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Abstract High spin states in neutron-rich "'¢''*¥:2 Cd nuclei have been investigated by observing high-fold prompt y-ray coincidence
events from the spontaneous fission of > Cf with the Gammasphere detector array. The yrast bands have been extended with spin up to
18 % in "®Cd and 16 # in ''®'* Cd respectively. The band structures are calculated using the cranked shell model and possible origi-
nation for the backbends in the yrast bands is discussed. Proposed 5~ and 7~ levels are observed in each of these cadmium isotopes,
and possible explanation for the negative states is discussed based on systematic comparison. A quasi-rotational band based on 7~ lev-

el in " Cd has been established.
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The neutron-rich "*"®'® Cd nuclei, whose proton
numbers ( Z = 48) are close to the magic number Z =
50, have much deformed neutron structures with N =
68—72, and generally the single particle motion is rela-
tively stronger than the collective one. Therefore their nu-
clear structures at low and high spin states should exhibit
complex characteristics. In early reports, the low-lying
states in ""*""*'"* Cd have been studied through the §-de-
cay measurements’*' and the light ion nuclear reaction
such as the reaction '™ Cd (t, p)"* cd™!.

these neutron-rich nuclei cannot be formed by usual heavy

However, as

ion nuclear reaction, it is difficult to investigate their high

spin states. In a recent report, the higher energy levels of

" Cd have been observed with spin up to 10 % from

quasielastic and deep-inelastic heavy ion collisions'®’
Another feasible method is to measure the prompt Y-rays
of spontaneous fission of the heavy nuclei such as ** Cf or

*Cm”Y . By using this method, the yrast levels have
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been observed with spin up to 10 % in ' Cd®, 14 & in
"Cd® and 8 & in " Cd"” respectively, but not per-
formed with large detector array. On the other hand, the
low-lying states of cadmium isotopes demonstrate vibra-
tional structures. Some theoretical works using interacting
boson model (IBM) have been pelformed[“] . Some 5~
states with their energy about 2.5MeV have been observed
in even-even Cd isotopes, for examples, in '* cdt
HOCd[l] , 112 Cd[1,13,14] , 114 Cd[l] and 116 Cd[z,s] A promi-
nent characteristic for the 5™ levels in some of these Cd
isotopes is proposed as quadrupole-octupole coupled
(QOC) states''>"'* | Following the development of large
and efficient Y-ray multidetector array, it is possible to
observe higher-spin states in neutron-rich nuclei formed as
fission fragments in spontaneous or induced fission. In
this letter, we report on observation of the new high spin

116,118,120

states in Cd by using this method. The yrast band

structure is extended , and some negative parity levels
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have been proposed in the three cadmium isotopes.

The levels of "'*""*" Cd nuclei were studied in spon-
taneous fission of > Cf. The experiment was carried out at
the Lawrence Berkeley National Laboratory . Prompt ¥-7-7
coincidence studies were carried out with Gammasphere of
102 Compton-suppressed Ge detectors. The B2 Cf source of
strength ~ 60 pCi was sandwiched between two Ni foils of
thickness 10 mg/cm’, and placed at the center of the
Gammasphere detector array. A total of 5.7 x 10" triple-
and higher-fold coincidence events were collected. These
data have higher statistics than the earlier measurements
in Refs. [15,16] by a factor of ~ 15. The coincidence
data were analyzed with the Radware software pa-
ckage[m . The detailed information of experiment was pre-
sented in other papersm_m .

In the spontaneous fission experiment, identification
of 7-rays belonging to a particular nuclide is very compli-
cated, since many transitions from high or low spin states
of the different neutron-rich nuclei in mass region A =
100—150 intermix in the fission yields. One often ob-
serves Y-rays of the same or similar energy in different nu-
clei. Adopting the technology of Y-7-Y-coincidence in da-
ta-analysis will give us more convenience in identifying
the transitions that are very weak . Furthermore, there are
always more than one pair of correlated partners with the
production of given nuclide in spontaneous fissions. By
gating on the known Y-rays in different partner isotopes,
one can identify the transitions of interest in a particular
isotope. For example, in this work, the partners of "*Cd
are '2Sn (2n) and ™ Sn (4n) (numbers in parentheses
here indicate the number of neutrons emitted after fis-
sion) . When we gate on the Y-rays of ""Cd, some Y-rays
of ¥2Sn (2n) and ™ Sn (4n) also appear in the coinci-
dence spectrum. As an example, Fig.1 shows a coinci-
dence spectrum of *Cd generated by double gating of the
transitions at 488.1 and 677 .4 keV. One can see the 7-
peaks at 426.5, 545.7, 561.2, 584.1, 655.2, 704 .8,
749.6, 772.3, 775.1 (mixed with 772.3), 788.0,
960.5 and 1058.3 keV in "*Cd as well as the partner -
peaks at 375 keV in "“Sn (2n) and 1222 keV in 0 Sn
(4n) .

The level schemes of "'*""*'" Cd observed in the pr-
esent work are shown in Fig.2. The yrast bands are ex-
tended with spin up to 16 % in 161204 and 18 % in "*Cd
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Fig.1. Coincidence spectrum obtained by double gating
on the 488.1 and 677.4 keV in " Cd.

respectively. In the earlier data of "°Cd, the 87 (2825
keV) and 10¥ (3040 keV) levels as well as the two tran-
sitions at 798 (10* —8* ) and 215(10" —>8" ) keV in
the yrast band reported in Ref. [6] are different from
those in Ref. [9]. Our data confirmed the result in Ref.
[6]. A second 8 level at 2873.7 keV along with two
weak linking transitions at 846 .8 and 166.9 keV reported
in Ref. [6] and the level at 2249 .2 keV along with the
1029 .6 keV linking transition reported in Refs. [1,2]
are also confirmed. Besides, we add three new levels at
3579.1, 4379.4 and 5342 .4 keV above the 10" levels in
the yrast band. A new level at 2249 .2 keV along with two
side transitions, 666.3 and 444 .0 keV are also observed.
In "®Cd, we confirmed the yrast band up to 14" reported
in Ref. [9] and two side levels at 2223.8 and 2642.6
keV with much stronger linking transitions of 1058.3 and
704 .8 keV to the yrast band observed in Ref. [1]. We
also add two new levels at 5329.2 and 6408.3 keV above
the 14* level. In ' Cd, all the levels and transitions
above the 6° level at 2033.8 keV are newly observed.
Spin and parities ( J*) for the new levels in the yrast
bands are assigned based on observed regular level spac-
ings and systematic comparison with the neighboring iso-
topes. Up to the 6° states, the level energies show be-
haviors of regular collective bands. The ratios of E(4" )/
E(2*) calculated as 2.37, 2.39 and 2.38 in " cd,
1804 and ™ Cd respectively, give a vibrational and weak-
ly rotational feature (with small deformation parameters) .
At the medium spin states between 6 and 12", the level
spacings show irregularities and the structure variation
happens . Plots of alignment angular moment i, as a func-
tion of rotational frequency kw are shown in Fig.3. Band
crosses ( backbends) are sharply occurred at hw =~ 0.27
MeV for "' Cd and hw ~ 0.32 MeV for '"*Cd respec-
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Fig.2. Level schemes assigned to "'*""®"* Cd in the present work. Transition and excitation

energies are given in keV. The widths of the arrows are representative of the intensity of the transitions.
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Fig.3. Alignments of angular moment i, as a

function of rotational frequency Aw for the

yrast bands in Cd isotopes .

tively. In order to make an appropriation interpretation of

the observed backbends of yrast bands, we have employed

the cranked shell model calculation to determine whether Fig.4. Cranked Wood-Saxon quasi-particle energy

the proton orbital or the neutron orbital is responsible for diagrams for neutrons (a) and for protons (b) calculated.
the band crossings at the observed rotational frequencies. The parity and signature (7, ) of the levels are: ( +, +1/2)
The calculation method is same as in Ref. [18]. The ~—solid lines; ( + , — 1/2)—dotted lines; ( - , + 1/2)—

standard parameters used in the calculation for '"* Cd were dot-dashed lines; ( — , - 1/2)—dashed lines.

as follows: quadrupole deformation 3, = 0.22"", hexade- 0.6615 and An = 1.4864, Fermi levels for protons and
capole deformation 3, = 0, paring gap parameter Ap = neutrons A, = —9.7107 and A, = - 7.0269. The calcu-
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lated Routhians for protons and neutrons in " Cd are
shown in Fig.4. The crossing related to the alignment of
k.., neutrons is predicted to occur at hw ~0.40 MeV,
whereas alignment of protons is predicted to occur at hw
~0.65 MeV. The former value is closer to the experi-
ment data than the later one. So the band crossings in
N80 04 are likely caused by alignment of a pair of
neutrons. However, the calculated crossing frequencies
for the alignment neutrons are still larger than the experi-
ment values. The reason may be that these Cd nuclei do
not belong to well-deformed rotors and the deformation is
very soft. It is mixed with the vibration. So the back-
bending curves are very sharply than those of the normal
well-deformed bands. It needs more theoretical work to
make proper explanation for the band crossings in these
Cd nuclei.

Based on the present results and other available
data"*?’, the energy systematic for the yrast levels in
the even-mass '® ' Cd is shown in Fig.5. Generally,
the level energies for each state changed smoothly with the
neutron numbers. The minimizing excitation energies at N
=70 indicate strongest collectivity in "® Cd. However,
the 8* states in """®"* Cd lie higher than in the neigh-
boring even-mass isotopes and exhibit irregularities. It
caused more sharply band crossing. The new level at
2921 .7 keV observed in " Cd are similar with the 8" lev-
el at 2873 keV in "*Cd"® . Based on the systematic com-
parison, we tentatively assign the J* for 2921.7 keV level
in Cd as 8" . These second 8" levels could be caused
by a less aligned member of the neutron h?,,, multiplet as
proposed in 16 cdte

Three levels at 2249.2 keV in ' Cd, at 2238.8 keV
in "*Cd and at 2219.3 keV in ’Cd are with some simi-
larity. All of them are fed to the 4" levels of the yrast
bands through much stronger transitions of 1029.6,
1058 .3 and 925.7 keV respectively. As the J* of 2249.2

(251 we tentatively

level in "' Cd has been assigned as 5~

of 2223. 8 and 2129. 3 keV in

The similar 5 level

assign the J°

181 Cdas 5~ based on systematics .
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Fig.5. Systematic of the yrast levels as well as

the 5~ and 7 levels in even-mass Cd nuclei.

108—112
Cd

isotopes“’n’m . The origination of 5~ state in "2Cd is ex-

is also observed in the lighter even
plained by quadrupole-octupole coupled (QOC) states of
the configuration 12" ®3° Y The 5° state should lo-
cate at an excitation energy close to the sum of the ener-

13

gies of the first excited 2" and 3~ states'™™ . The experi-

mental values for sum of the energies of the first excited
2* and 3~ states are 2435, 2423 and 2426 keV in
161181004 regpectively. Generally, they are close to the
corresponding 5~ states. Other three levels, 2693.6 keV
in "*Cd, 2646.6 keV in "*Cd and 2525.7 keV in " Cd,
have been tentatively assigned as 7 states based on the
systematic comparison also, as the 7  states have been
observed in even ' " Cd nuclei’” . These 7~ states may
originate from the two-quasineutron configurations,
(dyp bl o Lgon b 131 The energy systematic for
5~ and 7~ levels in the even-mass '* '*Cd is also shown
in Fig.5. They change smoothly with the neutron num-
bers.

A new cascade based on the 2642.6 keV (77 ) level
in " Cd has been established. It forms a quasi-rotational
band as the energy spacings above the 4001 .8(117 ) keV
level are irregular. More work is needed to do in order to

understand the detailed character for this band.
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