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Quadrupole-octupole coupled states in114Cd

D. Bandyopadhyay, C. C. Reynolds, S. R. Lesher, C. Fransen,* N. Boukharouba, M. T. McEllistrem, and S. W. Yates
Departments of Physics & Astronomy and Chemistry, University of Kentucky, Lexington, Kentucky 40506-0055, USA

~Received 3 April 2003; published 31 July 2003!

The properties of negative-parity states in114Cd have been studied with the (n,n8g) reaction.g-ray angular
distributions and excitation functions have been used to characterize the decays of these excited levels, and
level lifetimes have been obtained with the Doppler-shift attenuation method. A set of five closely spaced,
negative-parity states has been identified as the complete quadrupole-octupole quintuplet. These excited states
and the observed transitions from these levels are compared to calculations performed in the framework of the
spd f interacting boson model.
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I. INTRODUCTION

Multiphonon excitations in vibrational nuclei have lon
been of interest; however, most studies have concentrate
the isoscalar quadrupole phonon excitations, as these s
are much easier to excite and identify@1,2#. The states of
interest in this work, a quintuplet of levels arising from th
coupling of quadrupole and octupole modes, have been
served in only a few vibrational nuclei@3–10#.

Coupling of the one-phonon quadrupole and octupole
cillations (21

1
^ 31

2) produces five negative-parity state
which should lie around the energy given by the sum of
single-phonon energies@E(21

1)1E(31
2)#. A simple charac-

teristic depopulation pattern from this quintuplet to t
single-phonon states is expected. Transitions to the o
phonon octupole state (31

2) arise from the destruction of
quadrupole phonon and, hence, the associatedE2 strength is
expected to be comparable to that of the 21

1→01
1 transition.

Similarly, transitions from these states to the one-phon
quadrupole state (21

1) involve the destruction of an octupol
phonon, and the associatedE3 transition strength should b
similar to the B(E3) strength of the 31

2→01
1 transition.

However, sinceE1 transitions are much faster, theseE3
transitions are rarely observed. Frequently, the 12 member
of this quintuplet has been assigned based on its system
behavior in chains of isotopes; i.e., its excitation energy a
B(E1) values@11#. These properties alone do not assure
two-phonon character of this state. In some cases the2

state is assigned as a member of the quintuplet because
close to another member of the quintuplet and follows
systematic behavior@3–6#. The systematics of 12 states in
many even-even spherical nuclei have been investigate
Ref. @12#.

In the present work, the low-lying negative-parity stat
in 114Cd have been examined. For some time,114Cd has
been a subject of interest because of its coexisting intru
structure, along with its quadrupole vibrational behav
@13–23#. The low-lying positive-parity states below 2 Me
are well explained as members of either an intruder confi
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ration or multiphonon quadrupole excitations. Very recen
the one-phonon mixed-symmetry state was also identifie
this nucleus@24#.

Complete quadrupole-octupole coupled quintuplets h
been suggested in112Cd and 108Cd @5,6#, although only in
the former case are transition rate data available. The 21

1~558
keV! and 31

2 ~1958 keV! states are well established as t
one-phonon quadrupole and octupole states in114Cd
@16,25,26#, and several low-lying negative-parity states ha
been reported@27#. Geigeret al. explored the low-lying di-
pole excitations in the113,114Cd isotopes and indicated th
12 level at 2456 keV in114Cd as the lowest-spin 21

^ 32

state@28#; however, the complete quadrupole-octupole qu
tuplet in this nucleus has yet to be identified. Therefore,
have examined the low-lying, negative-parity states in114Cd
for evidence of quadrupole-octupole character.

II. EXPERIMENTS

Low-lying states of 114Cd have been studied with th
(n,n8g) reaction at the University of Kentucky 7 MV acce
erator facility. Nearly monoenergetic neutrons produc
from the 3H(p,n)3He reaction were scattered from 47.8 g
98.55% enriched114Cd metal. Theg rays emitted in this
reaction were recorded with a Compton-suppressed HP
detector with a relative efficiency of 55%. An annul
bismuth-germanate~BGO! shield was used for Compto
suppression. The HPGe and BGO detectors were at a
tance of 115 cm from the scattering sample and were fur
shielded by boron-loaded polyethylene, copper, and tungs
Time-of-flight gating was implemented to suppress ba
ground radiation and to improve the quality of the spect
The neutron flux was monitored by a BF3 proportional
counter and a fast liquid scintillator~NE218!. Energy and
efficiency calibrations of the HPGe detector were perform
with a 226Ra radioactive source. Additional descriptions
the experimental setup may be found elsewhere@29,30#.

g-ray yields were obtained at neutron energies (En) from
1.9 to 3.8 MeV in 0.1-MeV steps. Figure 1 shows a typic
spectrum of theg rays obtained at an angle of 90° wit
3.0-MeV neutrons. In the angular distribution measureme
with En52.5 and 3.0 MeV, spectra were recorded at 11 d
ferent angles from 40° to 150°. In these angular distribut
measurements, the energy calibration of the HPGe dete
©2003 The American Physical Society24-1
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FIG. 1. g-ray spectrum obtained in the114Cd(n,n8g) reaction at a neutron energy of 3.0 MeV and at a detection angle of 90°. P
labeled with energies in keV are from114Cd.
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was continuously monitored with the 661.6-, 1368.6-, a
2754.0-keVg rays from 137Cs and24Na radioactive sources

The angular distributions of theg rays were fitted to even
order Legendre polynomial expansions and compared to
oretical predictions calculated with the codeCINDY @31# for
the spin assignments to the levels. Parity assignments fo
levels were adopted from the recent evaluation@27#. The
multipole mixing ratios of the potential candidates f
quadrupole-octupole states are summarized in Table I.

Lifetimes of many excited states have been extracted f
the angular distribution data by considering the Dopp
shifts of theg rays as a function of angle. The energy ce
troid of theg-ray peak,Eg(u), at an emission angleu rela-
tive to the incident neutrons can be described as@32#

Eg~u!5E0S 11F~t!
vc.m.

c
cosu D , ~1!

whereE0 is the unshiftedg-ray energy,F(t) is the Doppler-
shift attenuation factor,vc.m. is the velocity of the recoiling
nucleus in the center-of-mass frame, andc is the speed of
light. The observed energies ofg rays from the 31

2 level and
from selected candidates for 21

1
^ 31

2 states are shown in Fig
2 as a function of emission angle. The lines indicate
linear least squares fits to the experimental data from wh
theF(t) values have been determined. Lifetimes can be
tained by a comparison of the experimentalF(t) values of
Fig. 2 with those calculated following the Winterbon forma
ism @33,34#. The level lifetimes obtained for the 31

2 level, as
well as for possible quadrupole-octupole coupled states,
summarized in Table I. The uncertainties provided for
01432
d

e-
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e
h
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re
e

values ofF(t) are statistical values. An additional 10% du
to the uncertainty in the stopping power is considered in
value oft. The lifetime of the 12 level was previously mea
sured with theg-ray induced Doppler-broadening~GRID!
technique@16# as being in the range from 10 to 200 fs and
high-resolution nuclear resonance fluorescence~NRF! @28#
as 6666 fs. Our result,t55666 fs, is in good agreemen
with both of those measurements. Castenet al. @16# also re-
ported the lifetime of the 31

2 level, measured with the GRID
technique, as from 330 to 880 fs. Our more precise res
t58602140

1210 fs, also agrees well with their measurement. T
lifetimes of the 52 and 42 states were too long to be dete
mined by the Doppler shift attenuation method followin
inelastic neutron scattering; hence, we have obtained o
lower limits for the lifetimes of these levels. To the best
our knowledge, the lifetimes for 2384.8- and 2580.3-k
levels were previously unknown and are reported here for
first time.

III. DISCUSSION

Ideally, in the case of harmonic coupling, the 21
1

^ 31
2

coupled states are expected near the sum energyE(21
1)

1E(31
2)52516.5 keV. Therefore, we have examined

negative-parity levels in the 2 to 3 MeV range to identi
candidates for the 21 ^ 32 quintuplet in 114Cd. TheB(E2)
of the transition from the 21

1 state to the ground state i
known to be 31.161.9 W.u.@27#, soE2 transitions of similar
strength should be anticipated from states of the quadrup
octupole quintuplet to the 31

2 state. Table I gives the prope
ties of the strongest candidates for members of this quin
plet. The picture that emerges appears quite similar to
4-2
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TABLE I. Properties of low-lying negative-parity states in114Cd. Uncertainties in the energies are;0.1 keV.

Elev Ji
p F(t) t Eg Ef(Jf

p) d B.R. B(E1) B(E2)
~keV! ~fs! ~keV! ~keV! ~W.u.! ~W.u.!

558.5a 21 14700~900! 558.5 0.0(01) 1.0 1.0 31.161.9

1958.0b 32 0.0560.01 860 2140
1210 748.4 1209.7(21) 20.0120.04

10.03 0.21360.003 2.520.5
10.531024

1399.7 558.5(21) 10.0720.02
10.02 0.78760.003 1.420.3

10.331024

2298.9c 52 0.0060.02 .1500 340.8 1958.0(32) ,7.9 0.03860.005 ,116
1015.2 1283.7(41) 20.0120.02

10.01 0.96260.005 ,2.231024

2384.8c 32 0.0560.01 8002150
1230 426.5 1958.0(32) 11.220.3

10.3 0.07260.002 92241
147

10.0920.12
10.15 0.07260.002 1.321.3

19.5

1175.1 1209.7(21) 0.0120.1
10.1 0.19760.009 0.620.2

10.231024

1826.3 558.5(21) 10.0120.02
10.01 0.73160.009 0.620.1

10.231024

2456.0c 12 0.4460.01 56 26.0
16.0 2456.0 0.0 (01) E1 1.0 5.020.3

10.331024

2460.7c 42 ,0.04 .980 256.2 2204.6(31) 10.0720.12
10.12 0.04160.003 ,10.331024

502.6 1958.0(32) 12.520.5
10.6 0.07760.003 ,53

10.5820.11
10.15 0.07760.003 ,15

596.3 1864.3(31) 20.0220.06
10.01 0.38360.019 ,7.731024

728.6 1732.2(41) 20.0920.12
10.14 0.08360.003 ,0.931024

1176.9 1283.7(41) 20.0220.06
10.07 0.41560.008 ,1.131024

2580.3c 22 0.0660.01 610 290
1130 532.3 2048.0(21) 0.0720.18

10.27 0.04960.003 2.220.7
10.631024

622.3 1958.0(32) 11.220.6
11.3 0.04160.003 10.526.7

18.6

1370.7 1209.7(21) 10.0120.03
10.03 0.78160.003 2.120.4

10.431024

2021.9 558.5(21) 10.1220.06
10.07 0.12960.003 0.1120.02

10.0231024

aLifetime taken from Ref.@27#.
bProperties determined from theEn52.5-MeV data.
cProperties determined from theEn53.0-MeV data.
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observed for112Cd @5#. FastE2 transitions to the 31
2 level

have been observed from the 21
2 and 32

2 states, confirming
their quadrupole-octupole character. WhileE2 transition
rates are not available for the long-lived 41

2 and 51
2 levels,

both display significant branches to the 31
2 state. Figure 3

shows the comparison of the excitation energies of
quadrupole-octupole coupled states for different Cd isotop
The solid lines indicate the energies of the 21

^ 32 states.
Similar spin states in different isotopes are connected by
ted lines. The dashed lines are at the sum energy of the1

1

and 31
2 levels. The complete quintuplet has been sugges

for 108Cd @6# and 112Cd @5# isotopes; however, less is know
about these states in110Cd and116Cd. For 110Cd, a 52 state
was found to exhibit quadrupole-octupole character in
inelastic neutron scattering study of Corminboeufet al. @1#.
Later, the 12 state of the quintuplet was found@35#. A strong
E2 transition to the 31

2 state has led to an assignment of t
2340-keV 42 state in116Cd as a member of the quadrupol
octupole quintuplet@40#. The 12 state of the quintuplet wa
assigned@35# in a study of 116Cd by the NRF method. As
01432
e
s.

t-

d

e

expected, the excitation energies of these states decr
with increasing neutron number, indicating an increase
collectivity. In the following subsections, the potential
each candidate for the quadrupole-octupole quintuplet
114Cd is discussed in greater detail.

A. 1À state

The 2456-keV level has been suggested previously as
12 member of the 21 ^ 32 quintuplet@28,35#. The angular
distribution of the 2456-keV ground-state transition from th
level is consistent only with dipole behavior, making th
spin-1 assignment firm. Mheemeedet al. @13# reported a
very weak 1091.6-keV transition~branching ratio 0.015!
from this level to the 1364.3-keV level following therma
neutron capture. The branching ratio of thisE1 transition has
been measured as 0.005 in the present study. However
threshold for this transition has been found to be;3.0~1!
MeV in the excitation function measurement, indicating th
the 1091.6-keVg ray cannot come from the 2456-keV leve
Kohstallet al. @35# compared the dipole excitations of the C
isotopes from NRF studies and confirmed the system
4-3



D. BANDYOPADHYAY et al. PHYSICAL REVIEW C 68, 014324 ~2003!
FIG. 2. g-ray energies as a function of cosu for the indicated transitions. The lines are linear fits to the data from which theF(t) values
have been extracted.
i.
th

V.
re

lue

the
quadrupole-octupole origin of the 12 states in these nucle
Therefore, we have accepted the 2456-keV level as
lowest-spin member of the 21

1
^ 31

2 quintuplet.

B. 2À state

From the energy systematics of the 22 states belonging to
the 21

1
^ 31

2 quintuplet in the other Cd isotopes~Fig. 3!, the
01432
e
22 state in 114Cd is expected at an energy around 2.5 Me
Only one 22 state, at 2580.3 keV, is found in the literatu
@27#. A thermal neutron capture study@13# indicated a mixed
E2/M1 transition of 622.3 keV from this level to the 31

2

state. From our angular distribution data, we obtained a va
for d of 1.2, which gives aB(E2) of 10.4 W.u. Within un-
certainties, this value agrees well with the predictions of
d
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FIG. 3. Comparison of the excitation energies of the levels belonging to the 21
^ 32 quintuplet for different Cd isotopes. The dashe

lines are at sum ofE2
1
1 andE3

1
2.
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TABLE II. Comparison of the properties of the quadrupole-octupole coupled states suggested in114Cd
with the spd f IBM-1 calculation.

State Transition Expt. IBM-1

Eex B(E1) B(E2) Eex B(E1) B(E2)
~keV! ~W.u.! ~W.u.! ~keV! ~W.u.! ~W.u.!

31
2 31

2→21
1 1958.0 1.420.3

10.331024 1959 2.531024

31
2→22

1 2.520.5
10.531024 0.3731024

11
2 11

2→01
1 2456.0 5.020.3

10.331024 2453 1.231024

11
2→21

1 a 8.631024

11
2→31

2 a 60

21
2 21

2→31
2 2580.3 10.526.7

18.6 2671 14
21

2→21
1 0.1120.02

10.0231024 0.0231024

21
2→22

1 2.120.4
10.431024 1.231024

32
2 32

2→31
2 2384.8 1.321.3

19.5 2585 4
32

2→21
1 0.620.1

10.231024 0.531026

32
2→22

1 0.620.2
10.231024 2.331024

41
2 41

2→31
2 2460.7 ,53 2553 10

41
2→31

1 ,7.731024 0.531024

41
2→41

1 ,1.131024 0.831024

41
2→42

1 ,0.931024 0.131027

51
2 51

2→31
2 2298.9 ,116 2375 28

51
2→41

1 ,2.231024 531024

aTransition not observed.
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interacting boson model as shown in Table II and discus
later. Three additional transitions from this level are o
served. The very small values of the multipole mixing rat
for these transitions indicate their pure or nearly pure elec
dipole nature.

C. 3À state

According to a recent compilation@27#, 32 states exist at
2384.8 and 2387.3 keV. The level at 2387.3 keV is assig
on the basis of a 1828.8-keV transition to the first exci
state. This energy is close to the 1826.3-keV transition fr
the 2384.8-keV level to the first excited state observed in
thermal neutron capture experiment by Mheemeedet al. @13#
and in a neutron scattering experiment by reactor-produ
fast neutrons@36#. The 1826.3-keVg ray observed in our
spectra does not appear to be a doublet, thus supporting
observations of Refs.@13,36#. We have no evidence for a 32

level at 2387.3 keV. The 2384.8-keV level is hence cons
ered to be the 32 member of the 21

1
^ 31

2 multiplet. This
assignment is also supported by the systematic trend of l
energies shown in Fig. 3. Unfortunately, the 426.5-keVE2
transition from this level to the 31

2 level has two values ford
with more or less equalx-square fits, making a determinatio
of the B(E2) ambiguous. As shown later, interacting bos
model calculations agree well with theB(E2) value calcu-
lated with the lower value ofd. The 1175.1- and 1826.3-keV
01432
d
-
s
ic

d
d

e

d

the

-

el

transitions from this state to the 22
1 and 21

1 levels, respec-
tively, exhibit very small values ford, reflecting their ex-
pected electric dipole character.

D. 4À state

The 2460.7-keV level was assigned a spin of 32 or 42 in
the thermal neutron capture reaction study@13#. A previous
inelastic scattering measurement on114Cd with reactor fast
neutrons supported the 42 spin assignment@36# for this state.
A comparatively intenseE2 transition of 502.6 keV is ob-
served from this level to the 31

2 state, supporting the
quadrupole-octupole assignment. The energy of this sta
consistent with the energies of the 42 states in other Cd
isotopes~Fig. 3! and the identification of this state as the 42

member of the quadrupole-octupole quintuplet. From
thermal neutron capture study@13#, the 502.6-keV transition
from the 2460.7-keV level to the 31

2 state is reported to be o
E2/M1 character. We obtained two values ofd for this tran-
sition; however, the angular distribution gives a low
x-square fit for the higher value andB(E2),53 W.u. This
result is in good agreement with our expectations from
interacting boson model calculation shown in Table II. A
the other transitions from this level show the expectedE1
characteristics, as reported in the literature@27#. The 596.3-
keV transition was not resolved from the close-lying bac
4-5
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FIG. 4. Partial level scheme of quadrupol
octupole coupled states in114Cd.
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ground transition of 595.8 keV from the73Ge(n,g) and
74Ge(n,n8g) reactions. The effect of this background line o
the 596.3-keV transition is estimated from the excitati
function data as;5% at 3.0 MeV neutron energy and
included in the uncertainty of the branching ratio for th
transition.

E. 5À state

Two 52 states are reported in114Cd @27# in the energy
range of 2 to 3 MeV. The 2535.8-keV level was assign
tentatively as 52 in an (n,n8g) study with reactor fast neu
trons @36#. According to the recent compilation, only a tra
sition from this level to the 2298.9-keV level is reporte
@27#. We have observed a new transition of 1252.0 keV fr
this level to the 41

1 state. A 577.7-keV transition from thi
level to the 31

2 state is expected for this state to be a mem
of the 21

1
^ 31

2 quintuplet, but thisg ray would be very close
to the strong 576.1-keV transition from the 02

1 to the 21
1

state and is beyond the resolving power of the present m
surements. We have adopted the 2298.9-keV 52 level, which
was found to be the band head of a negative-parity band
heavy-ion reaction study@37#, as the 52 member of the mul-
tiplet. From our excitation function data, we have placed
unassigned 340.8-keV transition, which was previously
served following thermal neutron capture@13#, as a decay
from the 2298.9-keV level to the 31

2 level. Unfortunately, as
reported in Ref.@13#, this transition is weak and forms
doublet with the closely spaced 340.3-keVg ray from the
2204.5-keV level. This difficulty prevented us from obtai
ing a good value for the multipole mixing ratio and result
in only an upper limit ford in this case. However, the sys
tematics shown in Fig. 3, as well as the interacting bo
model calculations~Table II!, support the assignment of th
2298.9-keV level as the 52 member of the quadrupole
octupole quintuplet. An additional 1015.2-keV transitio
from this level to the 41

1 state exhibits the expected electr
dipole character.
01432
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a-

a

n
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n

F. IBM calculation

Since the low-lying positive-parity normal and intrud
states in114Cd have been studied extensively in the intera
ing boson model@16,18,21#, it is meaningful to have similar
calculations for the quadrupole-octupole coupled states.
have performed anspd f-IBM1 calculation using the code o
Kusnezov@38#; similar calculations may be found in Refs
@21,39#. According to this model, the normal and intrud
configurations are described in the U~5! and O~6! limits, re-
spectively. Thep and f bosons are coupled to normal an
intruder levels to describe the negative-parity states. The
tal Hamiltonian is

Hr
tot5Hr

sd1epnp1e fnf12krQsd
(2)
•Qp f

(2)12kr8Lsd
(1)
•Lp f

(1) ,
~2!

where r5n,i describe the normal and intruder configur
tions, respectively. The second and following terms give
contributions from thep and f bosons. The quadrupole op
eratorsQ(2) are defined as

Qsd5@s†3d̃1d†3s#2
A7

2
@d†3d̃#, ~3!

Qp f
(2)5

3A7

5
@p†3 f̃ 1 f †3 p̃# (2)2

9A3

10
@p†3 p̃# (2)

2
3A42

10
@ f †3 f̃ # (2), ~4!

whereas the angular momentum operatorsL (1) are given by

Lsd
(1)5A10@d†3d̃# (1) ~5!

and

Lp f
(1)5A2@p†3 p̃# (1)12A7@ f †3 f̃ # (1). ~6!
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The normal and intruder configurations were mixed with
mixing Hamiltonian of the form

Hmix5a@s†3s†1s3s# (0)1b@d†3d†1d̃3d̃# (0). ~7!

The parameters corresponding to the U~5! Hamiltonian were
obtained by fitting the low-lying phonon states. The para
eters for the intruder states were obtained in the O~6! limit as
reported by Lehmannet al. @21#. The parameters correspon
ing to thep and f parts of the Hamiltonian areep522.78,
e f522.021, kn520.018, andkn8520.02 ~all in MeV!
for the normal states and intruder configuration, exc
k i520.0234 MeV. These parameters were chosen to re
duce the energies of the 31

2 and 11
2 levels and are consisten

with the parameter set used for112Cd @5#. Results from this
calculation are shown in Table II. Good agreement with
experimental energy values for the 31

2 and 11
2 states is

achieved, as expected, since the parameters are tune
match these levels. Except for the 32

2 state, the deviations
from the experimental energies of the quadrupole-octup
coupled states are less than 100 keV.E2 andE1 transition
rates are computed with operators of the form

T̂(2)~E2!5e2~@s†3d̃1d†3s#1ẍ1@d†d̃#1Q̂p f
(2)!, ~8!

T̂(1)~E1!5e1~@p†3d̃1d†3 p̃#1x1@s†3 p̃1p†3s#

1x18@d†3 f̃ 1 f †3d̃# ! ~9!

for both the normal and intruder configurations. The finalE2
strengths are found as

T̂Total
(2) ~E2!5T̂Normal

(2) ~E2!1e relT̂Intruder
(2) ~E2!, ~10!

where,e rel50.86, as noted in Ref.@21#. Lehmann and Jolie
@21# calculated theE2 transition strength between the low
lying states and obtained a consistent set of parameters
wide range of Cd isotopes. We have used their parame
J.

, V

rt

T.
ys

n

ng

-

01432
-

t
o-

e

to

le

r a
rs.

Unfortunately, they did not provide results forE1 transitions.
For theE1 transitions, we have used the same parameter
for similar calculations for112Cd @5,39#. The e rel parameter
through which the contribution of intruder configuration
weighted with respect to the normal configuration befo
summing is 1.0 in this case. The results are shown in Ta
II. Good agreement is observed for theE2 andE1 transition
rates, except for the 32

2→21
1 E1 transition. This result dif-

fers from 112Cd @5#, in which little agreement with calculate
E1 transition rates was found. No transitions have been
served from the 11

2 state to the 21
1 and 31

2 states, as expecte
from the calculation.

IV. SUMMARY AND CONCLUSIONS

Low-lying levels of 114Cd have been studied through th
inelastic scattering of fast neutrons to identify negativ
parity states resulting from quadrupole-octupole coupli
Five negative-parity states in the energy range of 2 to 3 M
are suggested as the complete 21

1
^ 31

2 quintuplet. The full
set of five coupled states, and those to which they decay,
presented in Fig. 4.E2 transitions from 22, 32, 42, and 52

levels to the 31
2 state indicate the quadrupole-octupole natu

of these states. Transitions from the 12 level to the 21
1 and

31
2 levels were not observed; however, this level has b

assigned as the lowest-spin member of the multiplet on
basis of the systematic behavior of 12 states in other Cd
isotopes. The level energies and the transition strengths c
be explained well byspd f IBM-1 calculation.
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