state observed
in the (p,p’) and (,2n) reactions the 4+ state would be 0.6 keV lower in energy than
the Ot state.

The 2005.1 keV level has been previously assigned as the first 3- state. We
observed the 692.7 keV and 1387.6 keV transitions to the 2; and 2;' state. In both of
our experiments the intensity of the 692.7 keV transition is higher than reported in Ref.
[DeF89].

Our data for the 2064.1 keV level is in agreement with the assignment of 3+ for
the level and the y-ray branchings are about the same as in [DeF8§89].

The 2081.5 keV level has been assigned as 4* [DeF89]. In addition to the 666.1
keV transition to the 4; level, we observed in the (o,2n) reaction three new transitions:
the 211 keV, 612.8 keV and 769.3 keV transitions to the 4; , 2"3' and 2; states,
respectively (see the 852 keV gate in Fig. 3.8). The y-ray results for those transitions

are consistent with the 4+ assignment.
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Table 3.4: Properties of levels and transitions in 112Cd as obtained in this work.

Ejevel 2 Etrans 2 Y-intensity b Ang. Distr. Coeff.  Multi-
keV) IT (eV) Jf ®P)°  (a2n) A2 A4 polarity
6174 2] 6174 0] 1000 1000 0.182) -0.093) E2
12242 0, 6067 2] 12 639 002nf -0.08(10) E2
13123 2 6948 2] 2% 92 024(2)  0003) E2MI
13123 0] 7.8 32 0.132) -0.063) E2
14153 4] 7919 2] 17 670 0242) -0123) E2
14332 03 1210 2 2.5 14 0.08(5  0.10(7) E2
8158 2] 41  s1e
14688 2 2448 0y <04 17¢
8512 2] 8.0 34 0.16(1)  0022) E2Ml
14688 0] 3.8 19 0.18(2) -0.062) E2
18704 47 40019 23 24 0213) -0.114) E2
4551 4] 11 0.032) -0.103) E2MI
5583 2 e 0.082)f -0093) E2
12530 2] 30€ 021()f 0112 E2
18710 0 4020 23 <02
5580 2, <03
12536 2] 49
20051 3; 6927 2, 1 15 006(1)  0.032) El
13877 2] 18 33 022(3) -0.005) El
20641 3} 649.0 4] 7€
7518 2 1.6  21¢
14468 2] 13 13 20516)  03209) E2/MI
20810 4 2110 4 19¢
6128 23 64
6660 4] <07 30 0.052) -0.03@4)  E2MI
7693 2, 23 0243)f 0114 E2
25709 6, 4038 6 <17 0.2(2) 0.12)  E2/MI
7006 4, 47 025(2) -0.183) E2
11555 47 53 0.02(4)  -0.13(6) E2
2 Energy uncertainties typically 0.3 keV.
b Intensity error typically 15 %.
¢ Gamma-ray intensities from the (p,p’) reaction correspond to the direct level population.
d

Intensity contains also the higher lying 607 keV transition.

¢ Intensity deduced from the yy-coincidence spectra.

Doublet line: The angular distribution coefficients determined from singles gamma-ray intensities
containing both transitions.



57

- kvg- No sgg -
nowe o " S,

.  ged=g3s Uh

. RESEIpg on _—2081.0
33— 888 - oo ——2064.1
3" r9V.3 83, 2005.1
o | LR FEE P
0 0 98, < 1871.
4+/ ~1870.4

$8w
ot 2qe =38
§p3Ize g 1468.8

0+\ | £s-g:§§ 14332
4t gg g 14153

+ ) r 1 ~— 13123
2 ©
o* ‘ & 1224.2

g
o

2" I I t 12 617.4

o* ! ! 0.0
112
489 64
Fig. 3.7: The level scheme of 112Cd as obtained in this work. The relative y-ray

intensities of the depopulating transitions are marked for each level. Note, that the EO

transitions measured in Ref. [Jul8Q] are not included in the figure.



58

3000 | 112
) 110pg(q,2n)' '“Cd
1 E = 20.0 MeV
. 617
2000 ‘ 798 “
= B Gate 455 keV R
*,'-5-" - 701
o 1000 - 1
L& ] | 4
o i 605 l
@
£ i
g L Sl o o o A Fa—
Z 0 ' o
- 617 7
6000 |- Gate 701 keV -
I 605 ]
- 402 -
4000 558
- 659 .
I 222 798| ]
2 11312 1469
5 Jd T
] 0
e b 617 ,
2 I Gate 852 keV
Q
-g 4000 -: 402 ”
2 i 612 [fe17 |
I 1000F  gos N ]
2000 | FN 1 -
i 695 0 L 1 1 L ] _.
I 580 600 620 640
0k ML&.;,,‘JL. I R T
0 500 1000 1500
Transition energy (keV)
Fig. 3.8: Gamma-gamma coincidence spectra from the 119Pd(c:,2n)112Cd reaction

at Eg = 20.0 MeV.



59

3.5. The nucleus 116Cd

The nucleus 116Cd has been studied in the B--decay of 116Ag [Brii82, Mac89,
Wal85], and in the inelastic scattering of protons [Dey72, Lut69], deuterons [Kim66]
and alpha-particles [Spe77]. Deye et al. performed also py-coincidence measurements
for this nucleus [Dey73]. Deminov et al. [Dem76a, Dem78] and Newton et al.
[New80] have performed the (n,n"y) studies. The levels of 116Cd were examined also
in the (d,6Li) [Jdn79] and (t,p) [Wat87] transfer reactions. In Coulomb excitation of
the 116Cd nucleus [McG65, Mil69] the 0+ state at 1380 keV was populated [McG65)
among the few other low-lying states. Most of this data has been summarized in the

latest compilation of A=116 [Bla81].

For 116Cd we carried out only a short experiment to complete our (p,p'y)
results. The in-beam conversion electron spectra from the (p,p’) reaction were obscured
by the dominating B~ background. The beta-decaying 116In is produced through the
(p,n) reaction. Thus, for this Cd isotope we could not observe any EO transitions like
for the other Cd isotopes. The spin assignments given in the Table 3.5 and the level
scheme of 116Cd (Fig. 3.9) are based on the previous results [Blag81, Wat87].
Generally, the gamma-ray branchings obtained in this work are in agreement with those
of Ref. [Bla81].

The 1282.5 keV level has earlier been assigned tentatively as the first excited 0*
state [Bla81]. We do not observe the 68.9 keV transition to the 2;state as reported
from the 116Ag decay in [Wal85, Brii82]. Our upper limit for the y-ray intensities of the
depopulating transitions is Iy(69 keV)/I(769 keV) < 0.005 compared to the value of
0.22 in Ref. [Brii82]. Moreover, the proposed 669 keV transition feeding this 0; level
from the 1951 keV 2+ level is not observed in the present work. Instead, the 769 keV
y-ray gated proton spectrum shows a weak population from a level around 2430 keV

(this energy region is not included into our table nor the level scheme). In the recent
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(t,p) work [Wat87], anew level at 2431(10) keV was found and it was assigned as IT =
2+. The observed coincidence relations in Ref. [Brii§2] would place the 1151.7 keV
transition between the 2431 keV and 1283 keV levels in contradiction to the original

placement in Ref. [Brii82].

Table 3.5: Properties of levels and transitions in 116Cd as obtained in this work.

Elevel® Etrans ® Y-intensity b
keV) JT keV) JE (D)

513.5 27 5135 0] 1000
12127 28 699.4 2f 129

2 1
1212.6 O} 75
12190 47 7055 2] 4.3
12825 0y 7690 2] 40
1380.2 0] 866.7 2] 31
16415 27 4227 4] <13
1128.5 2} 15
1641.5 0] 13

1915.2 3t 7027 2; <13
1401.8 2F <27
1921.2 3, 7087 2 15

1407.5 2} 50
1927.8  (0%) 14143 2] 103
1951.0 2, 14375 2]

Energy uncertainties typically 0.3 keV.
b Intensity error typically 15 %. Gamma-ray intensities from the
(p,p") reaction correspond to the direct level population.
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The 1380.2 keV level has been unambiguously assigned as 0* [Bla81, Wat87].
In addition to the 866 keV 0; - 2‘1F transition we do not observe any new depopulating
transitions from this state. While we especially searched for the 167 keV transition to
the 2; state, it is not observed; only an upper limit of the y-ray intensity is determined.

The 1927.8 keV level, strongly populated in our (p,p'y) experiment, is most
probably the OZ state. In a (n,n"y) study [NewS80], the 1414.3 keV transition has an
isotropic angular-distribution and, in a (t,p) study [Wat87], the 1924 keV proton group
has a definite L = 0 component. In the other (n,n"y) work [Dem78] the 1929.0(5) keV

level has been assigned as a probable 0+ state.
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4. Level systematics

With the present results included, the information on even-mass 106-120Cd nuclei
is now sufficient to correlate low-lying levels of similar characteristics. The main
emphasis in this work has been on the systematic behaviour of the (0; ) 2;, 4;, O;, 2;)
quintuplet of states. In particular, we have clarified the energy and the de-excitation

pattern of the O; and O; states.

4.1. The quintuplet of states: (0,, 23, 47, 03, 23)

In 110Cd, 112Cd, 114Cd and in 116Cd the states of the aforementioned quintuplet
are well separated from higher lying states. When going from 108Cd (Fig. 3.3) to 106Cd
(Fig. 3.1), the 2; state rises fast in excitation energy. In 108Cd it lies above the 2146 keV
(3)* state, while in 106Cd, there are difficulties in identifying it from the group of the
other states. In 106Cd also the 0; state lies above the 4; state. Level-energy and energy-
ratio systematics of this quintuplet and the 21’ states in the even-mass 106-120Cq are
presented in Fig. 4.1. The level energies for 114Cd are taken from Refs. [Mhe84,
Fah88). For 118Cd and 120Cd the level energies are from Refs. [Apr87, Apr85).

Perhaps the most conspicuous feature of the level systematics is the behaviour of
the excited 0+ states (Fig. 4.1 (b)): These states cross when going from 114Cd to 116Cd,
i.e. the 0; and 0; states fully exchange their properties, which is discussed later in this
chapter. For this reason, the notation OX for the O; state in 106-114Cd and the O; state in
116-120Cq is adopted in Fig. 4.1 and in the following discussion. The 0;' states in 106-
114Cd and the 0; states in 116-120Cd are labelled O;. In the (t,p) two-neutron transfer-
study O'Donnel et al. [ODo88] suggested the change in level ordering between 110Cd
and 112Cd based on the assumption of Ref. [Apr84] that the intruder levels in Cd follow
a "V" shape pattern. However, according to the present data, no corresponding crossing

occurs on the neutron-deficient side in Cd isotopes.
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Another important feature is the relationship between the 02 and the 2; states.
The ratio of the excitation energies of these states is almost constant, which can be seen in
Fig. 4.1 (b) and (c).

A small subshell effect at N=64 is revealed by a local maximum in the energies of
the 2;' and 4;' levels in 110Cd (N = 62). A small bump is also visible in the energies of
the 2; and 0;3' levels, while the 2; and OZ levels behave smoothly at N=62. However,
between 108Cd and 106Cd a slight change in the slope of the energy curves of the 2; and
OZ states is observed. Also the rearrangement of the 4;, 2; and 0; states is taking place
at 110Cd: There the O; state is the lowest one and the 4;’ state the highest one among
those three excited state, whereas their sequence is reversed in the 106:108Cd isotopes. At
the neutron-rich side the similar rearrangement is again happening at 116Cd and 118Cd so
that in 118Cd the 4; state is the lowest one and the 0; state the highest one.

Ratios of absolute E2 transition rates (o< Iy/ E.? ) from the 0;, 2;, 0;, 2; states
relevant to the following discussion are presented in Table 4.1. The values for 114Cd are
from Ref. [Fah88], and for 118Cd and 120Cd, the results of Refs. [Apr87, Apr85] are
used. The values for 106-112Cd and 116Cd are from the present work. Our data for the
B(E2; 2;_' - 2;') / B(E2; 2; - 0';) values are in agreement with the earlier values of Refs.
[DeF88, Hae82, DeG83, DeF89]. The values for the 0; states are new, like the ones for
the 0; states in 106,110,116Cd, and most of the upper limits for the 2; states (see also
chapter 3). Our result of B(E2; 03 - 23) / B(E2; 05 - 27) = 170(35), in 110Cd is in
complete agreement with the value of 171(62) reported in Ref. [Gia89], which appeared
during the course of this work. The value for the 0; state in 108Cd is in good agreement
with the one in Ref. [Rou84] (note that our 0; state is labelled as 0; state in Ref.
[Rou84]); the values for 112Cd and 114Cd are somewhat larger than the ones obtained in

Ref. [Jul80].



67

Table 4.1:  Relative E2 transition rates in the even 106-120Cd isotopes. Transitions
which are not energetically possible are indicated by an asterisk. The errors estimated to

be between 15 % and 35 % are not marked.

106 108 110 112 1148 116 118> 120°¢

E(2;) (keV]  1716.6 1601.7 14759 1312.3 1209.7 12127 1269.5 1322.8
B(E2;2;-2]) 44 84 244 264 454 194 17 25
B(E2;25-0)) 1 1 1 1 1 1 1 1

E(0) [keV] 17953 1721.0 1473.2 12242 11345 1282.5 1285.8 1388.7
B(E2,0;-2;) <700 <190  * . * <870
B(E2;05-2)) 1 1 1

E(0;) [keV] 21439 1913.3 1731.3 1433.2 1305.6 1380.2 1615.0 1744.6
B(E2,0;-2;) 230 1100 170 8500 41000 <240 <19 <3

B(E2;0;-27) 1 1 1 1 1 ] 1 1

E(Z;) [keV] 2370.6 2162.5 1783.6 1468.8 1364.3 1641.5 1915.8 2093.8

B(E2;2;-07) 1 1 1 1 1 1 1
B(E22;-2)) 50 <100 <33 <28 <50 <10 <10f <33
B(E2;2;-2]) 8 0.5¢ 074 029 26¢

B(E2;2;-4]) <15 <70 <1100 40 <120 <20 190

B(E2;23-2;) <2250 <300 <130 <2400 95 <70 330 <700
B(E2;2;-0;) 3400 <300 <130 710 50 <140 <30
B(E2;2;-0;) <4000 < 3500 20 <500

Data from Ref. [Fah88].

Data from Ref. [Apr87].

Data from Ref. [Apr8S].

E2/M1 mixing ratio from Ref. [Lan82].

E2/M1 mixing ratio 8 = -0.6 used from Ref. [New80].
B(E2) value normalized to 10.

B(E2;2;-27) when the E2/M1 mixing ratio used.

" = 0 A o O
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Table 4.2: Ratios of EO and E2 transition rates for 0; and O; states in the even 106-

114Cd isotopes.

Mass Number
Xijk * 106 108 110 112b 114b
X211 (10-3) <9 <12 <8 26(4)  26(5)
X311 2.2(5) 10(2) <0.04 1.02) 16(3)

X312 (10-4) 70(20) 80(20) <6 2.6(6) 6.0(6)

+ + A+
Xijk= B(EO), - 0j )/ BE2:0; - 2,)
From Ref. [Jul80).

o ®

The available ratios of the reduced EO and E2 transition probabilities (X =
B(E0)/B(E2); see chapter 2.1.2.) from the O; and O'; states in the even 106-114Cd
isotopes are collected in Table 4.2. The X-values for 106Cd, 108Cd and 110Cd are new
from the present work. Preliminary X-values rcpérted [Gia89] for 110Cd are not in
serious disagreement with our values. For 112Cd and 114Cd the data is from the earlier

study of Julin et al. [Jul80].
4.1.1. The OZ state

The 02 states are characterized by fast E2 transitions to the 2; states: In even 106-
114Cd, this property is reflected in the small value of X for the O; states (Table 4.2). The
Coulomb-excitation values of the absolute B(E2;O; 5 2';) in 112Cd and 114Cd are 51 W.u.
and 41 W.u. [Jul80], respectively. The monopole strengths for the EO(O; - 0+1)
transitions are p%l =37 x 10-3 (112Cd) and 30 x 10-3 (114Cd) leading to the X211 value
of 26 x 10-3 for both of these nuclei [Jul80]. The limits for the X211 values in 106-110Cq
are smaller or of the same order of magnitude: 10 x 10-3 {Table 4.2). If one assumes a

B(EZ;O; - 2?) value of about 1 W.u., which is considered a slow transition, one would
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need an EO(O; - 0';) with a rather small monopole strength: p%l =0.3 x 10-3. As this
value would be quite unreasonably small [Kan84], one can conclude that the E2 transition
to the 21" stafe is fast also in 106-110Cq,

In 116Cd it is the 0; state which is characterized by a fast B(E2) to the 2; state, as
found in the Coulomb-excitation experiment [McG65, Bla81], and recently confirmed by
Mach et al. [Mac89]: The B(EZ;O; - 2‘;) value deduced from those experiment is about 30
W.u., which is approximately the same as in 112:114Cd for the 03 - 27 transition. The
lifetime (T = 94(6) ps) of the 0; level in 116Cd measured by Mach et al. [Mac89] leads to
the B(E2) value of about 1 W.u. for the 0; - 2? transition. The 0; level is not populated
in Coulomb excitation [Bla81]. Consequently, those arguments imply the level crossing
between the Cd isotopes 114 and 116, and that the 0; state in 116Cd can be assigned as
Oa-

On the basis of the excitation energies of Refs. [Apr87, Apr85], it now seems
straightforward to identify the 0; states in 118Cd and 120Cd as the OZ states. This
interpretation is also supported by the recent (t,p) study [ODo88], where the crossing of
the 0+ levels between the 114Cd and 116Cd is deduced from the interpretation of the (t,p)
transfer strengths.

The present findings contradict the conclusions drawn in Refs. [Apr84, Apr87,
Apr85], where the O; states of 118Cd and 120Cd are related to the 0} states in 114Cd and
112Cd. Their experimental argument has been a large value of the ratio R =
B(E2;0; 52, )/B(E2;0;—2]) for the 03 states. In fact, the limits, R < 19 in 118Cd
[Apr87] and R < 3 in 120Cd [Apr85] are rather small and do not completely exclude a
possible strong E2 transition to the 2‘; state. Moreover, the short lifetime recently
measured by Mach et al. [Mac89] for the 0;' state in 118Cd (1 < 10 ps) is in agreement

with the idea of the present work.
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4.1.2. The O; state:

A characteristic feature of the Og (O;) states in the even 106-114Cd isotopes is the
large value for ratio R (see above), which means that the E2 transition to the 2; state is
much stronger than the E2 transition to the 2] state. In 112Cd and 114Cd the E2(0F - 27)
transition has shown to be strongly hindered [Jul80] by having the B(EZ;O;r - 2?) value
of 0.017 W.u. for 112Cd and 0.0038 W.u. for 114Cd. Rather large X317 values (Table
4.2) for 106Cd and 108Cd reveal that this is also the case for the O; states in these
isotopes.

In 110Cd (N = 62), a discontinuity in the properties of the OE (0;') state is
observed. In addition to the small bump in the level-energy curve at N = 62, the smooth
decrease of the R-value with decreasing neutron number is disturbed by the smaller value
of R = 170 in 110Cd (Table 4.1). Also the limit for the X317 value in 110Cd (Table 4.2) is
exceptionally low.

The O; - 2"i transition seems to be hindered in 116Cd. From the lifetime
measurement [Mac89] a value of B(EZ;OE - 2";) =1 W.u. in 116Cd can be derived (t =
94(6) ps), which is slow in comparison to the B(EZ;O%L - 21’) = 30 W.u. The value of
about 40 x 103 is obtained for the B(E2;05 -2 )/B(E2;0;—2]) ratio from the data of Ref.
[Brii82]. In our work the 70 keV 0;-2; transition is not observed and the upper intensity
limit gives the B(E2) ratio < 870 (Table 4.1). Those properties resemble the situation of
the 0; state in the 112,114Cd, therefore the O; state in 116Cd is associated with the O; state
in 112,114Cd. This interpretation is supported by the (t,p) transfer data [ODo88], as
discussed in the previous chapter 4.1.1.

For the OE (0;) states in the even 118Cd and 120Cd, the B(E2)-ratio is not known,
since it is difficult to observe the low-energy E2(0;-2;) transitions (16 keV and 66 keV,
respectively). The litetime-measurement of the 0;;(0;) state in 118Cd (1 = 14(2) ps) by

Mach et al. [Mac89] indicates the hindrance of the E2(O;—2J1') transition, although one
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-would expect even longer lifetimes. Thus, the 05 state in 118Cd and 120Cd (the latter

based on energy systematics) can be related to the 0; state in 116Cd.
+
4.1.3. The 24 state:

Iﬁ 106Cd the 2370.6 keV (2)* state is adopted as the 2; state and the lower lying
(2%, 3*) state at 2254.0 keV is adopted in the present work as the first excited 3+ state;
see the discussion about this level in chapter 3.1. The energy systematics of the 2;’ state
is similar to that for the OX state, both having a sharp "V"-shape behaviour (Fig. 4.1).

The B(E2) ratios given in Table 4.1 for 106Cd, 112Cd and 114Cd indicate that the
2;“ state de-excites preferably to the 0; state. From the other transitions it is difficult to
make any definitive conclusions, since they are generally unobserved due to the

competing transition to the ground state and the first 2+ state.

4.2. Other states

The first 3+ state is identified in even 106-118Cd isotopes (although somewhat
tentatively in 106,108Cd). The systematics of the 3+ level energy is shown in Fig. 4.2.
The energy of the 3+ state correlates with the energy of the first 4+ state and the second
2+ state: there is a small bump in energy at N = 62 (110Cd) similar to the 4;’ energy and
then shifts upwards at N = 68 - 70 (116,118Cd) similar to the 2; energy. Also the energy
ratio E(3T)/E(4I“) or E(3T)/E(2;) is quite constant, from which one could predict the 3+
state in 106Cd to be at approximately 2.2 MeV. The level at 2254.0 keV which is
assigned in the present work as (2+,3%) fits well to the systematics of the 3* states.

The 3’{ state de-excites to the Zj state with a higher probability than to the 2;' or 4;
states. This is illustrated in Table 4.3 where the relative B(E2)-ratios are given assuming

pure E2 transitions.



Systematics of other 4% states above the first excited 4* state is not
straightforward. In Fig. 4.2 the energy systematics of the 4; and 4; states is shown and
the B(E2) ratios are collected in Table 4.3. According to the de-excitation properties the
second excited 4+ state in 112Cd and 114Cd is connected to the third 4+ state in 110Cd
(open circles in the Fig. 4.2). This 4* state preferably feeds the 2; state and the energy
systematics is following that of the 0, and 23 states. In 106.108,110Cq the experimental
data allow the connection of the 4; states in these isotopes to the 4; state in 112,114Cd
(filled circles in Fig. 4.2). In 116Cd and 120Cd the second 4+ state was not identified. In
118Cd the 1929.1 keV level was assigned tentatively I™ = 4; [Apr87]. This assignment is
adopted in the present work as the 1929.1 keV level preferably de-excites to the 2; and

4'; levels like the 4; level in 106-110Cq.

The energy systematics of the OZ states are illustrated in Fig. 4.3. The levels are
connected only to guide the eye; no other information except the 04+ cnergy is considered.
The energy of the OZ state behaves smoothly as a function of the neutron number. In the
study of 104Cd via the (p,t) reaction Rotbard et al. [Rot84] observed the 0* states at 1882
keV and 3099 keV. The energy systematics favors the latter one to be the OZ state and the
former one to be the O;state. If so, one could predict the fourth O+ state in 106Cd to be

around 2.7 MeV.

In this work the first 3- state in 106Cd and 108Cd has been firmly determined.
However, it required revising some previous incorrect spin assignments. The energy of
the first 3- state decreases regularly with increasing neutron number at least until 116Cd
which is the last case where the state is exactly known (Fig. 4.3). In 118Cd the 1935 keV
level is suggested as 3- in the (d,6Li) study [Jdn79], but in Ref. [Apr87] spin 5*, 6* or
(4%) is reported. Similarly, in 120Cd the 1920(25) level is reported in Ref. [Jin79) as 3-,

but it is not confirmed by Aprahamian [Apr8S5].
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Relative E2-transition rates for the 3;', 45 and 4'5 states in even 106-

118Cd. Transitions which are not energetically possible are indicated by an asterisk. The

errors estimated to be between 15 % and 35 % are not marked, and pure E2 transitions

are assumed.

Mass Number

106 108 110 112 1143 116 118%
E(3]) [keV]  (2254.0) (2145.6) 2162.8 2064.1 18643 19152 2091.6
B(E2;3] -2}) 1 1 1 1 1 1 1
B(E2;3] - 2;) 18 22 15 35 37 15 34
B(E2;3] - 47) 6 24 15 12
E(4;)[keV] 21046 2239.2 22202 1870.4 17322 (1929.1)
B(E2:4; - 27) 1 1 1 1 1 1
B(E2;4; - 25) 81 15 160 < 60 80 100
B(E2;4; - 4]) 13 48 60 58 33 6
B(E2;4; - 23) * 240 290
E(43) [keV]  (2252.2) 2250.5 2081.0 1932
B(E2;4;-2]) 0.5 2x10-3 < 7x104
B(E2;4; - 2) 0.03 0.4 0.9
B(E2;4; - 23) 1.5 0.3
B(E2;4; - 47) 1 1 1 1
B(E2;45 - 43) <20 14

a From Ref. [Fah88, Mhe84].
b From Ref. [Apr87].
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5. Discussion

5.1. Vibrational features in Cd isotopes

5.1.1. Quadrupole vibrations

The level structure and the relative B(E2) values for the allowed E2 transitions in
a spherical quadrupole-phonon model are shown in Fig. 5.1 up to the three-phonon
states [Boh75]. These predictions serve as a basis for a qualitative discussion of
quadrupole vibrational features in Cd isotopes. One solution to the anharmonic effects
can be found in Ref. [Bri65], and the corresponding U(S) limit of the algebraic IBA
model is discussed in Refs. [Lip84, Cas88].

The quadrupole-phonon model predicts the two-phonon triplet (0%, 2+ and 4%)
at the energy of twice the energy of the one-phonon 2? state. The energies of the 2; and
47 states in the even 106-120Cd isotopes (Fig. 4.1 (c)) are in modest agreement with the
‘energy-rule', and thus, they are considered the two-phonon states. The observed
strong E2 branches from these states to the 2; state also satisfy the selection rule for E2
transitions (An = % 1) in the vibrator picture. However, the trend in the B(EZ;Z; -
2;')/B(E2;2; - OJ{) values (Table 4.1) indicates that the ratio of = 30 characterizing a
"good vibrator” which is clearly observed at higher masses, may already be lost in
108Cd.

Based on the excitation energy the 0; state should be the Ot state of the two-
phonon triplet. But, when considering the E2 properties discussed in chapter 4.1.1.
(strong E2 branch to the 2'; state), one has to identify the OZ state (0; in 106-114Cq and
O; in 116-120Cd) as the two-phonon 0+ state. In the quadrupole-phonon model the EQ

transition from the two-phonon O* state to the ground state is allowed according to the
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selection rule for the EQ transitions (An = 0, £ 2). We have not obsérved the
EO(O%L = 0";) transitions in 106,108,110Cd in our conversion-electron measurements, but
one should be cautious to make any definitive conclusions about that. The EO strength
might be large, even if the EO peak in the electron spectrum is small. That has been the
case for example in the 112,114Cd isotopes [JulPC].

The interpretation of the 0; state in 106-114Cd as being the two-phonon 0+ state
is supported by the X211 values (Table 4.2), which are of the order of magnitude
predicted for the spherical vibrator. In the quadrupole-phonon model the ratio X for the
transitions from the two-phonon 0% state is equal to Bfms, where Brms is regarded as the
rms value of deformation [Kum?75]. With the Brmg values from Ref. [Ram87] for the

even 106-116Cd isotopes one gets the ratio X of about 0.035.

Relative B(E2) values
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Fig. 5.1: The energy spectrum and the B(E2) ratios in the spherical quadrupole-

phonon model.
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In the even 106-120Cq isotopes, the OF, (03 in 106-114Cd and 0} in 116-120Cd)
and 2; states could play the role of the three-phonon states. In 112Cd and 114Cd they
are pushed down in energy to form the well-known quintuplet of states in the energy
region of two-phonon states. The interpretation of OE state as being a three-phonon
state is supported by its strong E2 branch to the 2; state and hindered E2 decay to the
2'; state (see the discussion in chapter 4.1.2). The 2; state de-excites preferably to the
two-phonon states, in particular to the 0; state in 106Cd, 112Cd and 114Cd, and to the
O; state in 116Cd (Table 4.1). This is consistent with 2; state being interpreted as the
three-phonon 2+ state.

The application of the vibrator picture to the even 116,118,120Cq isotopes leads to
the conclusion that the three-phonon 0+ state lies below the two-phonon 0+ state. This
interpretation of O+ states conflicts with Ref. [Apr87] where 118Cd is introduced as an
almost perfect harmonic vibrator up to the three-phonon excitations. The 0; state in
Ref. [Apr87] is considered as an "extra" intruder state. The life-time measurements by
Mach et al. [Mac89] support our interpretation of the 0* states in those heavy Cd
isotopes.

The 34{ level is mainly the regular quadrupole three-phonon state. This is
indicated by transitions more favored to the two-phonon 2; and 4"; states than to the
one-phonon 2"; state (Table 4.3).

The 4;' level in 106,108,110Cd and 118Cd might be considered as the three-
phonon 4+ state. The level preferentially feeds the two-phonon 2; and 4'; states (Table
4.3) via E2 wansitions. However, the measured B(E2) values for those transitions are
not consistent with equal B(E2) values predicted for the spherical vibrator (Fig. 5.1).
The 43 levels in 112.114Cd have similar properties than the 47 level in 106.108,110Cd and
118Cd, except the de-excitation also to the second excited 4+ state (see the discussion in

chapter 4.2).
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In conclusion of this qualitative interpretation, the quadrupole-phonon model
seems to work quite well for the Cd isotopes at low excitation energies. Moreover,
Fahlander et al. [Fah88] have shown that all the observed levels and B(E2) values
below 2.6 MeV in 114Cd can be accounted for in view of a simple vibrator. The
serious discrepancy arises from a large energy-splitting of the three-phonon states in
110,112,114C( as the O* and 2+ states are pushed down from the other three-phonon
states (3+, 4*and 6*). The other discrepancy is the drop of the energy of the three-
phonon 0% state below that of the two-phonon 0+ state observed in the heavier Cd
isotopes. In 134Ba [Mey76] and 126Te [Jac77] this kind of phenomenon is explained as
caused by y-softness of the nucleus. A similar situation can be achieved in the O(6)

dynamical symmetry of the IBA [Cas88].
5.1.2. Octupole vibrations

A collective octupole vibrational state can be understood as the coherent sum of a
number of one-particle-one-hole excitations which can couple to an angular momentum
of 3h. Excitations between orbits, which differ in orbital angular momentum I by 3h
and have the same change in total angular momentum Aj = Al, dominate the behaviour
of low-energy octupole states [Boh75]. In Cd isotopes this kind of pair of orbits is the
neutron (dsz - hy1/2)-pair.

The 3'1 state in the even Cd isotopes show characteristics of an octupole
vibrational state for this region. Its excitation energy is decreasing smoothly when
adding neutrons to the ds/p orbit (up to N = 64) and then the energy should increase
[Boh75] when the hy1 orbit is being filled. In Cd isotopes at least up to 116Cd (N =
68) the energy of the 3- state is monotonously decreasing (Fig. 4.3).

Recently, Zamfir et al. [Zam89] developed a phenomenological formula to
estimate the energy of the octupole 3- state: for non-magic near-spherical nuclei, when
the sum of valence nucleons Ny = Np + Np 2 4 but < 18, then E(3‘;) = 35A-2/3 + 8§/N,.

It reproduces quite well the 3- energies for the 106-112Cq isotopes, but it predicts the



80

turnover to the upward slope exactly in the middle of the neutron shell at N = 66, which
is not in agreement with the experimental data (Fig. 4.3). Unfortunately, there is no
reliable experimental data on the heavier Cd isotopes to draw further conclusions (see

the discussion about the systematics of the 3- state in chapter 4.2).

5.2. Rotational features in Cd isotopes

Recently the energy levels in the 106,108,110pq isotopes (Z = 46) have been
interpreted in terms of quasi-rotational bands and a triaxially deformed shape has been
suggested [Cli86, Sve89, Kot89]. Therefore it is worthwhile to look for such
properties in the neighbour even-mass Cd isotopes. Fahlander et al. [Fah88] have
pointed out that the quadrupole moments of the low-lying states in 114Cd are large
enough for an interpretation of the level structure in terms of rotational bands.
Moreover, in the recent NORDBALL study of 110Cd, a number of well-developed
bands have been identified [Juu89].

In the rotor picture, the closely related OZ and 2; states (Fig. 4.1) would
represent the two lowest members of a f-band. The EO transitions between equal spin
members of a B-band and the ground state band of a deformed nucleus are allowed and
known to be strong [Kum75, Kan84]. In an earlier study, Julin et al. [Jul80] measured
large values for the EO(0;, —07) transition probabilities in 112Cd and 114Cd. In Ref.
[Mhe84], the EO transition from the ?; state to the 2; state in 114Cd was also observed
to be strong. The band built on top of the 0; state in 110,112,114Cq is discussed in the
next chapter in the context of intruder states.

The 2; state looks like the head of a y-band, although the Alaga-rule for B(E2)
ratio, B(E2: 25 - 27)/B(E2; 2; - 07) = 1.43, is strongly violated (Table 4.1). On the
other hand, as in the case of a rotational nucleus, a sizeable positive value for the
quadrupole moment has been measured for this state in 114Cd [Fah88]. The 3;' level

can be assigned to the y-band,; it is depopulated to the 2; state with a higher probability
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than to the 2;' state, and the energy difference E(3‘1") - E(ZE ) is approximately equal to
the energy of the 2Tstate.

The"4; state in 108,110Cd and 4; state in 112,114Cd could be the 4+ member of
the y-band, even though the E2 branch to the 2; state is not so clearly favored over
other transitions in these Cd isotopes. This state has the energy difference E(4;') -
E(2;) close to the energy difference E(4) - E(2]). This is in accord with the Sakai's
classification scheme of a quasi-gamma band [Sak81, Sak84].

In 108Cd and !10Cd there are candidates for the 5+ and 6* members of the -
band; at 2811 keV (5+) and 2996 keV (6+) in 108Cd, and at 2928 keV (5+) and 3064
keV (6*) in 110Cd. If they belong to a y-band, there is quite a strong odd-even
staggering for the levels grouped as 2+, (3+, 4%), (§+, 6+) in the y-band. This kind of
staggering obviously follows from the Sakai's classification scheme [Sak81] for
vibrational nucleus.

Evidently, the Cd isotopes have some properties which resemble, albeit only

qualitatively, a slightly deformed rotor.
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5.3. Intruder states in Cd isotopes

Keeping in mind the simple model pictures, it is intriguing to see if our level
systematics exhibit properties characteristic of intruder states. The intruder states in the
even Cd isotopes should involve proton 2p-4h excitations, i.e. 6 valence quasiprotons
(Fig. 1.1). The collectivity of 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. 5.2 the energy difference between the 0; and 2; states in the even Cd
isotopes is compared to the energies of the known 2‘1P states in the neighbouring
isotones. Indeed, the similarities are remarkable between the Cd and the Ru and Ba
isotones. This indicates that the OZ and 2; states could represent the two lowest
members of the intruder band. In accordance with the intruder picture, the OZ state has
its minimum excitation energy at N = 66, i.e., in the middle of the neutron shell. The
other members of the intruder band are compared in Fig. 5.3 with the ground state band
in the Ru and Ba isotones. Again, the analogy is quite impressive. Our data for 110Cd
confirms the previously proposed [Mey77, Kus87, Ker90] band up to spin 6+; the
continuation of the band above the 6+ state is not yet clear. The 8+ state of the band
reported by Kusnezov et al. [Kus87] and Kern et al. [Ker90] is not observed in our
work, nor in the NORDBALL study [Juu89]. The data for 114Cd is taken from Refs.
[Jul80, Mhe84, Fah88]. Our (,2n) measurements revealed completely new data for
112Cd, In 112Cq, there is slight evidence for the 8+ state of the band at about 3400
keV, but it still needs a verification.

Further support for associating the OZ states with the intruders comes from a
careful examination of the results of the two-proton transfer studies [Fie77]. For 110Cd
and 112Cd there is no doubt that it is the 0} (03) state which is strongly populated in the
(3He,n) two-proton transfer reaction. For 110Cd the OE (0;) state is not populated. For
112Cd one cannot completely exclude the population of the 0; state, but it would have

to be weak, if populated at all. It is not obvious why no O+ states are strongly populated
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in the 106,108Cd isotopes in the (3He,n) reaction; the strength was reported [Fie77] to
be fragmented over several 0+ states. However, at least in the 110Cd and 112Cd the
results of the (3He,n) reaction can be regarded as an evidence for a strong two-proton
component in the wave function of the 0; state.

Moreover, in the evaluation of the (t,p) two-neutron transfer strengths,
O'Donnell et al. [ODo88] have concluded that the 0‘: state in the even 112-118Cd
isotopes is the intruder O+ state, thus supporting the interpretation of the crossing 0+
states between 114Cd and 116Cd. The order of the 0+ states in 110Cd has not been

determined firmly in that work, but a crossing between 112Cd and 110Cd was

suggested.
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As mentioned above, in 110Cd, 112Cd and 114Cd there are candidates for higher
spin members of the intruder band on top of the 0; state. The ground state band and
the intruder band in these Cd isotopes are shown in Fig. 5.4. The relative B(E2) ratios
between the ground state band and the intruder band are from the present work for
110,112Cd and from Ref. [Fah88) for 114Cd (see also Tables 4.1 and 4.3).

The intruder band is clearly rotational and to a good approximation it obeys the
energy rule E = aI(I + 1) + b as illustrated in Fig. 5.5. The kinematical moment of
inertia K1) = I/w = (2I-1)/Ey derived for the intruder band e.g. in 110Cd is about 10, 15
and 18 ”2MeV-1 for the first three transitions, respectively. For same band, the
dynamical moment of inertia 9(2) = dI/dw = 4/dEy is about 25 #2MeV-1. The
corresponding values for the first three transitions in the ground state band of 110Cd

are: A1) from about 5 to 12 #2MeV-1 and X2) about 18 and 77 h2MeV-1.
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Fig. 5.5: The intruder level energy plotted as a function of I(I + 1) for
110,112,114Cd, The solid line is a straight line Ex =a I (I + 1) + b fitted to the

experimental values illustrated by symbols.
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The B(E2) values for transitions inside the intruder bands are generally larger
than those for the interband transitions. In some cases it is observed that the 2+ member
de-excites with strong E2 transitions also to the 4*1' and 2; states (Table 4.1).
However, these transitions are generally unobserved and thus only upper limits of the
B(E2) values are given. Furthermore, the E2/M1 mixing ratio of the 2; - 2; transition is
unknown. The enhancement of the intraband transitions may become more pronounced
for the higher spin states of the intruder band, as it is the case for the intruder bands in
the even 112-1188n isotopes [Bro79]. Experimentally the high-spin states of the
intruder band are difficult to observe as they are expected to be strongly non-yrast.

The level energies of the intruder band resemble the ground state band of the
corresponding Ru or Ba isotones (Fig. 5.3). At present comparison of the absolute
B(E2) for the 2+ member is not conclusive. In the 108,110,112Ry jsotopes (isotones of
112,114,116Cd, respectively) B(E2;2; - 0;) is about 70 W.u. [Ram87]. The data for the
light Ba isotopes are not available, but for 126Ba B(EZ;ZT - OJ;) is about 100 W.u.
[Ram87]. From the life-time of the 2; state in 112Cd [DeF89], the value for B(E2;2; -
0;) can be deduced. By using our branching ratios the value is B(E2;2_,T - 0;) < 140
W.u.; when using the branching ratio of Ref. [DeF89] the value is about SO W.u. In
114Cq the B(E2;2§L - 0;) is 16 W.u. according to Coulomb excitation [Fah88] and
67 W.u. when the branching ratios of Ref. [Mhe84] are used, as pointed out also by
Fahlander et al. [Fah88]. The preliminary life-time of the 2; state in 116Cd reveals the
value 4 < B(EZ;Z; - 0;) <33 W.u. [MacPC]. Evidently, these values must be clarified
before any definitive conclusions about the B(E2) values can be drawn.

In Ref. [Apr84], using a schematic mixing model, Aprahamian et al. associate
the intruder O+ state with the O+ state having a large R-value, which in our notation is
the Og state. This interpretation is clearly different from ours as summarized next.

In summary, the main arguments supporting our interpretation of the 0; state as
the intruder state are as follows:

@) Strong population in the 110,112Cd(3He,n) reaction [Fie77] provides an

evidence for a strong 2p component in the wave function of the OZ state.
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(i) The 2; levels are closely related to the intruder candidates; those levels
could represent the beginning of rotational intruder bands in even 106-120Cq,
The data from the (c,2n) reactions seem to support such a picture and even
higher spin members are observed in 110,112,114Cq,

@iii)  The band built on the 0:, state resembles the ground state band in the Ru
and Ba isotones supporting the intruder 2p-4h configuration for protons.

@iv)  In the general systematic behaviour of the energies of the OR state, the

minimum is reached exactly at the mid-shell point, i.e., N = 66.

5.4. The role of mixing

The similarities in Fig. 4.1 (c) indicate that the 2; - OZ energy differences in the
Cd isotopes are not seriously affected by the mixing with the other states. In the
(3He,n) reaction [Fie77] only one excited 0+ state in 110Cd is strongly populated,
which may indicate that the mixing between the excited O states is not large. In Ref.
[ODo088] the authors conclude that some mixing between the two excited Ot states and
the ground state is needed to reproduce the experimental (t,p) transfer strengths.
However, they deduced a rather small mixing, which allowed them to identify different
kinds of O states.

The fact that only weak EO transitions are observed between the OZ and 0;3' states
in 112,114Cd [Jul80] can be taken as evidence for weak mixing of the two levels, so that
one indeed can identify two essentially different sets of O+ states.

Although empirical evidence does not support strong mixing between the OZ and
OE states, yet strong mixing seems necessary in the theoretical calculations. In order to
reproduce the E2 and EO decay properties of the low-lying states in 112Cd and 114Cd,
Heyde et al. [Hey82] assumed a strong mixing of the intruder and vibrational states.

Actually, they used two models, but only with the one allowing a sizeable mixture of
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the ground state into the excited O+ states was it possible to reproduce the fast
EO(O;—>O;') transitions in 112Cd and 114Cd [Jul80].

Mixing calculations for 110Cd have been carried out by Kusnezov et al.
[Kus87]. These calculations have reproduced many of the E2 properties by introducing
a strong mixing of the intruder and the phonon states, e.g. the wave functions for the
0; and 0; states are composed of almost equal amplitudes of the two-phonon vibration-
like O+ and the first rotation-like 0+ configurations. This kind of mixing leads to a
situation where the B(E2) values are modified to such an extend that the identities of the
ground state band and the intruder band are lost [Kus87]. In the mixing scheme of
Aprahamian et al. [Apr84], which is based on Ref. [Hey82], the mixing of intruder
states with other states is increasing when approaching the neutron midshell reaching
maximum mixing at N = 66.

Strong mixing of the excited 0+ states at N = 66 used in the calculations of
Heyde et al. [Hey82], Kusnezov et al. [Kus87] and Aprahamian et al. [Apr84] is not in
agreement with the empirical facts discussed above. However, in Fig. 5.2, the 2; - 0:‘
energy difference is slightly increasing when moving away from the neutron midshell
where it does not closely follow the trend of the energies of the 2+ states in Ru or Ba
isotones. Our result may indicate that the mixing with other states is increasing when
moving away from the neutron midshell. Strong fragmentation of the (3He,n) strength

in 106,108Cd [Fie77] may also support such a picture.

5.5. Conclusions

The general view is that the intruder states in the even Cd isotopes are "extra"
states among the vibrational phonon states. This would mean that when we interpret
the OZ state as the intruder, the OE state should be the two-phonon O+ state. However,
the de-excitation of the 0]'; state is very different from that of a typical two-phonon O+

state. In contrast, it is the 0; state which de-excites with a strong E2 transition to the
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2;‘ state, characteristic to a two-phonon state. The above considerations lead to a
paradoxical conclusion; the intruder-like behaving OZ state is the state which in the
phonon picture plays the role of the two-phonon 0+ state. In the same way, in a simple
vibrator picture, the 2; state which belongs to the proposed intruder band would
represent a three-phonon state.

Our studies on Te isotopes [Kum86, Kum87] may indicate a similar situation.
At least in 118Te the 0; state is regarded as an intruder state [Sha85, Rik89], while it
also has a strong B(E2) to the 2'; state [Kum87]. In 108,110Pq the rotational band has
been observed on top of the 0; state [Sve89, Kot89], which has long been considered
as a two-phonon state with large B(EZ;OE - 2";). In the lighter nuclei, such as in
58,60Ni (Z = 28) the O* state strongly populated in the (3He,n) and (6Li,d) reactions and
weakly in the (p,t) and (t,p) reactions is the one having an enhanced E2 to the 2'{ state
[Pas81], thus historically representing the two-phonon Ot state.

New experiments and theoretical calculations are called for to clarify the
situation, and it should be carefully studied if this kind of behaviour of low-lying 0*
state is more widespread phenomenon. In our view the concepts of intruder and
phonon states represent different approaches which may not fit into the same

framework, at least in even-mass Cd nuclei.
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6. Summary

Considerable amount of new data for the low-lying, low-spin collective states in
106Cq, 108Cd, 110Cd and 112Cd were obtained in this work by employing various
methods of in-beam and off-beam y-ray and conversion-electron spectroscopy. From
the deduced level systematics for the even 106-120C(d isotopes it is inferred that the
excited O+ states cross between 114Cd and 116Cd, i.e. the O; and O; states fully
exchange their properties. No corresponding crossing in the neutron deficient isotopes
was observed. We found that the 2; state is closely related to the 02 state which is the
O; state in 106-114Cd and the 0; state in 116-120Cd. In 110Cd, 112Cd and 114Cd there
were also found higher-spin members of the band built on top of the OZ state. We have
shown that, in the Cd isotopes, the OZ state has properties of a two-phonon state and of
an intruder state, as well. The concept of intruder and phonon states having separate

identity finds no support in the present systematics of even-mass Cd nuclei.
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