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Low-lying low-spin collective states in even %~ 12Cd and ''Cd were investigated using in-beam and
off-beam y-ray and conversion-electron spectroscopy. New spin assignments and decay branching ratios
for the levels in 1°°Cd, %8Cd, ''°Cd, and ''>Cd were obtained. The present results essentially complement
the level systematics from 'Cd to '°Cd. From the new data, it is inferred that two sets of low-lying 0*
states having different excitation characteristics cross between ''*Cd and ''°Cd. No corresponding cross-
ing occurs on the neutron deficient side. New evidence for the existence of the proton-intruder states has

been found.
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I. INTRODUCTION

In the nuclei !'2Cd and !'*Cd, the quintuplet of levels
at the excitation energy of the two-quadrupole-phonon
states has given rise to many detailed theoretical and ex-
perimental investigations. It is generally believed that in-
truder configurations involving two-proton main shell ex-
citations are present in odd-mass In and Sb nuclei and
also in even-mass Sn nuclei [1]. These excitations provide
an explanation for the observed rotational-like bands at
low energies [2-4]. Strong population of low-lying 0%
states of even Sn and Cd nuclei in the (*He,n) two-
proton transfer reaction [S] is regarded as a clear evi-
dence of an intruding two-proton component of these
states. A rotational band built on top of the first excited
0% state has been observed in !'°Cd [6,7]. Moreover, fast
EO transitions between excited 0" states in even Sn iso-
topes [8,9] indicate a sizable deformation associated with
intruder 07 states.

Latest descriptions of collective properties of even-
mass Cd isotopes have been based on the idea of mixing
of intruder and vibrational phonon states [10-15]. In this
way it has been possible to reproduce quite well most of
the observed E2 and EO transition rates between the
relevant states in ''°Cd [10], '>Cd, and ''*Cd [11] as well
as (tz,p) transfer intensities to the 0% states in
2¢qg, 114Cq, and ''°Cd [13]. The !'8Cd and '°Cd iso-
topes have been studied in the view of mixing in Refs.
[12,14,15]. Recently, Mach et al. [16] have measured
lifetimes of the low-lying levels in the even ''°Cd, !'¥Cqd,
and '2°Cd.

Fahlander et al [17] have extensively studied '*Cd via
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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 the numerous
theoretical interpretations of the available data.
Different kinds of mixing have been introduced in the
various studies, and even different states have been as-
signed as the intruders.

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 in-
formation, especially on the neutron deficient isotopes
(see, e.g., Fig. 1 in Ref. [12] and Fig. 5 in Ref. [18]).

In the present work, a comprehensive experimental
study of low-lying levels in '°°Cd, 1%8Cd, 1°Cd, and !'2Cd,
and a few complementary experiments on ''®Cd were car-
ried out using various in-beam and off-beam y-ray and
conversion-electron spectroscopy methods. The main
emphasis in this work has been put on the systematic be-
havior of the (0;7,25",4;7,05,2,") quintuplet of states. In-
elastic proton scattering, (p,2n) and (a,2n ) reactions, as
well as electron capture (EC)/B7- decay of odd-odd In
isomers, were found particularly advantageous in the
population of low-lying nonyrast levels in Cd nuclei.
This paper describes the experiments in detail; the result-
ed systematics has been shortly presented in Ref. [19].

As a result, new spin and level assignments as well as
branching ratios obtained in this work render it possible
to relate low-lying levels of similar character in even
106=120Cd. For the first time, the systematic behavior of
the aforementioned quintuplet of states can be followed
from '%°Cd to '°Cd. The new data for ''2Cd reveal a
candidate for the intruder band, enabling us to look at
the intruder band systematics up to spin 6" in the even
10,112, 1144 jsotopes.
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II. EXPERIMENTAL METHODS

Inelastic scattering of protons was chosen as a tool for
investigating all the stable even-mass Cd isotopes from
106Cd to ''6Cd (except !'*Cd) in the present work. Al-
though inelastic proton scattering has been applied to Cd
isotopes, detailed conversion-electron and y-ray spectros-
copy studies have not been performed before this work
[20-24]. The light stable Cd isotopes, '°°Cd and '%Cd,
we studied using for the first time the (p,2n) reaction on
the '’ Ag and '®Ag 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 [20-23], while the electron spectros-
copy only for 1%Cd and '®Cd [18]. Recently, during the
course of this work an EO study of ''°Cd has been report-
ed [25]. We used the (p,n) reaction to produce the odd-
odd 1961081101y jsotopes and measured y-ray and electron
spectra following the EC/B% decay of 106108110y jso-
mers.

The existence of the stable Pd isotopes enable the
(*He,xn ) and (a,xn ) reactions to be utilized in the study
of the Cd isotopes. However, those reactions already
preferably populate yrast states. The (a,2n) reaction has
previously been used mainly in the study of the high-spin
yrast states of the even '°19%%112Cq jsotopes [26-28]. Re-
cently, a comprehensive study of !'°Cd has been pub-
lished [7]. In the present work the (a,2n) reaction was
performed for ''°Cd and '2Cd to verify the results of
Refs. [7,10,28].

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 I.

A. Inelastic proton scattering

An efficient method in locating levels and obtaining
branching ratios was the detection of y rays and conver-
sion electrons from inelastic proton scattering at low
bombarding energies. Due to the relatively high (p,n)-

reaction threshold, this method was especially useful for
the 1%Cd and '%Cd isotopes.

Gamma rays were measured in coincidence with scat-
tered protons. The coincidence arrangement consisted of
a 19% Ge detector positioned at about 3 cm from the tar-
get at 90° to the beam direction and three 200 mm?X 3
mm Si(Li) particle detectors which were positioned at
about 2.5 cm from the target at angles of about 140° with
respect to the beam. Targets were 1-2 mg/cm? thick me-
tallic foils of enriched '%°Cd (90%), '®Cd (74%), ''°Cd
(96%), '?Cd (96%), and ''®Cd (94%). Beam energies of
E,=7-9 MeV were used. The energy resolution in the
summed Si(Li) spectra was about 200 keV, which allowed
a sufficient level selection. The arrangement tends to
moderate proton-gamma angular-correlation effects,
which we concede to cause about 10% minimum uncer-
tainty to the y-ray intensities. In Figs. 1(b) and 1(c) typi-
cal proton-gated y-ray spectra corresponding to 0.2-0.3
MeV wide proton gates are illustrated.

It was often useful to examine y-ray gated proton spec-
tra (Fig. 2). From these spectra y-ray placements and
branching ratios were confirmed and, moreover, the y-
ray population of a state from higher-lying levels could be
observed directly.

Our combination electron spectrometer system [29] in-
cluding a Siegbahn-Slatis type of magnetic lens and a
cooled 110 mm?X 3 mm Si(Li) detector was employed in
the conversion-electron measurements. For suppressing
the delayed B~ background, a narrow time gate, syn-
chronized with the cyclotron beam micropulse (rf) was
used. Useful electron spectra from the inelastic proton
scattering were obtained for the '°Cd [Fig. 1(d)], '®Cd,
and ''°Cd isotopes.

B. (p,2n) reaction

To further study low-spin properties of the '°Cd and
108Cd isotopes, we employed the (p,2ny) reaction. The
targets were enriched self-supporting 9.3 mg/cm? thick
107A¢g (98%) and 7.6 mg/cm? thick '“Ag (99%) foils.

TABLE 1. List of the experiments for even-mass %~ !'2!°Cd in the present work.

Type of Mass number of Cd isotope
Reaction spectroscopy?® investigated
(p,p") e,y 106, 108, 110

pY coin 106, 108, 110, 112, 116
(p,2n) 14 106, 108

Yy coin® 106, 108

y(8) 106, 108

y(E,) 106, 108
(a,2n) 14 110, 112

YY coin 110, 112

r(8) 110, 112

Y(E,) 110, 112
In decay e,y 106, 108, 110

a

e~ indicates electron spectroscopy, singles mode; ¥ indicates y-ray spectroscopy, singles mode; y(6)

and y(E) mean y-ray angular-distribution and excitation-function measurements, respectively.

®Compton-suppressed ¥y coincidences.
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Gamma-gamma coincidences were measured at
E,=14.5 MeV and at E,=12.7 MeV for '%Cd and

1%Cd, respectively. The coincidence arrangement con-
sisted of two Compton-suppresssd Ge detectors
(20-25 %) of the NORDBALL type in a close measure-
ment geometry, designed for low-multiplicity experi-
ments. About 3.3X10%° and 1.4X10° Compton-
suppressed coincidence events were recorded in these
measurements for '%Cd and !°8Cd, respectively. In Fig.
3, a spectrum corresponding to a gate on ¥ rays of the
2{7-0; transition in '%®Cd is illustrated.

For the spin and multipolarity determination,
angular-distribution = measurements for y  rays
from the '“Ag(p,2n)'®Cd (E,=14.5 MeV) and
19Ag(p,2n)1%Cd (E,=12.7 MeV) reactions were car-
ried out at five angles between 90° and 158°.

Especially useful in assigning spins of levels in %Cd
and '%Cd were the y-ray excitation-function measure-
ments in the (p,2n) reactions between E, =12.3 and 17.4
MeV. Typical resulting curves are shown in Figs. 4 and
5.
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FIG. 1. Proton gated y-ray spectra (a)-(c) and singles

conversion-electron spectrum (d) from the '%Cd(p,p’) reaction
at E,=7.5 MeV. Proton gates indicated in the figure corre-
spond to the excitation energies in '°°Cd.

C. (a,2n) reaction

For the study of low-lying levels of the !'°Cd and ''2Cd
isotopes, the (a,2ny) reaction on enriched '“Pd and
10pgq targets was also used. The vy -coincidence,
angular-distribution, and excitation-function measure-
ments were performed.

About 18X10° yy coincidences were recorded for
0cq at E,=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 '2Cd at E,=20 MeV,
three Ge detectors (40%, 25%, and 15%) were used in
close geometry and about 60X 10® ¥y coincidences were
recorded.

In the y-ray excitation-function measurements a-beam
energies from 17.0 to 20.0 MeV were used (Figs. 6 and 7).
In the angular-distribution measurement, y-ray spectra
at five angles between 90° and 155° were measured: at
E, =18 MeV and E,=20 MeV for ''°Cd and '2Cd, re-
spectively.
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FIG. 2. Gamma-ray gated proton spectra from the

1%Cd(p,p’) reaction. Spectra of protons in coincidence with the
indicated ¥ rays are shown. The events in the peak denoted as
“elastic scatt.” originate from random coincidences.
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FIG. 3. Gamma-rays in coincidence with the 2;"-0; transition in '*Cd from the reaction '®Ag(p,2n) at E,=12.7 MeV. Two
NORDBALL-type Compton-suppression spectrometers have been used.

D. Decay measurements

In addition to the in-beam experiments, valuable infor-
mation for '%Cd, 1%Cd, and !'°Cd was obtained in off-
beam measurements of y-ray and conversion-electron
spectra following the EC/B* decay of odd-odd In iso-
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FIG. 4. Excitation functions for some y rays from the
17Ag(p,2n)'%Cd reaction. The relative yields normalized at
E, =14 MeV are plotted.

mers. The decaying isomers were the (27) (5.3 min) and
7% (6.3 min) states in 'In, the 2¥ (39.6 min) and 77
(58.0 min) states in '®In, and the 2* (69 min) and 7+ (4.9
h) states in !'°In. They were produced in bombardments
of enriched '%°Cd, '%Cd, and ''°Cd foils by the 10-12.5
MeV protons. In the y-ray measurements multispectra
were recorded. In the conversion-electron measurements
the aforementioned magnetic lens plus Si(Li) electron
spectrometer was employed. In Fig. 8 a part of a y-ray
and a conversion-electron spectrum from the EC/B* de-
cay of '%In are presented.
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FIG. 5. Excitation functions for some ¥ rays from the
19Ag(p,2n)'%Cd reaction. The relative yields normalized at
E,=12.3 MeV are plotted.
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III. EXPERIMENTAL RESULTS

A summary of the results is given in Tables II-VI 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 '%Cd, !%Cd, and !'°Cd and below 2
MeV for ''>Cd and !'Cd. Above that energy the noncol-
lective two quasiparticle excitations become more impor-
tant. The y-ray intensities from different reactions ap-
plied in this work are given in the 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
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include y-ray feeding. However, the y-ray branching ra-
tios from each level can be compared in different reac-
tions. The internal K-conversion coefficients presented in
the tables are from the present decay studies of odd-odd
In and from the (p,p’) measurements. The angular-
distribution coefficients 4,, and 4,4 are from the (p,2n)
reaction for '°41%Cd and from the (@,2n) reaction for
10cq and "2Cd. The excitation-function curves shown
in Figs. 4 ('*Cd), 5 ('®Cd), and 6 (''°Cd) illustrate at
least one transition from each level, when possible. Only
curves relevant for the discussion on '2Cd are shown in
Fig. 7.

The level schemes of the even-mass Cd isotopes ob-
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FIG. 9. The level scheme of '%Cd as obtained in this work. The relative y-ray intensities of the depopulating transitions are

marked for each level.
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tained in this work are presented in Figs. 9 (19Cd), 10
('%cd), 11 (M°cd), 12 (2Cd), and 13 (''6Cd). The
placements of the transitions are based on the yy- and
py-coincidence data. The adopted y-ray branching ra-
tios shown in the level schemes are obtained by averaging
the values from different experiments. The spin and pari-
ty assignments are inferred from the excitation functions
and the angular distributions of y rays and from the
conversion-electron data.

A. The nucleus '°°Cd

The experiments presented in this work have revealed
two new levels in the level scheme of !°°Cd below the 2.4
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MeV excitation, while no evidence was found for two lev-
els reported earlier. Eight new transitions were observed
and for six levels the I” value is new or revised.

The earlier assignments [20] of 47 and 2% for the
1493.8 and 1716.6 keV levels are in agreement with the
data given in Table II and the excitation-function data of
Fig. 4. The present average value of 0.96(15) for the y-
ray branching ratio of the 1716.6 and 1084.0 keV transi-
tions from the 2% (1716.6 keV) level is somewhat smaller
than the value of 1.4(3) adopted in Ref. [20]. This may be
due to the difficulties in the analysis of close-lying 1716.6
and 1714.7 keV lines.

The 1795.3 keV level has previously been populated in
the beta decay of the low-spin isomer of %In [18,30,31],
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FIG. 10. The level scheme of '®Cd as obtained in this work. The relative y-ray intensities of the depopulating transitions are

marked for each level.
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and in the inelastic scattering of alpha particles [32]. The
spin and parity assignment of 4 for this state was pro-
posed in Ref. [30]. However, the present angular distri-
bution of the depopulating 1162.7 keV transition is nearly
isotropic. Moreover, the excitation function of this tran-
sition has a clear I =0 character (Fig. 4). Thus, this state
can be identified with the first excited 0" state in %°Cd.
In spite of the relatively strong population of this 0"
state in the inelastic proton scattering no EO transition
from this state to the ground state is observed in our
conversion-electron measurements, which must be due to
the fast competing 1162.7 keV E2 transition deexciting
this level. In the 1162.7 keV y-ray gated proton spec-
trum of Fig. 2 one observes a peak at E, =2.4 MeV indi-
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cating 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 Refs.
[33] and [18] is found in this work. The level has been
tentatively assigned as I"=0% in Ref. [33], but was not
confirmed in the later study of the same authors [18].
Figure 14 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 and 861.2 keV
transitions, thus depopulating a level at higher excitation
energy. The py-coincidence data confirm 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
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388.0, 610.7, and 1472.0 keV transitions. The y-ray
branchings of that level are in agreement with Ref. [20].

We identify a new level at 2143.9 keV for which we
firmly assign I"=0". From the conversion-electron and
y-ray spectra in the (p,p’) reaction a new 2143.9 keV EO
transition could be established [Fig. 1(d)]. In the py-
coincidence experiments the corresponding new 1511.4
and 427.2 keV E2 transitions to the 2} and 2; states
[Fig. 1(b)] 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. 4) is typical for ¥ 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’) reac-
tion or from the '%In EC/B" decay. The 427.2 keV y-
ray gated proton spectrum (Fig. 2) shows no feeding of
this level from higher lying levels.

For the 2252.2(6) keV level we tentatively assigned
I"=(4"), mainly on the basis of the (p,2n) excitation

J. KUMPULAINEN et al. 45

functions for the depopulating 758.8 keV (new) and
1619.6 keV y transitions to the 4;7 and 2, states, respec-
tively (Fig. 4). This level is probably the same as the
2252.7 keV (3,47) level seen in an earlier in-beam y-ray
study of the *’Mo('2C,3n ) reaction [34], and the same as
the 2252.9 keV level observed in the !%In decay study
[18]. The present py- and yy-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 rays in Fig.
14).

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. 4). There is no transition to the ground
state from this state, which would favor the 3% assign-
ment. Also the angular distribution of the 536.2 keV
transition with the large negative A,, is consistent with
the I"=3". Roussiere et al. [18] have reported the

KEroagg
LEE LR
~eke ~R
s~ _BESL§p 355 _-2081.0
3t— g ——2064.1
3 T éj’-:-hn 2005.1
=a
ot — A .-§§ §_33§, —1871.0
4+/ 1870.4
48w
2 32318 14588
- § 20. o *
0t sE-g;iE——?mssz
&t %3 8 14153
ot — b 5— 1312.3
ot — L 1224.2
8
N
2" s 617.4
o* 0.0

112
4BCd 64

FIG. 12. The level scheme of ''>Cd 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. [41] are not included in the figure.
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1620.2 and 1622.1 keV transitions, of which the latter one
was not placed into their level scheme, therefore support-
ing our result of two close-lying levels.

The 2305.1 keV level has earlier been assigned as
I=(4) in the in-beam **°"Mo(!>12C,3n ) study [34]. The
present excitation functions and the angular distributions
of the 811.2 keV transition and of a new 1672.6 keV y
transition from this level (Fig. 4) are in accord with the
old result. In addition, the conversion coefficients of both
of these transitions (Table II) 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. [20].

In the level scheme-we have omitted the 2338.7 keV
level seen in the (12C,3n) and (!*C,3n) reactions [34].
The 1704.5 keV transition, which was previously suggest-
ed to deexcite this level, is in our y7y-coincidence mea-
surements observed to feed the 1494 keV 4] level. This
result is 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. [20] 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 an
L =3 state at 2366 keV observed in a (p,p’) experiment
[35] and thus suggested to be the first excited 3~ state
[26]. However, in addition to the 1738.0 keV transition
to the 2, state and a new 653.9 keV transition to the 25
state, we observe a 575.3 keV transition to the newly as-
signed O, state and a 2370.6 keV transition to the ground
state (see the 1163 keV gate in Figs. 2 and 14). The mea-
surement of the K internal conversion coefficients for
these transitions is obscured by the L-conversion lines of
the strong E2 transitions (552, 633, and 1717 keV). How-
ever, the K-conversion coefficient for the 575.3 keV tran-
sition 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. The E2 multipolarity of
the 575.3 keV transition definitively rules out the 3~ as-
signment. Consequently, a tentative (2") assignment for
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FIG. 13. The level scheme of ''®Cd as obtained in this work. The relative y-ray intensities of the depopulating transitions are

marked for each level.
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this state is suggested in this work.

The 2378.6 keV level is strongly populated in our
(p,p’) experiment. The level has been observed in Refs.
[30] and [31], but no spin and parity assignments have
been proposed. The conversion-coefficient limit definitely
gives an E1 multipolarity for the 1746.0 keV transition
from this state to the 2 state. Also the negative A4,,
angular-distribution coefficient implies a AI =1 character
for this transition (Table II). The (p,2n) excitation-
function curve indicates an I =3 for this state (Fig. 4).
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. [35], where the levels separated by less
than 50 keV were not resolved.

J. KUMPULAINEN et al. 45

B. The nucleus '°6Cd

Based on the measurements of the present work we
have established for the '°®Cd 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.

The data of Table III and of Fig. 5 are consistent with
the earlier assignments [21] of 4;" and 2 for the 1508.3
and 1601.7 keV states, respectively.

The 1721.0 keV level is strongly populated in the
(®*He,d) proton-transfer reaction and suggested to have
I™=(0-2)" [36]. A level at 1704(25) keV has been ob-
served in the (d,%Li) alpha-transfer reaction [37], which

TABLE II. Properties of levels and transitions in '°Cd as obtained in this work.

Epo* E ns® y intensity® Ang. Distr. Coeff. Multi-
(keV) Jr (keV) J7 (p,p')* (p,2n) In decay 10%-ag¢ Ay Ay polarity
632.6 2; 632.6 0/ 1000 1000 1000 3.0(1) 0.17(1)  —0.06(2) E2
1493.8 4t 861.2 2t 128 390 313 1.4(1) 0.24(1) —0.06(2) E2
1716.6 25 1084.0 27+ 197 43 27 0.84(10) —0.14(1) —0.06(2) E2/M1
1716.6 of 168 47 154f
1795.3 o5 1162.7 2t 164 14 12 0.68(9) —0.03(2) —0.10(3) E2
2104.6 45 388.0 25 1.8(4) 2.5 2.3 0.38(5) —0.23(7) E2
610.7 4;F 34 65 28 3.7(4) 0.09(1) —0.04(2) E2/M1
1472.0 2 20 37 16 0.37(5) 0.27(1) —0.06(1) E2
21439 05 427.2 25 33 3.9 1.4 8.4(10)¢ 0.14(7) —0.05(10) E2
1511.4 2t 101 7.3 34 0.40(15)¢ —0.08(6) —0.03(9) E2
2143.9 of <0.1 > 428 EQ
2252.2(6) (4%) 758.8 4t 9.5 23 1.9 0.30(10) —0.14(14) (E2/M1)
1619.6(6) 2, 190(90) 44 39" 0.34(5)!
2254.0(5) (2%,3%) 536.2 25 6.5 2.2 —0.48(23) 0.01(36) (E2/M1)
1621.4(4)  2f 100(50) 15 h i
2305.1 4% 811.2 4t 38 28 9.6 1.8(3) —0.14(7) 0.08(1) E2/M1
1672.6 21 4.8 3.7 1.9 <0.45 0.34(5) —0.16(7) E2
2330.5 5 2259 4 28 31 17 55(6) —0.77(3) —0.005(44) E2/M1
836.8 4t 8.3 22 6.5 2.6(4) —0.37(3) —0.06(5) E2/M1
2347.3 1714.7 2t 185 24(6)° f
2370.6 2)* 575.3 05 25 1.8 3.7 3.6(5) E2
653.9 2+ 30 2.6 4.6 0.05(5) —0.12(7) E2/M1
1738.0 2 90 8.2 12 —0.14(3) —0.10(4) E2/M1
2370.6 o} 6.3 1.0
2378.6 37 1746.0 2 121 43 12 <0.15 —0.22(3) —0.02(5) E1l

“Energy uncertainties typically 0.3 keV.

®Intensity error typically 15%. Intensity of the 2; -0 transitions normalized to 1000.
°Gamma-ray intensities from the (p,p’) reaction correspond to the direct level population.
9The K internal-conversion coefficients are determined from the In decay experiments except the ones marked with (d) are from the

(p,p’) experiments.
“Intensity determined from the yy-coincidence spectra.

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

8EQ transition; ay > 35X ag(M4).

f‘Intensity contains the 1619.6 and 1621.4 keV transitions; see the data for the 1619.6 keV transition.
IConversion coefficient for the sum of the 1619.6 and 1621.4 keV transitions.
iConversion coefficient normalized to ax =3.0(1) for the 632.6 keV line.
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could be considered to be the same level. From the pro-
ton gated y-ray spectra 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 Roussiere et al. [18], although
it was not placed into their level scheme. In our work,
both the isotropic angular-distribution and the
excitation-function curve (Fig. 5) of the 1088.1 keV
gamma-ray determine I =0 for this level. Consequently,
the state must be the first excited 0" state in '%®Cd. Asin
the case of the 0; state in '%°Cd, no EO transition from
this state to the ground state is observed.
The 1913.3 keV level has previously been assigned as
T=0% by Roussiere e al. [18] based on the observed EO
transition to the ground state. Our data confirm the as-
signment. The EO transition can be seen in Fig. 8, which
shows the conversion-electron and y-ray spectra from the
181n decay. The y-ray branching ratio of the 311.3 and
1280.6 keV E?2 transitions is consistent with the results of
Ref. [18].
The 2020.7 keV level and the depopulating 1387.8 keV
transition reported in Ref. [18] are not observed in any of
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FIG. 14. The yy-coincidence spectra from the “’Ag(p,2n)
reaction at E,=14.5 MeV measured with two NORDBALL-
type Compton-suppression spectrometers.

our experiments. Thus, the level was omitted from the
level scheme of '%Cd.

At 2145.6 keV we find a new level which deexcites to
the 2{, 4;", and 2 levels. These transitions are placed
on the basis of the yy- and py-coincidence experiments.
From the present conversion coefficient of the 1512.7 keV
transitions, positive parity is deduced for this state. On
the basis of the negative A4,, angular-distribution
coefficients for the 544.2 and 1512.7 keV ¥ rays and the
excitation-function curve (Fig. 5) of the 1512.7 keV y ray,
we progose an I=3 for this state, thus suggesting
I™=(3)".

The level at 2162.5 keV has earlier been assigned as 3~
[18,38]. From the conversion-electron and y-ray spectra
of Fig. 8, one clearly sees that the 1529.6 keV transition
from this state to the 2{" state has a multipolarity of
E2/M]1 rather than E1. In Ref. [18] the E1 multipolari-
ty is determined for the 1529.7 keV transition based on
their experimental K-conversion coefficient. This value is
the only one of those reported in Ref. [18], which is in
serious disagreement with our results. Since the transi-
tion from this state to the ground state is observed in the
present work, a spin and parity 2" is adopted. The exci-
tation function (Fig. 5) and the angular distribution of the
1529.6 keV y ray are in agreement with the 2* assign-
ment.

The 2201.9 keV level is confirmed to have I"=3" by
the 1569.0 keV E1 transition to the 2; state, which is
shown in Fig. 8. Moreover, a new 600.2 keV transition to
the 2, level is observed in the present work.

The 2239.2 keV level has previously been assigned as
4" [18], which agrees with our data.

For the 2365.7 keV level, our experiments have
confirmed the 2% assignment reported in Ref. [38]. The
y-ray branching ratio agrees with Ref. [21].

At 2374.7 keV a new level is located. The level is depo-
pulated by the 1741.8 and 772.7 keV transitions to the 2;
and 2 states, respectively. In Ref. [18] an unplaced
transition of 1741.8 keV is reported. The E2/M1 mul-
tipolarity (Table III and Fig. 8) for both of the transitions
indicate positive parity. The angular distribution of the
1741.8 keV transition favors a spin of O, but the assign-
ment is not conclusive.

The new level at 2486.1 keV might be the 2481 keV
level observed in the (*He,d ) reaction [36]. We have seen
the depopulating transitions of 1853.2 and 884.5 keV to
the 2; and 2; states, respectively, and the transition to
the ground state. This, together with the excitation-
function curve for the 1853.2 keV transition (Fig. 5), re-
veals I"=2" for the state. Also the E2/M 1 multipolari-
ty of the 1853.2 keV transition is consistent with the 2
assignment.

C. The nucleus ''°Cd

Our data for !'°Cd agree with the results of Kern et al.
[7], except the 1809.5 keV level (I"=2"), which we do
not observe.

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 ''°Ag decay [39] and a
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proton-transfer reaction study [36]. The excitation-
function curve (Fig. 6) and the angular distribution
(Table IV) for the 815.4 keV transition to the 2 state in
our (a,2n )-reaction experiments are in accordance with
this assignment. As in the case of the 0; states in '%Cd
and '%Cd, we could not observe the EO transition to the
ground state.

Our results for the 1475.9 keV 25 and 1542.5 keV 4;
states agree with the previous results for these levels
[22,7].

The spin of the 1731.3 keV level was assigned tenta-
tively as (0)" based on the (*He,d) data and the level
systematics of even Cd isotopes [22]. Our excitation-
function (Fig. 6) and angular-distribution (Table IV) mea-
surements for the 1073.7 keV transition to the 2" state in
the (a,2n) reaction prove that this level has I T=Q%.
Moreover, we have observed a 255.4 keV E?2 transition to
the 25" state (Fig. 15). The EO transitions to the 05 state
and to the ground state were not observed.

The 1783.6 keV level is known as the third 2% state
[22,7]. Our data agree with this assignment.

We do not observe the 1809.5 keV level seen in the
1191 decay [22] and in the (@,2n) reaction [7]. Accord-
ing to our yy-coincidence measurements in the (a,2n)
reaction the proposed depopulating 1151.7 keV transition
does not belong to the ''°Cd nucleus but most probably
to ''!Cd (Fig. 15). Furthermore, there is no evidence for
this state in our py-coincidence spectra.

The 2078.6 keV level has been assigned as I"=0" in
the '9Ag (17;24.6 s) decay [39] and in the (*He,d ) reac-
tion [36], where it is strongly populated. In our study of
the '°In EC/B™ decay, we have observed new EO transi-
tions from this state to the ground state and to the 1473
keV 07 state. Our value for the conversion coefficient of
the 295 keV transition (Table IV) supports the earlier
placement of (0;-27). Other possible E2 transitions
from this O; state are hampered by transitions from the
close-lying 3™ state.

TABLE III. Properties of levels and transitions in '®®Cd as obtained in this work.

Eva® E ans® y intensity® Ang. Distr. Coeff. Multi-
(keV) Jr (keV) J7 (p,p’')* (p,2n) Decay 10%-ag Ay Aga polarity
632.9 2t 632.9 (o 1000 1000 1000 3.0(1)8 0.18(3) —0.02(4) E2
1508.3 47F 875.4 2t 61 343 230 1.4(3) 0.28(4) —0.03(7) E2
1601.7 25 969.1 27 141 68 46 1.2(2) —0.09(2) —0.05(3) E2/M1
1601.7 o, 123 62 47 0.36(5) 0.14(3) —0.01(5) E2
1721.0 iy 1088.1 2f 127 15 14 0.8(1) 0.04(2) —0.04(3) E2
1913.3 o 311.3 2+ 46 4(1)¢ 7.4 21(3) E2
1280.6 2f 39 5(1) 8.2 0.39(6) —0.01(17) —0.01(25) E2
1913.3 o;f <4 >25¢ EO
2145.6 (3H* 544.2 25 8.3 6.0 1.5 —0.42(3) —0.09(5) E2/M1
637.3 4t 4(1)¢ f
1512.7 21 62 48 12 0.40(5) —0.36(2) —0.00(4) E2/M1
2162.5 25 1529.6 2 80 30 81 0.43(5) 0.12(2) —0.01(3) E2/M1
2162.5 o} 2.5(10) 1.7 6.2
2201.9 37 600.2 2+ 1.8(3) 3.0
1569.0 2) 54 62 12 0.19(3) —0.12(3) —0.01(4) E1
2239.2 43 637.5 27 5.5 3(1)¢ 6.3
730.9 4t 13 27 21 2.9(4) 0.12(4) —0.03(5) E2/M1
1606.3 2t 8.4 23 17 0.37(5) 0.26(1) —0.08(2) E2
2365.7 27 1732.8 2F 57 17 39 0.32(4) 0.13(4) 0.01(5) E2/M1
2365.7 o5 8.5(25) 2.7 5.3 0.06(6) —0.16(9)
2374.7 (0)* 772.7 25 4.6 1.0 5.6 2.3(4) (E2)
1741.8 2f 34 5.4 13 0.32(4) —0.02(8) —0.13(11) (E2)
2486.1 2t 884.5 25+ 3(1) 2.7
1853.2 2f 34 15 28 0.33(5) —0.10(2) —0.00(3) E2/M1
24860  Of 1.0(5)

*Energy uncertainties typically 0.3 keV.

*Intensity error typically 15%. Intensity of the 2{ -0 transitions normalized to 1000.
‘Gamma-ray intensities from the (p,p’) reaction correspond to the direct level population.

YIntensity determined from ¥ ¥-coincidence spectra.
¢EOQ transition; ax > 17 X ax(M4).

fIntensity contains the 637.3 and 637.5 keV transitions; see the data for the 637.5 keV transition.
eConversion coefficient normalized to ax =3.0(1) for the 632.9 keV line.
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The 2078.9 keV level has been identified in many ex-
periments [22] as a 3~ state. We have observed two
depopulating transitions, the 602.9 keV transition to the
27 state and the 1421.2 keV transition to the 2, state.
According to our conversion electron data, the latter
transition has definitively an E1 character (Table IV)
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 and 2250.0
keV levels [22,7].

For the levels at 2287.5 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 [40] the assignments of 2* and 0" were
given to these states, respectively.

The level at 2355.8 keV is assigned as 2" in Ref. [40].

653

The conversion coefficient of the 1698.0 keV transition
feeding the 2{ level defines positive parity (Table IV).
The excitation-function curve of this transition indicates
I>4, but the angular-distribution coefficient 4,, is not
consistent with that.

D. The nucleus ''>Cd

We used the ''>Cd nucleus as a reference case for our
(p,p'y) experiments. Especially, we could examine the
population of 07 levels in this reaction. Since no electron
spectroscopy is applied in the present work for '2Cd, the
EQ transitions are not included in Table V nor in Fig. 12
summarizing our results. The earlier study of Julin et al.
[41] is referred for the EO measurements. The new data
from our recently performed (a,2n) reaction revealed

TABLE IV. Properties of levels and transitions in ''°Cd as obtained in this work.

E\va® E\rans® y intensity® Ang. Distr. Coeff. Multi-
(keV) Jr (keV) JF (p,p') (a,2n) Decay 10%-ay Ay Ay polarity
657.8 2 6578  Of 1000 1000 1000 2.7(1)" 023(2)  —0.15(3) E2
14732 of 8154 27 75 12 2.8 1.6(2)¢ 0.08(12)  —0.08(17) E2
1475.9 2+ 818.1 2t 81 71 9.8 d —0.23(1) —0.10(1) E2/M1
1475.9 o 40 42 5.7 0.46(3) 0.18(3) —0.11(4) E2
1542.5 4t 884.8 2f 15 560 50 1.2(2) 0.28(3) —0.22(5) E2
1731.3 o5 255.4 27 2.7 1.0 0.12 23(7) E2
1073.7 2t 20 6.7 1.1 0.85(8) 0.01(6) —0.07(9) E2
1783.6 27 1125.8 27 33 35 11 0.43(5) 0.21(2) —0.10(2) E2/M1
1783.6 of 11 9.7 34 0.18(3) 0.18(2) —0.01(2) E2
2078.6 o 295.3 25 9.2 33 0.4 28(5) —0.06(4) —0.18(5) E2
605.4 0 <0.3 > 50° EO
2078.4 o <0.17 >7f EO
2078.9 37 602.9 25 6.9 5.5 0.7 —0.3(2) —0.3(3) El
1421.2 2 43 39 4.6 0.19(2) —0.28(3) —0.04(5) El
2162.8 3f 687.0 25 3.6 8.0 0.7 —0.70(5) —0.01(2) E2/M1
1505.0 2f 12 25 1.1 0.50(5) —0.55(4) —0.03(7) E2/M1
2220.2 45 677.8 45 3.6 26 2.5 0.05(1) —0.13(2) E2/M1
744.3 2 1.5 14 1.1 2.0(3) 0.28(1) —0.27(1) E2
1562.3 2t <0.7 3.0 0.3 0.22(6) —0.19(8) E2
2250.5 4+ 467.0 27 7(3)2 0.28(4) —0.29(5) E2
708.0 4 24 388 0.45(3) —0.14(4) E2/M1
7747 23 21)
15927 2 5(1) 0.22(3) —0.16(4) E2
2287.5 1629.7 2t 15 10 1.0 0.01(5) 0.01(8)
2332.1 1674.3 27 12 2.2 0.2 0.14(10) —0.18(15)
2355.8 1698.0 2f 13 6.9 3.0 0.27(5) —0.02(1) —0.12(2) E2/M1

?Energy uncertainties typically 0.3 keV.

*Intensity error typically 15%. Intensity of the 2;"-0;" transitions normalized to 1000.
‘Gamma-ray intensities from the (p,p’) reaction correspond to the direct level population.
dConversion coefficient for the sum of the 815.4 and 818.1 keV transitions; see the data for the 815.4 keV transition.

°EOQ transition; ax > 1.6 X ag(M4).
fEQ transitions; ax > 38 X ax(M4).
EIntensity deduced from yy-coincidence spectra.

"Conversion coefficient normalized to ax =2.7(1) for the 657.8 keV line.
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one new level below 2.1 MeV excitation energy and
several new transitions. The experimental data for
higher-lying levels will be published separately [56].

The results obtained in this work for the four lowest
excited levels are consistent with the data given in the
A =112 compilation [23]. The y-ray branching ratio for
the transitions from the 05 level obtained in our (a,2n)
experiment are in disagreement while those obtained
from the (p,p’) reaction are in agreement with the results
of Ref. [23]. The (p,p’) results have been adopted to the
level scheme (Fig. 12), since in the (a,2n) case the 815
keV line is a doublet with another 815 keV transition be-
ing higher in the level scheme [28,56]. Contrary to the
(a,2n) study by Geiger et al. [28], performed at similar
alpha-beam energies as our experiments, we clearly popu-
lated the first two excited 0" levels.

The 1468.8 keV 2% level has previously been observed
to decay to the 05,2, and the ground states [23]. Our
result is consistent with that. The branching ratios of the
depopulating transitions agree with the adopted values
[23].

The 1870.8 keV level has been assigned as 0" in several
experiments: via the y-ray angular-distribution measure-
ments in the photoexcitation study [42], via the y-ray
angular-correlation measurements in the !'2In (17) decay
[39], in the '"?Ag (27) decay [43], and earlier through
particle spectroscopy in the (d,p) reaction [44]. It has
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also been populated in the proton-scattering experiments
by Pignanelli et al. [45], and recently in the two-neutron
(t,p) transfer reaction [46].

In the earlier (a,2n) study Geiger et al. [28] report
that the first two excited O' states are not populated
while the 1870 keV O™ state is. The 402, 558, and 1253
keV transitions to the 25", 25, and 2 levels, respectively,
have been observed to depopulate this level [28]. In addi-
tion to those transitions, we found a new 455 keV transi-
tion to the 4, level in our yy-coincidence measurements
from the (a,2n) reaction (see the gates 455 and 701 keV
in Fig. 16). This result is in serious disagreement with
the 0" assignment for the 1870 keV level. Therefore, we
repeated the y-ray angular-distribution and excitation-
function measurements to figure out the spin of the level.
The angular distributions of the 402 and 1253 keV transi-
tions are definitely of AI =2 character and not isotropic
(Table V) as reported in Ref. [28]. The angular distribu-
tion of the 455 keV transition is consistent with AI=0.
The excitation functions indicate spin 4 for the level (Fig.
7). Moreover, the 1870 keV state is fed from the 2570.9
keV level (Fig. 16), which we assign as a 6 state based
on the angular distributions and excitation functions of
the depopulating 701 and 1155 keV transitions (Fig. 7,
Table V). Thus, we adopt I"=4" for the 1870 keV state.

r
3000 F 110pg(q,2n)''2cd
L E o= 20.0 MeV
I 617
2000 | 798
" - Gate 455 keV
£ - 701
3 1000 [
B i 605
Q
aQ L
g A N
3 ot i if ~
b )
- 617
6000 |- Gate 701 keV |
605
4000 - a02
659
2000 | 446 455 Fg‘r’aza 852 1253 1
222 798
2 Lil 11312 1469
S| W 31214
8
5 I 617 Gate 852 keV
é 4000 - 402 )
3 L | ez Ne17 | ]
| 1000 605 \
2000 |- N .
L 695 or . . 1]
L L 580 600 620 640
0r P —
0 500 1000 1500

Transition energy (keV)

FIG. 16. Gamma-gamma coincidence spectra from the
11%pd(q,2n )!'2Cd reaction at E, =20.0 MeV.
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We conclude that there are two levels at about 1870
keV excitation energy: the 0" and 4% levels. Very
strong evidence for the 0" level is deduced from the
different experiments as stated above. However, the 4%
level is clearly populated in our (a@,2n ) experiment. Most
probably in our (p,p’) experiment it is the 0" level that is
populated, since the y-ray branchings for the depopulat-
ing transitions are quite different from those in the
(a,2n) reaction (Table V). Based on the energies of the
transitions to the 2;" state observed in the (p,p’) and
(a,2n) reactions the 4% state would be 0.6 keV lower in
energy than the 0" state (4% at 1870.4 keV and 0% at
1871.0 keV).

The 2005.1 keV level has previously been assigned as

the first 3~ state. We observed the 692.7 and 1387.6 keV
transitions to the 2; and 2 state. In our (p,p’) and
(a,2n) experiments the intensity of the 692.7 keV transi-
tion is higher than reported in Ref. [23]. The excitation-
function and angular-distribution results for those transi-
tions are consistent with the 3~ assignment.

Our data for the 2064.1 keV level are in agreement
with the assignment of 3" for the level and the y-ray
branchings are about the same as in Ref. [23].

The 2081.5 keV level has been assigned as 41 [23]. In
addition to the 666.1 keV transition to the 41+ level, we
observed in the (a,2n) reaction three new transitions:
the 211.0, 612.8, and 769.3 keV transitions to the 4,7, 2,
and 2, states, respectively (see the 852 keV gate in Fig.

TABLE V. Properties of levels and transitions in !'2Cd as obtained in this work.

Eive® E ons® v intensity® Ang. Distr. Coeff. Multi-
(keV) Jr (keV) J7 (p,p')* (a,2n) A Ay polarity
617.4 b 617.4 oy 1000 1000 0.18(2) —0.09(3) E2
1224.2 0y 606.7 b 12 6.3¢ —0.02(7)f —0.08(10) E2
1312.3 27 694.8 2f 24 92 —0.24(2) 0.00(3) E2/M1
1312.3 o 7.8 32 0.13(2) —0.06(3) E2
1415.3 4t 797.9 2/ 17 670 0.24(2) —0.12(3) E2
1433.2 05 121.0 27 2.5 1.4 0.08(5) 0.10(7) E2
815.8 2t 4.1 5.1°
1468.8 27 244.8 0y <0.4 1.7¢
851.2 2f 8.0 34 0.16(1) —0.02(2) E2/M1
1468.8 o 3.8 19 0.18(2) —0.06(2) E2
1870.4 a5 401.9 27 24 0.21(3) —0.11(4) E2
455.1 4t 11 0.03(2) —0.10(3) E2/M1
558.3 25 32° 0.08(2)f —0.09(3) E2
1253.0 2t 30° 0.21(1)f —0.11(2) E2
1871.0 o 402.0 2f <0.2
558.0 27 <0.3
1253.6 2f 4.9
2005.1 37 692.7 27 11 15¢ —0.06(1)f 0.03(2) E1l
1387.7 2f 18 33 —0.22(3) —0.00(5) El
2064.1 3 649.0 4t 7°
751.8 25 1.6 21°
1446.8 2 1.3 13 —0.51(6) 0.32(9) E2/M1
2081.0 43 211.0 43 1.9°
612.8 2f 6.4°
666.0 4t <0.7 30 0.05(2) —0.03(4) E2/M1
769.3 27 23¢ 0.24(3)f —0.11(4) E2
2570.98 65 403.8 6 <1.7 0.2(2) 0.1(2) E2/M1
700.6 47 47 0.25(2) —0.18(3) E2
1155.5 4f 53 0.02(4) —0.13(6) E2

“Energy uncertainties typically 0.3 keV.

®Intensity error typically 15%. Intensity of the 2;-0; transitions normalized to 1000.
‘Gamma-ray intensities from the (p,p’) reaction correspond to the direct level population.
4Doublet line: Intensity contains also the higher lying other transition.

“Intensity deduced from the yy-coincidence spectra.

‘Doublet line: The angular distribution coefficients determined from singles gamma-ray intensities containing both transitions.
EOther levels between the 2081 keV level and the 2570.9 keV level omitted; see Ref. [56].
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16). The excitation-function and angular-distribution re-
sults for those transitions are consistent with the 41 as-
signment.

E. The nucleus '*Cd

For ''Cd 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
18n was produced in 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
Table VI and the level scheme of ''°Cd (Fig. 13) are based
on the previous results of Refs. [24] and [47]. Generally,
the gamma-ray branchings obtained in this work are in
agreement with those of Ref. [24].

The 1282.5 keV level has earlier been assigned tenta-
tively as the first excited 01 state [24]. We do not ob-
serve the 68.9 keV transition to the 25" state as reported
from the !'Ag decay [48,49]. Our upper limit for the y-
ray intensity ratio of the depopulating transitions I ,(69
keV)/1,,(769 keV) <0.005 is considerably lower than the
value of 0.22 in Ref. [49]. Moreover, the proposed [49]
69 keV transition feeding this 0, level from the 1951 keV
27 level is not observed in the present work. Instead, the
769 keV y-ray gated proton spectrum shows a weak pop-
ulation from a level around 2430 keV (this energy region
is not included into our table nor the level scheme). In
the recent (¢,p) work [47], a new level at 2431(10) keV
was found and it was assigned as I"=2". The observed
coincidence relations in Ref. [49] would place the 1151.7

TABLE VI. Properties of levels and transitions in ''°Cd as
obtained in this work.

Eiva® E ans® y intensity®
(keV) Jr (keV) J7 (p,p")
513.5 27 513.5 of 1000
1212.7 25 699.4 2f 129
1212.6 oy 75
1219.0 4 705.5 27 4.3
1282.5 05 769.0 2f 40
1380.2 o 866.7 27 31
1641.5 27+ 422.7 4t <13
1128.5 27 15
1641.5 of 13
1915.2 K 702.7 25 <13
1401.8 2 <2.7
1921.2 37 708.7 27 15
1407.5 2f 50
1927.8 (o*) 1414.3 27 103
1951.0 27 1437.5 27 9

“Energy uncertainties typically 0.3 keV.
®Intensity error typically 15%. Gamma-ray intensities from the
(p,p’) reaction correspond to the direct level population.

keV transition between the 2431 and 1283 keV levels in
contradiction to the original placement in Ref. [49].

The 1380.2 keV level has been unambiguously assigned
as 07 [24,47]. In addition to the 866 keV 05 -2 transi-
tion 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 was 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 0, state. In a
(n,n'y) study [50], the 1414.3 keV transition has an iso-
tropic angular distribution and, in a (¢,p) study [47], the
1924 keV proton group has a definite L =0 component.
In the other (n,n’y) work [40] the 1929.0(5) keV level
has been assigned as a probable 07 state.

IV. LEVEL SYSTEMATICS

In Table VII, available ratios of EO and E2 transition
rates [X=B(E0)/B(E2)] from 0, and 05 states in the
even '%714Cq isotopes have been collected. The X
values for '%°Cd, '%Cd, and ''°Cd are from the present
work. The X values reported [25] for '°Cd during the
course of this work are in agreement with our values.
The X values for ''2Cd and ''¥Cd are from our earlier
study [41].

In Table VIII, available level energies and ratios of E2
transition rates relevant to the following discussion have
been collected. The values for '~ !'2Cd and ''®Cd are
from the present work. The values for !'*Cd are from
Refs. [51] and [17]. For '"®Cd and '?°Cd, we have used
the results of Refs. [15] and [14].

It is now intriguing to examine the systematic behavior
of the (0F,25,4;7,05,25) quintuplet of states (Fig. 17).
In ''9Cd,''?Cd,!'*Cd, and ''°Cd these states are well
separated from higher-lying states. In '®Cd (Fig. 10) and
18Cq (Fig. 9), the 27 state rises fast in excitation energy.
In 'Cd it lies above the 2146 keV (3)* state, and in
106Cd, there are even difficulties in identifying it from the
group of the other states. In '%Cd also the 0 state lies
above the 45" state.

In our earlier study [41] we have observed fast E2 tran-
sitions from the 0 state to the 2 state of ''?Cd and
4Cd, 51(13) W.u. and 41(8) W.u., respectively. The
small X values for the 05 states of 'Cd, '%®Cd, and ''°Cd
also indicate enhanced deexciting E2 transitions. Other-
wise the B(EQ) value should be exceptionally small com-
pared to the weakest EO transitions observed in this mass
region. In ''"®Cd it is the 0] state which is characterized
by a fast E2 transition to the 2 state, as found in the
Coulomb-excitation experiment [24], and recently
confirmed by Mach et al. [16]. The B(E2;0; -2{") value
deduced from those experiments is about 30 W.u.

On the basis of excitation energies of Refs. [14] and
[15] it is now tempting to further speculate if the 05
states in !'8Cd and '2°Cd could be related to the 05 state
of ''8Cd and, consequently, to the 0; states of the lighter
even isotopes. This kind of conclusion has also been
drawn in a recent (¢,p) transfer strength study [13].
Moreover, the relatively short lifetime (7 <10 ps) mea-
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TABLE VII. Ratios of EO and E2 transition rates for 05 and 0 states in the even %~ '“Cd iso-

topes.
Mass number
Xip® 106 108 110 112° 114°
X, (1077) <9 <12 <8 26(4) 26(5)
X 2.2(5) 10(2) <0.04 1.0(2) 16(3)
X3, (107%) 70(20) 80(20) <6 2.6(6) 6.0(6)

*X,x =B(E0;0; -0} ) /B(E2;0/-2}}).
*From Ref. [41].

sured by Mach et al. [16] for the 0 state in '8Cd indi-
cating a fast 0 -2, transition supports this interpreta-
tion.

A characteristic feature of the 05 states in the even
106-114cq  jsotopes is the large value for the ratio
R=B(E2;0{-2)/B(E2;0{-2{). In ''?Cd and '*Cd we
have shown this to be due to the hindered E2(05-2;)
transitions, having B(E?2) values of 0.017(4) and 0.0038(5)
W.u., respectively [41]. The large X;,, values in '%Cd
and '%Cd (Table VII) reveal that this is also the case in
these nuclei.

In '9Cg, i.e., at N=62, a discontinuity in the proper-
ties of the 05 states is observed. In addition to the small
bump in the level-energy curve at N =62, the smooth de-
crease of the R value with decreasing neutron number is
disturbed by the smaller value of R =170 in ''°Cd (Table
VIII). Also the limit for the X;;, value (Table VII) in
10Cq js exceptionally low.

From the conclusion that the 05 states in ''°Cd, '8C4d,
and '?°Cd could be related to the 0, states of the even
106=114Cq jsotopes follows that the 0 states of the
16=120Cq might be associated with the 0; states of the

TABLE VIIIL. Relative E2 transition rates in the even %~ !2°Cd isotopes. The errors estimated to be between 15% and 35% are

not marked.

106 108 110 112 114 116 118° 120°
E(2]) (keV) 1716.6 1601.7 1475.9 1312.3 1209.7 1212.7 1269.5 1322.8
B(E2;27-21) 4 8 24¢ 26 45¢ 19¢ 17 25
B(E2;27-0f) 1 1 1 1 1 1 1 1
E(0F) (keV) 1795.3 1721.0 1473.2 1224.2 11345 1282.5 1285.8 1388.7
B(E2;05-2]) <700 <190 h h h <870
B(E2;07-2{) 1 1 1
E(05) (keV) 21439 19133 17313 14332 1305.6 1380.2 1615.0 1744.6
B(E2;07-2;) 230 1100 170 8500 41000 <240 <19 <3
B(E2;0y-2{") 1 1 1 1 1 1 1 1
E(2f) (keV) 2370.6 2162.5 1783.6 1468.8 1364.3 1641.5 1915.8 2093.8
B(E»;27-07") 1 1 1 1 1 1 1
B(E2;2f-2{) 50 <100 <33 <28 <50 <10 <10 <33
B(E2;27 -2 ) 0.5¢ 0.7¢ 0.2¢ 2.6°
B(E2;27-4]) <15 <70 <1100 40 <120 <20 190
B(E2;2{-27) <2250 <300 <130 <2400 95 <170 330 <700
B(E2;2{-0;) 3400 <300 <130 710 50 <140 <30
B(E2;27-07) <4000 <3500 20 <500

*Data from Ref. [17].

®Data from Ref. [15].

‘Data from Ref. [14].

4E2/M 1 mixing ratio from Ref. [55].

°E2/M 1 mixing ratio 8= —0.6 used from Ref. [50].
fB(E2) value normalized to 10.

8B(E2;25-2;") when the E2/M 1 mixing ratio used.
"Transitions energetically not possible.
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lighter even-mass isotopes. Unfortunately, it is difficult
to determine the ratio R in the even ''7120Cq since it is
hard to observe the low-energy E2(0, -2, ) transitions.
From the data of Ref. [49] an R value of about 40 X 103 is
obtained for the 0, state in ''®Cd, while our measure-
ment gave an upper limit of R <870 (Table VIII). How-
ever, noncollectivity of the E2(05 -2{") transition was re-
vealed in the lifetime measurement by Mach et al. [16],
\lav?ich leads to a B(E2;0;-2{) value of 0.95(6) W.u. in
16Cq.

Arguments for connecting the 0, states in !'®Cd and
120Cd are more speculative. In addition to the level-
energy systematics more support is given by the lifetime-
results of Mach et al. [16] indicating some noncollectivi-
ty of the 0F-2{ transition in "8Cd. Also the (z,p)-
transfer cross sections of Ref. [13] support the idea of as-
sociating the 07 state of !'8Cd with the 05 state of ''°Cd
and further with the 05 states of !'>Cd and '*Cd.

As a summary for the level-energy systematics of the
two lowest excited 0" states we conclude that the 0, and
07 states of even Cd isotopes exchange their properties
when going over the N =66 isotope ''*Cd. However, ac-
cording to our data, no corresponding crossing occurs on
the neutron-deficient side, contrary to the suggestion of
Ref. [13].

Neutron number
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In Fig. 17 and the discussion below we use the notation
07 for the 0 state in 1%~ !4Cd and the 0 in !¢~ !20Cd.
The 05 states in !9~ !'“Cd and the 05" states in ''7!2Cd
are labeled 03 .

In '%Cd in 2370.6 keV (2)7 state is adopted as the 25
state, while the lower-lying (2%,37) state could be the
first excited 3" state. Concerning the level energies (Fig.
17) a conspicuous feature is the relationship between the
27 and the 07 states. The ratio of their excitation ener-
gies is almost constant [Fig. 17(c)].

V. DISCUSSION

In the simple quadrupole vibrator model, the 0%, 2,
and 4, states in the even '%711Cq isotopes form a two-
phonon triplet. The observed strong E2 branches from
these states to the 2, state are in agreement with this in-
terpretation. The 07 and 2 states could then play the
role of the three-phonon states which in '>Cd and '*Cd
are pushed down to form the quintuplet of states. Re-
cently, Fahlander et al. [17] have shown that all of the
measured B(E2) values in ''*Cd are in qualitative agree-
ment with the simple vibrator values. The application of
the vibrator picture to the heavier even Cd isotopes
would lead to the conclusion that the three-phonon 0%
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FIG. 17. (a) Systematics of low-lying, low-spin states in the even '®~'2°Cd. For clarity of presentation symbols marking the 23
and 4; levels are omitted. (b) Systematics of the 25, 07, and OF states in the even '712°Cd. (c) Energy ratios of the selected levels

in even 1%7120Cq,
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state lies lower than the two-phonon 0% state. In !**Ba
and '?®Te this kind of phenomenon is explained as caused
by 7 softness of the nucleus [52,53].

It is intriguing to see if our level systematics exhibit
properties characteristic of the behavior of intruder
states. The intruder states in the even Cd isotopes should
involve proton two-particle-four-hole (2p-4h) excitations,
i.e., six valence quasiprotons. The total neutron-proton
interaction in these states should be similar to that in the
ground-state band of the Ru (Z=50—6) and Ba
(Z=50+6) isotones. In Fig. 18 the members of the band
based on the 07 state in the even Cd isotopes are com-
pared with the members of the ground-state band in the
corresponding Ru and Ba isotones. The 2;-07, energy
difference in the even Cd isotopes is remarkably similar
to the 2] energy in the Ru and Ba isotones indicating
that the 0 and 2 states could represent the two lowest
members of the intruder band. In accordance with the
intruder picture, the Oj state has its minimum excitation
energy at N =66, i.e., in the middle of the neutron shell.
Also, the analogy between the other band members in
N0112,114cd and Ru and Ba isotones is quite impressive
(Fig. 18). The continuation of the band above the 6%
state in ''°Cd is not yet clear. The 8% state of the band
reported by Kusnezov et al. [10] and Kern et al. [7] is
not observed in our work, nor in a NORDBALL study
[54]. The data for !'*Cd are taken from Refs. [41,51,17].
Our (a,2n) measurements revealed completely new data
for '2Cd.

Further support for associating the 0% states with the
intruders comes from a close examination of the results
of the two-proton transfer studies where it is clearly the
07 state (and not the 07 state) in '°Cd and ''>Cd which
is populated in the (*He,n ) reaction [5]. It is not obvious

6t 2571

6t 2400

.2
4+

5)
2

1870

100

112 114
480d64 o+ 0/ 480d66

FIG. 19. The intruder band and the ground-state band up to spin 6* in even !'®!'2114Cd. The relative B(E2) branching ratios be-
tween these bands are marked. In parentheses is given the B(E2) value when the E2/M 1 mixing ratio is not used.
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why no O states are strongly populated in '°¢!%Cq in
the (*He,n) reaction. In the evaluation of the (t,p)
transfer strengths, O’Donnell et al. [13] have concluded
that the 07 state in the even "2~ !18Cq isotopes is the in-
truder.

As mentioned above, in ''°Cd, "2Cd, and '“Cd 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.
19. The relative B(E2) ratios between the ground-state
band and the intruder band are from the present work for
10,1124 and from Ref. [17] for ''*Cd. The intruder band
is clearly rotational.

Many of the E2 and EO decay properties of even Cd
nuclei have been reproduced by introducing a strong mix-
ing of the vibrational and intruder states [10-12]. On the
other hand, the similarities in Fig. 18 indicate that the
27 -07, energy differences in the Cd isotopes are not much
affected by the mixing. Also the selective population in
the (*He,n) [5] and (¢,p) [13] reactions do not support
the idea of strong mixing. However, weak mixing be-
tween the O states would mean that the 0% state plays
the role of both a phonon and an intruder state. In Ref.
[12] the intruder O™ state has been associated with the 0
state having a large R value, i.e., 07 state in our notation.

This interpretation is different from ours.

In summary, considerable amounts of new data for the
low-lying, low-spin collective states in !°Cd, !8Cd,
10Cq, and '">Cd were obtained in this work by employing
various methods of in-beam and off-beam y-ray and
conversion-electron spectroscopy. From the deduced lev-
el systematics for the even '%712°Cd isotopes it is in-
ferred that the excited OV states cross between '*Cd and
118Cd, i.e., the 0" states exchange their properties. No
corresponding crossing in the neutron deficient isotopes
was observed. The second excited 27 state is found to be
closely related to one of the excited 07 states. In ''°Cd,
12¢q, and 'Cd there were also found higher-spin
members of the band built on top of this 0" state. Inter-
pretation of the results within the mixed intruder and
phonon picture has been found to be contradictory.
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