PHYSICAL REVIEW C 68, 014324 (2003

Quadrupole-octupole coupled states int'“Cd
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The properties of negative-parity states'#iCd have been studied with tha,f’ ) reaction.y-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
spdfinteracting boson model.
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I. INTRODUCTION ration or multiphonon quadrupole excitations. Very recently,
the one-phonon mixed-symmetry state was also identified in
Multiphonon excitations in vibrational nuclei have long this nucleug24].
been of interest; however, most studies have concentrated on Complete quadrupole-octupole coupled quintuplets have
the isoscalar quadrupole phonon excitations, as these stategen suggested ift“Cd and '%Cd [5,6], although only in
are much easier to excite and ident[fy,2]. The states of the former case are transition rate data available. The=s
interest in this work, a quintuplet of levels arising from the keV) and 3, (1958 keV} states are well established as the
coupling of quadrupole and octupole modes, have been otpne-phonon quadrupole and octupole states ‘Cd
served in only a few vibrational nuclg8—10]. [16,25,28, and several low-lying negative-parity states have
Coupling of the one-phonon quadrupole and octupole osbeen reported27]. Geigeret al. explored the low-lying di-
cillations (2 ®3;) produces five negative-parity states, POl€ excitations in thel_lﬁllbd isotopes and indicated the
which should lie around the energy given by the sum of thet 1€Vel at 2456 keV in ‘Cd as the lowest-spin 293~
single-phonon energid€(2;) +E(37)]. A simple charac- state[28]; however, the complete quadrupole-octupole quin-

teristic depopulation pattern from this quintuplet to the tuplet in this nucleus has yet to be identified. Therefore, we

single-phonon states is expected. Transitions to the on(%lave examined the low-lying, negative-parity statesficd

phonon octupole state {3 arise from the destruction of a or evidence of quadrupole-octupole character.
guadrupole phonon and, hence, the associatedtrength is
expected to be comparable to that of the-20; transition.

Similarly, transitions from these states to the one-phonon | gy-lying states of *4Cd have been studied with the
quadrupole state (2 involve the destruction of an octupole (n,n’y) reaction at the University of Kentucky 7 MV accel-
phonon, and the associate® transition strength should be erator facility. Nearly monoenergetic neutrons produced
similar to the B(E3) strength of the 3—0; transition.  from the 3H(p,n)3He reaction were scattered from 47.8 g of
However, sinceEl transitions are much faster, theB®  98.55% enriched!4Cd metal. They rays emitted in this
transitions are rarely observed. Frequently, therhiember reaction were recorded with a Compton-suppressed HPGe
of this quintuplet has been assigned based on its systematiletector with a relative efficiency of 55%. An annular
behavior in chains of isotopes; i.e., its excitation energy andismuth-germanatéBGO) shield was used for Compton
B(E1) values[11]. These properties alone do not assure thesuppression. The HPGe and BGO detectors were at a dis-
two-phonon character of this state. In some cases the 1ltance of 115 cm from the scattering sample and were further
state is assigned as a member of the quintuplet because it lighielded by boron-loaded polyethylene, copper, and tungsten.
close to another member of the quintuplet and follows aTime-of-flight gating was implemented to suppress back-
systematic behavidr3—6]. The systematics of 1 states in  ground radiation and to improve the quality of the spectra.
many even-even spherical nuclei have been investigated ifhe neutron flux was monitored by a BRproportional
Ref.[12]. counter and a fast liquid scintillatqiNE218. Energy and
In the present work, the low-lying negative-parity statesefficiency calibrations of the HPGe detector were performed
in 14Cd have been examined. For some timé&iCd has with a **Ra radioactive source. Additional descriptions of
been a subject of interest because of its coexisting intrudehe experimental setup may be found elsewh&gg30.
structure, along with its quadrupole vibrational behavior +-ray yields were obtained at neutron energigs)(from
[13—23. The low-lying positive-parity states below 2 MeV 1.9 to 3.8 MeV in 0.1-MeV steps. Figure 1 shows a typical
are well explained as members of either an intruder configuspectrum of they rays obtained at an angle of 90° with
3.0-MeV neutrons. In the angular distribution measurements
with E,=2.5 and 3.0 MeV, spectra were recorded at 11 dif-
*Present address: Institut rfiKernphysik, Universitazu Kaln, ferent angles from 40° to 150°. In these angular distribution
Zulpicher Strasse 77, D-50937 Ko Germany. measurements, the energy calibration of the HPGe detector

II. EXPERIMENTS
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FIG. 1. y-ray spectrum obtained in thE“Cd(n,n’ ) reaction at a neutron energy of 3.0 MeV and at a detection angle of 90°. Peaks
labeled with energies in keV are froft‘Cd.

was continuously monitored with the 661.6-, 1368.6-, andvalues ofF(7) are statistical values. An additional 10% due
2754.0-keVy rays from *3'Cs and?*Na radioactive sources. to the uncertainty in the stopping power is considered in the
The angular distributions of thgrays were fitted to even- value of 7. The lifetime of the I level was previously mea-
order Legendre polynomial expansions and compared to thesured with they-ray induced Doppler-broadenin@sRID)
oretical predictions calculated with the codeipy [31] for  techniqueg16] as being in the range from 10 to 200 fs and by
the spin assignments to the levels. Parity assignments for th@gh-resolution nuclear resonance fluoresce(NBF) [28]
levels were adopted from the recent evaluatj@@]. The as 66:6 fs. Our result,7=56+6 fs, is in good agreement
multipole mixing ratios of the potential candidates for with both of those measurements. Cast¢ml. [16] also re-
quadrupole-octupole states are summarized in Table I. ported the lifetime of the 3 level, measured with the GRID
Lifetimes of many excited states have been extracted fronfechnique, as from 330 to 880 fs. Our more precise result,
the angular distribution data by considering the Doppler;=g860'33S fs, also agrees well with their measurement. The
shifts of they rays as a function of angle. The energy cen-jifetimes of the 5 and 4~ states were too long to be deter-
troid of the y-ray peak,E,(6), at an emission anglérela-  mined by the Doppler shift attenuation method following
tive to the incident neutrons can be described3# inelastic neutron scattering; hence, we have obtained only
lower limits for the lifetimes of these levels. To the best of
our knowledge, the lifetimes for 2384.8- and 2580.3-keV

v
E(0)=Eo| 1+F(7) C(,;m'COSG : (1) levels were previously unknown and are reported here for the
first time.
whereE, is the unshiftedy-ray energyfF(7) is the Doppler- IIl. DISCUSSION
shift attenuation facton . ,, is the velocity of the recoiling _ _ _ -
nucleus in the center-of-mass frame, anis the speed of Ideally, in the case of harmonic coupling, thg @3;

light. The observed energies gfrays from the 3 level and  coupled states are expected near the sum enEX@/)

from selected candidates fof & 3] states are shown in Fig. +E(3;)=2516.5 keV. Therefore, we have examined all
2 as a function of emission angle. The lines indicate thenegative-parity levels in the 2 to 3 MeV range to identify
linear least squares fits to the experimental data from whiclsandidates for the 293~ quintuplet in *4Cd. TheB(E2)

the F(7) values have been determined. Lifetimes can be obef the transition from the 2 state to the ground state is
tained by a comparison of the experimerfdlr) values of  known to be 31.%1.9 W.u.[27], sOE2 transitions of similar
Fig. 2 with those calculated following the Winterbon formal- strength should be anticipated from states of the quadrupole-
ism[33,34]. The level lifetimes obtained for the;3level, as  octupole quintuplet to the 3 state. Table I gives the proper-
well as for possible quadrupole-octupole coupled states, arges of the strongest candidates for members of this quintu-
summarized in Table I. The uncertainties provided for theplet. The picture that emerges appears quite similar to that
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TABLE I. Properties of low-lying negative-parity states ¥Cd. Uncertainties in the energies ar®.1 keV.

Eie Jr F(7) T E, E¢(J7) 5 B.R. B(E1) B(E2)
(keV) (fs) (keV) (keV) (W.u.) (W.u)
558.52 2+ 14700900 558.5 0.0(0) 1.0 1.0 31.1#+1.9

1958.0° 3 0.05-0.01 860 %5 7484  1209.7(2) —0.01'3% 0.213-0.003 2.532x10°*
1399.7  558.5(2)  +0.07° 305 0.787-0.003  1.4°33x10°4

2298.9° 5 0.00£0.02  >1500 340.8  1958.0(3 <7.9 0.038-0.005 <116
1015.2  1283.7(4) —0.01'35; 0.962£0.005  <2.2x10°*

2384.8° 3~ 0.05-0.01  800"2% 4265 1958.0(3)  +1.2'33  0.072:0.002 92+41
+0.09°51  0.072£0.002 1.3°93

1175.1  1209.7(2) 00191  0.197-0.009 0.6°52x10°*

1826.3  558.5(2)  +0.0135; 0.731x0.009  0.6"32x10°*

2456.0° 1°  0.44+0.01 56 *29 2456.0 0.0 (0) E1 1.0 5.0°93x 10
2460.7° 4 <0.04 >980 256.2  2204.6(3) +0.07'075 0.041+0.003  <10.3x10*
502.6  1958.0(3) +25%¢  0.077£0.003 <53
+0.5851F 0.077£0.003 <15

596.3  1864.3(3) -—0.02°3% 0.383:0.019  <7.7x10°*
728.6  1732.2(4) —0.09'31; 0.0830.003  <0.9x10*
1176.9  1283.7(4) —0.02°3%( 0.415-0.008  <1.1x10*

2580.3° 27 0.06:0.01 61073 5323 2048.0(2) 0.07° 93  0.049:0.003 2.2°3%x10°4
622.3  1958.0(3)  +1.2"3%  0.041x0.003 10.5°3%
1370.7  1209.7(2)  +0.017393 0.781x0.003  2.1°39x10°4
2021.9  558.5(2)  +0.12°99¢ 0.129-0.003 0.11°955x10*

3 ifetime taken from Ref[27].
bProperties determined from tfi&,=2.5-MeV data.
‘Properties determined from thg,=3.0-MeV data.

observed for''2Cd [5]. FastE2 transitions to the 3 level ~ expected, the excitation energies of these states decrease
have been observed from thg &nd 3, states, confirming with in_c_reasing neutron .number, indicating an incre_ase in
their quadrupole-octupole character. Whilg2 transition coIIect|V|ty._In the following subsections, the po;ennal of_
rates are not available for the long-lived 4nd 5 levels, each candidate for the quadrupole-octupole quintuplet in

11 e di ; ;
both display significant branches to the 3tate. Figure 3 ‘Cd is discussed in greater detail
shows the comparison of the excitation energies of the A 1- state
guadrupole-octupole coupled states for different Cd isotopes. )
The solid lines indicate the energies of thé 23~ states. The 2456-keV level has been suggested previously as the

Similar spin states in different isotopes are connected by do%f mbember ?fhthezfcgi*\(/quintuptljet[28,3ﬂ. The arflgularh_
ted lines. The dashed lines are at the sum energy of the 2 Istribution of the 2456-keV ground-state transition from this

. level is consistent only with dipole behavior, making the
and 3, levels. The complete quintuplet has been suggeste bin-1 assignment firm. Mheemeed al. [13] reported a

for 1%%Cd([6] and m.Cd (5] 'SOt‘l)feS; how?\l/er, less is known \ery \weak 1091.6-keV transitiobranching ratio 0.015
about these states H°Cd and™*®Cd. For*'%Cd, a 5" state  from this level to the 1364.3-keV level following thermal
was found to exhibit quadrupole-octupole character in theeytron capture. The branching ratio of t&i% transition has
inelastic neutron scattering study of Corminboetial. [1].  been measured as 0.005 in the present study. However, the
Later, the T state of the quintuplet was foui@5]. Astrong  threshold for this transition has been found to 68.0(1)

E2 transition to the 3 state has led to an assignment of theMeV in the excitation function measurement, indicating that
2340-keV 4 state in'1%Cd as a member of the quadrupole- the 1091.6-keVy ray cannot come from the 2456-keV level.
octupole quintuplef40]. The 1" state of the quintuplet was Kohstallet al.[35] compared the dipole excitations of the Cd
assigned35] in a study of 1*Cd by the NRF method. As isotopes from NRF studies and confirmed the systematic
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FIG. 2. y-ray energies as a function of cégor the indicated transitions. The lines are linear fits to the data from which ¢hevalues
have been extracted.

quadrupole-octupole origin of the 1states in these nuclei. 2~ state in!'4Cd is expected at an energy around 2.5 MeV.
Therefore, we have accepted the 2456-keV level as thgyny one 2 state, at 2580.3 keV, is found in the literature

lowest-spin member of the;203; quintuplet. [27]. A thermal neutron capture study3] indicated a mixed
~ E2/M1 transition of 622.3 keV from this level to the; 3
B. 2" state state. From our angular distribution data, we obtained a value

From the energy systematics of the &tates belonging to for 6 of 1.2, which gives é8(E2) of 10.4 W.u. Within un-
the 27 ®3; quintuplet in the other Cd isotopéBig. 3), the  certainties, this value agrees well with the predictions of the
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FIG. 3. Comparison of the excitation energies of the levels belonging to tl&32 quintuplet for different Cd isotopes. The dashed
lines are at sum 0E21+ and E3I'
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TABLE IIl. Comparison of the properties of the quadrupole-octupole coupled states suggesté@dn
with the spdf 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.)
3; 3;—2] 1958.0  1.4°33x10°4 1959 251074
3,25 2.593x10°4 0.37x10°*
1; 1, —-0; 2456.0  5.0°33x10°* 2453 1.2¢10°*
1;—272 8.6x1074
1, —»3; @ 60
27 2, —3; 2580.3 10585 2671 14
2, —2; 0.11"392x10°* 0.02<10°4
2, —25 2.1°99x10°4 1.2x10°4
3, 3,31 2384.8 1.3°33 2585 4
3, 2] 0.6"34x107* 0.5x10°°
3,25 0.6"33x10°* 2.3x10°*
47 47 37 2460.7 <53 2553 10
47 —3] <7.7x1074 0.5x10°4
4, 47 <1.1x10°4 0.8x10°*
47 —45 <0.9x1074 0.1x10°7
5, 5, —3; 2298.9 <116 2375 28
5, —4; <2.2x1074 5x10°4

&Transition not observed.

interacting boson model as shown in Table Il and discussettansitions from this state to the;2and 2/ levels, respec-
later. Three additional transitions from this level are ob-tively, exhibit very small values fo®, reflecting their ex-
served. The very small values of the multipole mixing ratiospected electric dipole character.

for these transitions indicate their pure or nearly pure electric

dipole nature. D. 4~ state

C. 3~ state The 2460.7-keV level was assigned a spin of& 4~ in
the thermal neutron capture reaction stiid@]. A previous

23?2%0;(2392;%? ;elfs\r}t _‘Fﬁg‘ﬂ?{::i’fg?,g; ;tsé‘i/si:)gi%tn?i{uelastic scattering measurement biCd with reactor fast
on the basis of a 1828.8-keV transition to the first excite eutrons supported the 4pin assignmerjG6] for this state.

state. This energy is close to the 1826.3-keV transition fromA comparatively intensé&2 transition of 502.6 keV'is ob-

the 2384.8-keV level to the first excited state observed in th§€Ved from this level to the ;3 state, supporting the
thermal neutron capture experiment by Mheemeseal.[13] quad_rupole-o_ctupole aSS|g_nment. T@e energy of this state is
and in a neutron scattering experiment by reactor-producegonsistent with the energies of the 4tates in other Cd
fast neutrong36]. The 1826.3-keVy ray observed in our isotopes(Fig. 3) and the identification of this state as the 4
spectra does not appear to be a doublet, thus supporting tfigember of the quadrupole-octupole quintuplet. From the
observations of Ref$13,36. We have no evidence for a3  thermal neutron capture study3], the 502.6-keV transition
level at 2387.3 keV. The 2384.8-keV level is hence considfrom the 2460.7-keV level to the;3state is reported to be of
ered to be the 3 member of the 2®3; multiplet. This E2/M1 character. We obtained two values®for this tran-
assignment is also supported by the systematic trend of levesition; however, the angular distribution gives a lower
energies shown in Fig. 3. Unfortunately, the 426.5-ke¥  y-square fit for the higher value a®B({E2)<53 W.u. This
transition from this level to the 3level has two values fof ~ result is in good agreement with our expectations from the
with more or less equal-square fits, making a determination interacting boson model calculation shown in Table II. All
of the B(E2) ambiguous. As shown later, interacting bosonthe other transitions from this level show the expedsd
model calculations agree well with tH&E2) value calcu- characteristics, as reported in the literat[@&]. The 596.3-
lated with the lower value of. The 1175.1- and 1826.3-keV keV transition was not resolved from the close-lying back-

014324-5



D. BANDYOPADHYAY et al. PHYSICAL REVIEW C 68, 014324 (2003

2N, 2580.2
2 2\ I8y Qoo S o /2460.7

2y oo & el /_
‘11 N\ VEE—§ ——§ 5o g /L 2456C
3 — S f — —— 2384¢
5 / 2298.¢
3~ Y Y Y Y  _—1958(
3t — —— 1864.

_ FIG. 4. Partial level scheme of quadrupole-
+
4, Y Y 1283'_’ octupole coupled states HCd.
2 —— 1209.7
2" Y Y 558.5
ot ) 0.0
114Cd

ground transition of 595.8 keV from thé&Ge(n,y) and F. IBM calculation

“Ge(n,n’ y) reactions. The effect of this background line on  Since the low-lying positive-parity normal and intruder
the 596.3-keV transition is estimated from the eXCitationstates in114cd have been studied extensive|y in the interact-
function data as~5% at 3.0 MeV neutron energy and is ing boson model16,18,21, it is meaningful to have similar
included in the uncertainty of the branching ratio for this cajculations for the quadrupole-octupole coupled states. We
transition. have performed aapdfIBM1 calculation using the code of
Kusnezov[38]; similar calculations may be found in Refs.
E. 5 state [21,39. According to this model, the normal and intruder
Two 5~ states are reported it4Cd [27] in the energy configurations are described in thé3yand Q6) limits, re-

range of 2 to 3 MeV. The 2535.8-keV level was assignecSPectively. Thep and f bosons are coupled to normal and
tentatively as 5 in an (n,n’y) study with reactor fast neu- intruder levels to describe the negative-parity states. The to-

trons[36]. According to the recent compilation, only a tran- &l Hamiltonian is

sition from this level to the 2298.9-keV level is reported tot_ yysd 2) AQ) ry (1) g (1)
=H3%+ + + . + .

[27]. We have observed a new transition of 1252.0 keV from Hy = H et e+ 26,Q4 - Qpr +2xLsd - L 2

this level to the 4 state. A 577.7-keV transition from this

level to the 3 state is expected for this state to be a membewhere p=n,i describe the normal and intruder configura-

of the 2] ®3; quintuplet, but thisy ray would be very close tions, respectively. The second and following terms give the

to the strong 576.1-keV transition from the Qo the 2 contributions from thep and f bosons. The quadrupole op-

state and is beyond the resolving power of the present mearatorsQ? are defined as

surements. We have adopted the 2298.9-keViével, which

was found to be the band head of a negative-parity band in a ot V7 fom

heavy-ion reaction studyd7], as the 5 member of the mul- Qsg=[s'xd+d xs]——-[d"xd], ©)
tiplet. From our excitation function data, we have placed an

unassigned 340.8-keV transition, which was previously ob- 37 93

served following thermal neutron captuie3], as a decay QWY =—4-[p"XT+"xp]@— ——[p'xp]@

from the 2298.9-keV level to the;3level. Unfortunately, as 5 10

reported in Ref[13], this transition is weak and forms a 3\/4—2 5

doublet with the closely spaced 340.3-keVray from the - T[f*xf](z), (4)

2204.5-keV level. This difficulty prevented us from obtain-
ing a good value for the multipole mixing ratio and resulted
in only an upper limit foré in this case. However, the sys-

tematics shown in Fig. 3, as well as the interacting boson ) o)

model calculationgTable 1), support the assignment of the L{Y= V1 d"xd] ®
2298.9-keV level as the 5 member of the quadrupole-

octupole quintuplet. An additional 1015.2-keV transition @nd

from this level to the {( state exhibits the expected electric L ~ v
dipole character. LG =2l pTx P+ 27 T xF1W. (6)

whereas the angular momentum operatdfs are given by
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The normal and intruder configurations were mixed with aUnfortunately, they did not provide results flad transitions.
mixing Hamiltonian of the form For theE1 transitions, we have used the same parameters as
o for similar calculations for'!aCd [5,39]. The €., parameter
Humix= a[s'xXs"+sxs]@+ gld"xd"+dxd]®. (7)  through which the contribution of intruder configuration is
, o weighted with respect to the normal configuration before
The parameters corresponding to théslHamiltonian were g mming is 1.0 in this case. The results are shown in Table

obtained by fitting the low-lying phonon states. The paramy; 'Good agreement is observed for & andE1 transition
eters for the intruder states were obtained in tl@) Gmit as rates, except for th653—>2;_— E1 transition. This result dif-
reported by Lehmanet al.[21]. The parameters correspond- ¢« ¢rom 112c4 [5], in which little agreement with calculated

ing to thep andf parts of the Hamiltonian are,=—2.78, E1 transition rates was found. No transitions have been ob-

€= —2.021, k,=—0.018, andx,=-0.02 (@ll in MeV) o4 from the { state to the 2 and 3, states, as expected
for the normal states and intruder configuration, excephom the calculation

k;=—0.0234 MeV. These parameters were chosen to repro-

duce the energies of thg 3and 1; levels and are consistent

with the parameter set used f&t°Cd [5]. Results from this IV. SUMMARY AND CONCLUSIONS

calculation are shown in Table Il. Good agreement with the Low-lying levels of 1%4Cd have been studied through the

experimental energy values for the 3and 1 states is jnelastic scattering of fast neutrons to identify negative-

achieved, as expected, since the parameters are tuned @ity states resulting from quadrupole-octupole coupling.

match these levels. Except for thg 3tate, the deviations Five negative-parity states in the energy range of 2 to 3 MeV

from the experimental energies of the quadrupole-octupolgre suggested as the completes23; quintuplet. The full

coupled states are less than 100 kBZ andE1 transition  set of five coupled states, and those to which they decay, are

rates are computed with operators of the form presented in Fig. £2 transitions from 2, 37, 4, and 5

) 8 levels to the 3 state indicate the quadrupole-octupole nature

pr): (8 of these states. Transitions from the fevel to the 2 and

- ~ ~ ~ 3, levels were not observed; however, this level has been

€5 = T t f t 1] o j .

TH(EL) =el([p'Xd+d'Xp]+xs[s'Xp+p'Xs] assigned as the lowest-spin member of the multiplet on the

o Td T4 T 9 _baS|s of the systematic _behawor of ]sta_tgs in other Cd
xal ) © isotopes. The level energies and the transition strengths could
for both the normal and intruder configurations. The figal ~ be explained well byspdf IBM-1 calculation.
strengths are found as

TOE2)=e2([sTxd+dTxs]+ x,[dTd]+ O
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