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Evidence for the complete quadrupole-octupole coupled multiplet in'%Cd
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The study of the coupling of various collective excitations is of great interest in nuclear structure physics.
The crucial question is to what extent the fundamental building blocks of collective excitations can be com-
bined. A particularly interesting problem is the coupling of the lowest quadrupole and octupole modes in
nuclei. We report on first evidence for the complete quadrupole-octupole coupled quintuplet of negative parity
(2; ®37)0 ) with J=1, 2, 3, 4, 5 in'%Cd, the fourth full multiplet ever proposed. Excited states $€d
were populated ir@ decay and with a nonselectiver(n) fusion-evaporation reaction. The analysisof
angular correlations served to assign spin values to excited states and to determine multipole mixing ratios of
transitions. This powerful combination of experiments and methods resulted in a huge amount of new data
allowing us to present a detailed discussion of the quadrupole-octupole coupled multiflé€dnbased on
excitation energies, branching ratios, and multipole mixing ratios and also present a comparison with the well
studied neighbot'?Cd. The energy splitting within the multiplet is calculated in the vibrational limit ofstiie
interacting boson model using a simple Hamiltonian, which results in an analytical single-parameter descrip-
tion for the energies.
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[. INTRODUCTION the 1 member of this quintuplet. The reason is that these
states are easily accessible to the nuclear resonance fluores-
Multiphonon excitations in even-even nuclei have beencence(NRF) technique[15]. Extensive data sets using NRF
investigated extensively during the last decade. Most knowlwere accumulated by the StuttgartiKocollaboration and
edge exists on the coupling of isoscal@phonong1,2] that ~ the Darmstadt group. For a detailed review see Réf516
Successfu”y serves to describe low |y|ng collective State@ﬂd references within. The identification of the tate with
with positive parity in theA~130 region of triaxial defor- the dipole member of the ¢223;)( multiplet was based
mation, e.g., Refd.1,3,4, as well as in the more vibrational essentially on the excitation energy lying close to the sum
Cd-isotopeg5-7]. In the latter case it was necessary to dis-€nergy of the first 2 and 3° states. A more reliable proof
entangle the observed intruder structures from the mulwas achieved in**Nd, **Nd, and **Sm[17], where the
tiphonon excitations. This was achieved in the work of Leh-B(E2;1”—3) values were measured and found to be com-
mann and co-workers by the use of an extended version garable in strength to the correspondiBgE2;2; —0;).
the interacting boson modéB] Recently a new class of But these eXperimentS were rather difficult due to the heaVin
phonon excitations also became the object of great interestuppressed branching ratio of the +3,  transition. Thus
mixed-symmetry state$9], resulting from the isovector the assignment of the two-phonon character of theekci-
quadrupole excitation in the valence shell and its couplindation is nearly exclusively done from the argument of exci-
with the isoscalar quadrupole degree of freedom. The modg@tion energy. This is not really satisfying in view of the
prominent members are the fundamental one-phongn 2 importance of this collective mode. The alternative approach
state, e.g., Refg4,10-14, and the two-phonon /. “scis- is t'?hfmd thef:JI! T;]ultlplet Algfun thlls{'lsi zi d|ﬁ|ﬁ3lt;ask, o.nly ]
] : i in three nuclei the complete multiplet could be assigned:
;ozri (ml)ode 13,14 with two-phonon - structure. @ 142ce[18], *4sa[19], and *2Cd [20]. We believe that such
ms . A strictly harmonic picture for the coupling of

) . o ata is, however, crucial for the understanding of these fun-
identical or similar phonons has to break down on account o ; . o

S S . . . —damental two-phonon states. One aim of our investigations
the Pauli principle restraining the underlying single-particle

configurations. was to establish data on the quadrupole-octupole coupled

; i~ 10
Together with the quadrupole oscillations the octupole de_mulnplet in 1°%Cd.

gree of freedom emerges as necessary to describe the Ob6 Fz;ft:‘ioen)](g% r{';tr.]::tgfl t'nveit'g:é't?gsgjs.ccdmvé?hgzgdEa_
served low lying collective states with negative parity. In POwertu inatl WOy-Sp P! . =X

. . 10
many spectra of even-even nuclei the octupole vibration 3 cited states were populated following tjedecay of ' *In

i 0. ; =) 10
is the lowest excited state with negative parity. The topic ofand also in the fusion-evaporation reactifiPd(a,n) **Cd.

our publication is the lowest quadrupole-octupole coupled-rll—onoulr kg\cl)wle(:]ger th":‘i V:]ar? tr:ethﬂr% e)l(prililjnt])e?:i ursflnrgﬂ:he
two-phonon multiplet of negative parity {23;)Y, J onselective ¢,n) reaction near the Coulo arnertorthe

10
=1,2,3,4,5. Experimental information is mostly confined tostUdy of **Cd.
II. EXPERIMENTS

*Present address: NSCL, Michigan State University, Previous knowledge ot’%Cd was gained from the appli-
East Lansing, MI 48824. cation of B8-decay techniquef21,22, investigations using a
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(p,2n) reaction[23] and heavy ion induced high spin mea- 3400 ' ; ' T (19520633 00eV

surementg24]. Our experiments were performed at the 300 | tncneiiny i Suprdin reo
TANDEM accelerator facility of the University of Cologne.

In the first measurement excited states '8fCd were 3200
populated in the fusion-evaporation reactidf*Pd(a,n) 3100 |

108Cd at 13.75-MeV beam energy. Thespectra were ob-
served by means of thesiris cube spectrometer, which was S %
equipped with six anti-Compton high purity germanium de- 00 | Mo ]
tectors(30—-60% relative efficiengypositioned at the faces
of the cubic target chamber. Three unshielded detectors &
corners of the cube offered important additional angles for, 20 |
the yy angular correlation analysis. ' . . . .
The osIrRIScube spectrometer with its special geometry is T  (6640.1513.0keV ——
an excellent tool for the analysis of angular correlations of oo [+ B2 puescibeyd {y{d Canii i 1
radiation emitted from oriented states. Polar coordinates with 1050 |
the beam serving asaxis are used to describe the angular 1000
correlations:#; and 6, are the polar angles of the two de- 050
tected y rays, ®=®,—d, denotes the difference in azi-

3000 -

2800 -

~ Intens

. . . 900 -
muthal angles. For our setup one obtains eight different com-
. . = . . 850
binations Q;=(0,,0,,d), eight correlation groups,
respectively. We briefly discuss the determination of spins ~ ** [
and multipole mixing ratios by angular correlations from ori- B0
ented states. Consider the coincidence of two succegsive 700 |
transitions, connecting three levels with spips|, andl;: 650 s
1 2 3 4 5 6 7 8
y y Group No.
1 2
li—1—1¢. FIG. 1. Examples of the spin determination usipg angular

correlations of oriented states. Given are the correlation patterns of

The fusion-evaporation reaction orients the spin of the initiafhe 2555 keV—2; —0;y and the 2810 keV—3; —2; coinci-
level, I;, with respect to the beam axis. This orientation Candence cascades. We compare the efficiency corrected coincidence

be described by a Gaussian distribution of the magnetic SuBr_nensities determined for the eight correlation groups with the cal-
states with mean valuém)=0 and variances2 [25]. In culated results for possible spin hypotheses. In the first @appa

order to determine an unknown sginor the multipole mix- spin of 3 could be assigned. For the state at 2810 (mitom spin
I

. fi d the eiaht effici ted .assumption 4 showed a reasonably good agreement. In both cases
INg ratio we compare € eight efliciency corrected experiy, respective competing spin hypotheses widely disagree within

mental correlation intensitie\A/{axp(El,Ez;ﬁj) with theoret-  the errors.
ical valuesWipedl; ,51,I,§2,If,zr;ﬁj). In Fig. 1 examples

for the spin determination are displayed. The cubic geometry provided detector pair combinations
Our calculations follow the conventions of Krane, Steffen,yith relative angles of 90° and 180°. The unshielded detec-
and Wheeler[26]. All formulas and expressions used areors at the four corners of the cube contributed important
given in this reference. FakJ=0,1 and same parity for the aqdjtional angles of 54.7° and 70.5°. For this setup the prac-
inital and final state electric quadrupol&Z) and magnetic  tical procedure of a typicayy angular correlation analysis
dipole radiation ¥1) compete. The square of the multipole following the 8 decay is described in detail in R¢27] and
mixing ratio equalss®=1,(E2)/1,(M1) and in the decay again follows the theory and sign conventions of Ref].
pattern of nuclei usually a broad spectrum of values&®  The technique proved its special usefulness already in the

observed. In the important case of parity changing decaygnalyses of the nuclet®*Ce [3] and 13‘Ce [28] also popu-
with AJ=0,1 one finds for the square of the mixing ratio: |ated in 8 decay.

52=IY(M2)/|7(E1)=0 due to the dominance d1 over

M2 radiation.
The previously described setup together with an addi- . THE (27®37) MULTIPLET
tional unshielded detector at the fourth corner of the cube _ o
served to study excited states ¥fCd following the3 decay In this publication we propose the complete quadrupole-

of the 7" ground state and a*2low spin isomer in%8n. octupole coupled (R®3;) quintuplet of negative parity in
The radioactive'®n was produced in the reactioficd ~ '°°Cd. The energies of the;2and 3 states are 633 keV and
(p,n) *%In at a beam energy of 13.5 MeV. We applied a2202 keV, respectively. In a naive harmonic coupling scheme
cyclic procedure of activation with the beam on target for 1 sone would expect the multiplet at the sum energy2;’)
followed by 1 s of measuringyy coincidences ang-singles  +E(3;)=2835 keV. In the following we briefly discuss
off-beam. This technique resulted in very clean spectra witlthe candidates for thé=1", 27, 37, 47, 5~ excitations.
low background. For the 5 state fragmentation has to be considered.
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TABLE |. Experimental results for the proposed quadrupole-
octupole coupled multiplet if°Cd. We give spin, transition energy
E, . spin of the final state, multipole mixing rati# and branching
ratios. All branching ratios were determined using a coincidence
spectrum obtained by gating on a feeding transition. With this

method we were able to fit all relevant peak areas of a decay patter -

in one spectrum with only one underlying coincidence condition

(see also Fig. 2 Transitions observed for the first time are marked

by underlinecE,,. The results for the decay branches are compared
to 11%Cd [20]. The decay pattern for both isotopes is very similar,

deviations occur for the 2) state and for the 5 fragments(see
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gate on 735 keV|

1922 keV

text). In the lower part of the table all states below 3 MeV with 1610 1700 1800 1300 2000
unclear parity assignments are listed. Both states were populated i Energy (keV)
B decay supporting the assumption of positive parity but the final TR
exclusion of negative parity failed. The pairing gap is of the order 735 keV %; 953 keV
of 2.3 MeV, so the level density increases strongly above this en- 35 0
ergy. But looking at the Nilsson scheme one notes that the negative & 2 969 keV
parity states will lie considerably higher because they have to in- &
volve thehy,,, orbit. From the Nilsson scheme we estimate their &
energy to be around 3 MeV. é’v"
969 keV
E Jr E, JF 5 loscg e AL
(keV) (h) (keV) (h) Branching(%) %0 50 o ‘ o
25551 3%) 3531 3; 123) 13 Energy (keV)
3925 25 <0.6 9 FIG. 2. Parts of a coincidence spectrum obtained from'tfred
409.1 3y 32) (a,n) %8Cd measurement. This spectrum contains events coincident
953.3 2, 0.078) 334) 47 to a 735-keV feeding transition of the 2555.1-keV 8andidate of
1922.1 21+ 0.04138 1001100 100 the discussed multiplet. Decays depopulating this) &tate are
2601.5 5 3994 3, E2 1.62) 1 marked. The 953-keV transition to the Xtate was observed for
1056.6 4; —0.012(19) 1008) 100 the first time.
26780 17 2678.0 0; 100 100
2707.0 5, 1055 5; 202 100  this level. In Fig. 2 parts of a coincidence spectrum are
467.7 4, 1.22) shown. This spectrum contains all events coincident to a
5049 3, 155 20 feeding transition of the discussed state and demonstrates the
1198.5 4] —0.006(21) 100100 80 quality of our data. The 1922-keV transition and the newly
2810.2 45 608.1 3; 182) 23 observed 953-keV decay are marked. In fBedecay this
664.4 3] 0.04(3) 403 state was only very weakly populated supporting a negative
1301.8 4; 1008) 100 parity assignment. As a conclusion we assume spin and par-
28202 27 6180 3; <6 5 ity to be 37 for this state.
1218.3 2;’ 0.2(2) 26(4) 100
2187.2 2] 100100 6 B. 2601.0 keV
27908 2,3,4" 5514 4, 92 This state was assigned as the first&ate[29,30. Aside
1189.0 2; 44(4) from the previously known decay to the/ 4state we ex-
1282.3 4; 1008) tended the decay pattern by the transition to theeXcita-
20981 T2 3153 17 100) tion. All multipole mixing ratios were in agreement with the
3201 1 44(4) expectecE1 radiation.
7961 3 193)
8353 25 24(3) C. 2678.0 keV
This state was already known as electric dipole excitation
A. 2555.1 keV 17 [29,30. Neither in the ¢,n) reaction nor in the3 decay

transitions other than the decay to the ground state could be

The state at 2555 keV was assignedlas3(2") [29,30.
In the angular correlation analysis of the,() measure-
ment, we were able to exclude spik ZFig 1, top panel

observed.

The multipole mixing ratios for the decays to the first and
second 2 states were zero within the errof$able ) and

D. 2707.0 keV

The state at 2707 keV was assigned as the second 5

therefore compatible with the assumption of negative parityexcitation[29,30. In the («,n) experiment we were able to
We were able to identify four new transitions depopulatingestablish three new decays of this level. The multipole mix-
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ing ratio for the decay to thef4state equals zero within the 27072310 2820 oo
errors meeting the expectations of pi# radiation(Table 255i67%m 4~ 2 s B 291 ¢ e
). Also a transition to the first 5 state was observed. 307 57 — T 334
— 2202 3 5"
E. 2810.2 keV 3 = 2005

In the literature[29] possible spin values and parity as-
signments for this state were"34~. In our angular corre-
lation analysis a spin value#dis clearly favored(Fig. 1,
bottom panel The multipole mixing ratio6=0.04(3) for

the decay to the 3 state is in agreement with the assumption = 633 — 617
of negative parity. We could extend the decay pattern of this 2 2*
state by two new transitiondable ). o
108 112
F. 2820.2 keV Cd Cd
In Ref.[29] this state is referred to as 2excitation while FIG. 3. Comparison of the suggested; @3;)"” quintuplet of

in Ref.[30] no parity assignment is given. Also for this state hegative parity in®Cd and*!“Cd. The excitation energies are very
we established two new decaEable ). The determination Similar. In **Cd we consider both 5 states as fragments, while in
of the multipole mixing ratio for the presumed parity chang- - Cd the first 5 excitation is proposefR0]. The 5, state of***Cd
ing decay to the 2 state failed due to the occurrence of a 'S drawn with dotted fines.

doublet structure at 2187 keV. We assume spin and parity to

be 4 for this state. Due to the lacking knowledge of absolute transition

strengths in'°8Cd we concentrate on the description of the
energy splitting within the quintuplet. In a simple vibrational
G. 2790.8 and 2998.1 keV coupling scheme without any anharmonicities kf-1BM
These are the only states below 3 MeV for which negativeHamiltonian is given by 9]
parity cannot be excluded. We note that both states were

populated in the3 decay of the positive parity states Hin Ho= €gNa+ €Ny . 1)
supporting rather positive than a negative parity assignment ~
but a final proof failed. ng and n; are boson number operators forboson =2,

We want to stress that aside from th¢ @xcitation the 7= +) andf bosons {=3, == —). The expectation value
levels discussed above are the only states with negative pafto) (2 =37) simply results in the sum energy of 2and
ity below 3 MeV. In Table | we summarize our results on the3—:
proposed candidates for the quadrupole-octupole coupled

multiplet and compare the relevant branching ratio$%6€d (27 ®31)9)|H|(2] ®3))U NV =E(27)+E(3]),
and %Cd for which also the complete multiplet was sug-
gested[20]. The branching ratios are very similar in both J=12345. @

nuclei, only the decay properties of the suggested &tates . . - .

show an u)rl1expectedydpevigtion. With the k?]gwledge of abso@bwously, the energies W'.th'n. the. multiplet are totally de-

lute B(E2;5. —3) transition strengths the first excita- generated. For the discussion in this paper we assume a pure
(|

tion in 1*2Cd is proposed to belong to the discussed muItipletquadrupole-quadrupole interaction to remove degeneracy:
- 10 - - ~ ~ ~ ~ ~

[20]. The tvio lowest 5 states in'%Cd are fairly close in A= egny+ en;— kOO 3)

energy AE=105 keV) and are therefore expected to mix.

— . 10 . . ~ ~
Both 5 1sitates n _BCd show a very similar decay pattem, @&_. and @, are the quadrupole operators for each kind of
while in 112Cd the first 5 state is considered to be the main bosons:

fragment contributing to the quadrupole-octupole coupled

multiplet [20]. In Fig. 3 the excitation energies of the quin- Of=[1F1®), (4)
tuplet in 1%8Cd and!'“Cd are compared. Aside from the 5
state discussed above the energy splitting within the multip- Osd=[d's+sd]@. (5)

let is very similar in both isotopes.
The energies within the quadrupole-octupole coupled multip-

IV. ANALYTIC DESCRIPTION OF THE ENERGY let can then be written as function 8f31]:
SPLITTING 292
In the paper or2Cd [20] the energies and absolute tran- E(J)=E(27)+E(31)— (- 1)”1[ 3J3] Q(27)Q(3;),
sition strengths are described by extendd#iBM (interact- (6)

ing boson modelandspdfIBM calculations. With large sets
of parameters a satisfying agreement could be reached whilith the spin dependence given in th¢ 8ymbol and the
certain discrepancies still remained. phase factorQ(2;) and Q(3;) are the static quadrupole
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Calc. Expt. shown in Fig. 4. We obtained a remarkably good agreement
for a model with only a single parameter. The energy of the

k-2 o 3(7) state differs by 350 keV from the prediction, it is the

_5_—2__ _5_2— 4 only sizeable deviation from the simple calculation, which
L 2 36 neglects octupole-octupole and quadrupole-octupole inter-

= actions. Also possible mixing of the;3and 3, states is not
considered in this approach and may also contribute to the
- deviation.

V. CONCLUSION

We assign the complete quadrupole-octupole coupled
quintuplet of negative parity (223;)" ) in 1%Cd on the
basis of excitation energies, decay properties, and systemat-
ics. To our knowledge this is the fourth nucleus for which the
full multiplet was proposed. Excited states #Cd were
populated in the3 decay of'%in and using the nonselective

2T (a,n) fusion-evaporation reaction. We observed twelve new
decays for the discussed members of the multiplet, deter-
mined branching ratios, multipole mixing ratid and per-
formed important spin assignments with the methody¢f
ot angular correlation. We compare our results#6Cd and
! describe the energy splitting within the multiplet using a very
FIG. 4. The quadrupole-octupole coupled multiplet i#Cd simp_le sdf-IBM_HamiItoni_an_ in the vibration_al limit. Th_e
compared to a one-parameter model calculation. We used @Ptained analytical description of the energies results in a

quadrupole-quadrupole interaction to remove the degeneracy withifilngle-parameter formula and c_)ffer_s a remarkable agreement.
the multiplet. With exception of the 3 state the agreement is re- ~ We stress that the determination of absolute transition

markably good. The only paramef&rwas fitted to reproduce the Stréngth would be desirable but does not seem to be feasible

experimental energy of the lexcitation that is considered to be With the presently available experimental techniques. The

fairly pure. natural abundance below 1% prevents, for example, investi-
gations using the powerfuh(n’+y) reaction mechanism.

moments of the involved one-phonon states. The product of
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