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Dipole excitations in 1°%Cd
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A high-resolution nuclear resonance fluorescence experiment with bremsstrahlung of continuous energy has
been performed on%Cd, the rarest of the stable Cd isotopes. Accurate lifetimes of dipole excitations in the
energy range of 2.6—3.9 MeV have been deduced. A magnetic dipole excitation at 3454 keV shows a decay
pattern meeting the expectations for thg Istate in a nucleus located on the transitional path between
vibrational U5) and y-soft O(6) dynamical symmetry in the framework of the interacting boson model 2. We
extended the systematics of quadrupole-octupole coupled electric dipole excitationgHe chain of even-
mass Cd isotopes at its neutron deficient end.
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[. INTRODUCTION existing systematics at the neutron deficient end of the iso-
topic chain. In a prior papdr3], we assigned the complete
Low-lying dipole excitations in even-even nuclei have quadrupole-octupole coupled multiplet of negative parity in

been extensively studied during the past decades. In dé“%Cd based on excitation energy and decay branching ratios,

formed nuclei, the existence of collective ]rnagnetic di- but lifetime information was unavailable. The expected
pole excitations has been predicted within the geometrica$tfongE1 transition to the ground state makes the nuclear
two-rotor model[1] as well as in the algebraic proton- resonance fluorescen¢®RF) technique applicable. Never-

neutron interacting boson modé@BM-2) [2]. The first ob- theless, from a technical point of view, scattering experi-
servation of the so-called “scissors mode” in 19§8] ments on*%Cd represent a challenging task due to the low

datural abundance of 0.89% only, which results in the limited

rompted numerous successful electron and photon scatt e < . ; ;
promp P availability of highly enriched target material.

ing experiments covering a wide range of mfés 8]. The
M1 excitation strength is usually distributed among several
1" states forming the fragments of the scissors mode. Less is

known about the scissors-mode analog in purely vibrational The method of resonant photon scattering is known as
nuclei. Lacking deformation prevents the ground state decayell suited to populate states wih=1 which are connected
of this excitation and makes the state inaccessible to thgy the ground state by sufficiently large transition matrix el-
method of resonant photon scattering. The heavier even-massgnents[6]. In this report, this experimental probe is spin
Cd isotopes are generally assessed as good examples for nealective as well as strength selective, and the method
spherical vibrators close to the dynamicalSy symmetry  of choice for the investigation of collective 1and 1"
[9]. In a prior papef10], we pointed out that in the termi- excitations.
nology of the IBM-2, 108c(d is located on a transitional path A photon scattering experiment oiNécd was performed
between vibrational (5) and y-soft Q(6) structure; and the at the bremsstrahlung facility of the Dynamitron accelerator
question arises whether the deformation is already enhanceg, Stuttgart[6]. The target consisted of 1.006 g metallic Cd
so that the [, state can be observed in this nucleus with thewith an enrichment of 63.9% iH%Cd. 0.753 g2’Al were
method of resonant photon scattering. added for photon flux calibration purposes. The experiment
Low-lying electric dipole excitations have been known in took about 100 hours with an endpoint energy of the brems-
near spherical nuclei for a long timisee Ref[11], and ref-  strahlung spectrum of 4.1 MeV. Figures 1 and 2 show parts
erences within The lowest-lying I state is interpreted as of the photon scattering spectrum 8¥Cd observed with a
the dipole member of the quadrupole-octupole couplefl (2 Compton-shielded HPGe detector positioned at a scattering
®37)7), J=1,2,3,4,5 multiplet of negative parity. In a angle of 127°. Transitions frof®®Cd are labeled with their
simple harmonic coupling scheme, this quintuplet is ex-energy. Sharp peak structures appear on the smooth back-
pected at the sum energy of the constituenE:J~)  ground, resulting from the decays of the resonantly excited
=E(2])+E(3]). The 1" state of this multiplet is well in- states of'%Cd. For some states, it was possible to observe
vestigated in the heavier Cd isotopE8 11%Cd[11,17. One the decay to the ground state as well as the transitions to the
aim of our experiment is the determination of the absolute2; state. The measured decay intensities yield the ratio
B(E1;1-—0;) transition strength in'%Cd to extend the I'y/T'q of the partial width for the decays to thg 2and the
ground state, respectively. The observation of decays to
higher-lying states than the,2is usually prevented by the
*Present address: NSCL, Michigan State University, East Lantapidly increasing nonresonant background towards lower
sing, Ml 48824. energies. The other peaks could be assignet’At, back-
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FIG. 1. Low-energy part of the NRF spectrum. Three dipole
excitations(2678, 3006, and 3048 kewf %Cd as well as two , ,
transitions (2373, 2660 keY from inelastic scattering to the 2 SF"’.‘teSf’ the partial decay widtfi', of the level for the tran-
state are labeled. The 3006 keV peak forms a doublet with a peaRition back to the ground state can be deduced:
from the 27Al calibration. Other peaks result from backgrouiid)
or known even-mas$'®“Cd target contaminations. ~2Jt1 1

O 2)+1 (mhc)?

ground, single escape, and contaminations from well-known
(mainly even-magsCd isotopes in the moderately enriched The total decay width is then given by
target material.

The experimental setup provided the possibility to deter- r=r.1+ E ﬂ) )
mine spin values with the method of angular correlations. 0 =oI'g/’
Three HPGe detectofselative efficiency 100%were posi-
tioned at 90°, 127{BGO shieldeg, and 150° relative to the and provides the level lifetime model independently
beam axis. The intensity ratid/(90°)/W(127°) offers an

excellent tool to distinguish between spids-2 andJ=1 _ ﬁ 3)
(Fig. 3. T

Absolute, energy-integrated, elastic scattering cross sec-
tions ¢ o of resonantly excited states f1%Cd were obtained In NRF experiments employing bremsstrahlupgransi-

relative to the well-known cross sections of several states itions with low energy tend to disappear in the high nonreso-
the NRF calibration standard’Al [14]. From these cross nhant photon scattering background. Most likely, the transi-
sections and the decay branching ratlos T, to all final ~ tion to the 2 state can be observed, in some cases, also the
decay to the 2 excitation is accessible, depending on the
transition energy and the branching. The accessible branch-
ing [1+ (' /To)]<[1+Z=0l't /T3] may lead to an over-
estimation of the lifetime and hence to the determination of
200 3667 keV an upper limit only. In the case df&Cd, the decay patterns

of most of the dipole excitations were observed in guyy
coincidence studies following th8™ decay of the excited

2" isomer of 1%n [15]. Therefore, extensive information on
the decay properties including accurate intensity ratios and
100+ 3454 keV multipole mixing ratios already exists. All this information is
usually inaccessible in NRF experiments with bremsstrah-
lung. So we were able to derive the level lifetimesby
combining results of the NRF measurement with data from
the y-y coincidence studies mentioned above.

We observed eight dipole excitations between 2.6 and 3.9
MeV in the present photon scattering experiment. Aside from
the 3667 keV excitation, all states were also observed in Ref.

FIG. 2. High-energy part of the photon scattering spectrum[15]. The measured integrated elastic scattering cross sec-
Peaks from'%%Cd are labeled. The other peaks are known and steniions|s o and lifetimesr are given in Tables | and II, together
from contaminations of the moderately enriched target, fr3Ad, with branching ratios, multipole mixing ratid45], and the
background or single escapes. deduced absolute transition strengths. Figure 4 displays the
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TABLE I. Decay properties of 1 states in'%%Cd. We list the newly established lifetimes transition energie&, , multipole mixing
ratios & [15], branching ratioRR [15], and deduce®(M1) as well asB(E2) decay strengths. The error of the branching is 20% unless
particular values are given. Multipolarities marked with an asterisk are only assumed to be &2puharacter, the determination of the
correspondinge2/M 1 mixing ratio failed.

E; lso T Jm E, 5 Jr R B(M1)] B(E2)|
(keV) (evb (fs) () (keV) (%) (%) (8) (e*fm*)
3048.5 8.45) 30(2) 1+ 1446.6 0.16034) 25 193) 0.061) 13(2)
2415.6 0.31615) 27 62(5) 0.0424) 11(1)
3048.5 M1 0; 100(8) 0.0374)
3454.1 6.55) 33(3) 1t 1079.5 M1 0, 7(5) 0.064)
1291.3 E2* 25 7 28249
1540.7 M1 05 3.3 0.0092)
1733.6 M1 05 4.4 0.0082)
1852.3 0.00820) 25 30(9) 0.051) 0.0052)
2821.1 =117 27 8 72)
3454.1 M1 0y 100(12) 0.0244)
3814.6 10.79) 21(2) 1t 1194.6 E2* 28 0.7 757)
1651.7 E2* 25 1.6 343)
1901.1 M1 05 4.4 0.0121)
2093.9 M1 05 2.8 0.005%5)
3181.8 0.107L7) 27 40 0.0222) 0.363)
3814.6 M1 0; 100 0.03%3)
3827.9 2.85) 3779 1+ 1207.8 E2* 2¢ 1 3921)
1453.2 M1 0, 1 0.0114)
1461.9 E2* 24 4 60(20)
1665.1 E2* 25 4 31(11)
1914.5 M1 05 18 0.0185)
2107.3 M1 05 15 0.00114)
2226.2 -0.06Q17) 2,5 72 0.041) 0.5(1)
3194.9 E2* 27 7 2.1(8)
3827.9 M1 0; 100 0.0123)

ground state decay strengths of all dipole excitations obhigher-lying excited states as well as all intensity and multi-
served in NRFE1 andM1 scales are given. Due to low pole mixing ratios were observed iy spectroscopy fol-
coincidence statistics caused by the lack of sufficiently enfowing the 3™ decay of a 2 isomer of 1°4n [10,13,15. We
riched target material, it was not possible to use the Stuttgastress that for the states at 3454, 3815, and 3828 keV, more
Compton polarimeter for determination of parities. (weal transitions could be establishgtb], but these decays
are not of interest for the present discussion due to lack of
ll. MAGNETIC DIPOLE EXCITATIONS knowledge about the spins of the final states and the multi-
In Table I, the important decay properties of the dipolepolarities involved. The complete decay pattern of these ex-
excitations with assured positive parity are listed. Decays taitations is presented in Refl5], but the very important

TABLE II. Decay properties of the (223 7)) excitation and of states with unknown parity. Due to weak or vanishing population of
these states in th8™ decay of the 2 isomer of %3n negative parity is more likely but a final proof failed. For the decays to the ground
state, we give th&(o ) strengths for pur&1l andM1 radiation, for the transitions to the 2state also pur&2 character is considered.

E, lso T J E, P J7 B(E1)| B(M1)| B(E2)|
(keV) (evb (fs) (f) (keV) (%) (10~%? fm?) (uR) (e*fm?)
2678.0 26.99) 39.314) 1- 2678.0 El 0; 0.833)
3005.6 31.112) 18.78) 1 3005.6 0 0.859) 0.0778)

2372.6 0.06(48) 27 0.785) 0.0704) 0.655)
3292.8 13.86) 24(1) 1 3292.8 0; 0.51(2) 0.0462)

2659.8 2} 0.435) 0.0395) 80(12)
3667.0 30.813) 18.68) 1 3667.0 0y 0.693) 0.062)

8 rom Ref.[15].
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lifetime information was absent and is provided by the 7 0t 2“5
present NRF experiment for the first time. £ 1500 ~/ imfuder 21®27
The mixed-symmetry 1 state can be understood as the 5
dipole member of the (222;:)"") coupled multiplet. The
2] and 2 states are manifestations of the fundamental 1000 2
quadrupole degrees of freedom. The first collectives?ate ; B
in even-even nuclei represents the isoscalar quadrupole exci- 211L '/
tation in the valence shell with the isovectqf Xtate as the
proton-neutron antisymmetric counterpart. Thg, 8tate has >00
been identified in nuclei of different mass regios=100
[16—19, A~130[20-24, andA~140[25-27 and recently ot
also in 1%%Cd [10,15. In a harmonic coupling scheme, the 0 !

l;sftate is (ixpected+ at the sum energy of thi constituents FIG. 5. Decay properties of the'1 candidate at 3454 kefa5]
E(lms)fE(zl)JrE(zms)' In measurements oMo, the (see Table )l This state shows the expectddil and E2 decay
underlying two-phonon character of thg dstate was proved pattern characteristic for a “scissors-mode-like” state between the
[17]. The 2i. excitation in 1%Cd was found to be frag- dynamical @6) and U5) symmetry in the framework of the IBM-2.
mented into three 2 states at 2163, 2366, and 2620 keV The decay to the ground state of the intruder band suggests non-
with the latter state as the strongest fragn{d®. The high  negligible quasiparticle contributions in the wave function.

degree of fragmentation for the,2 state already implies a

L L with the d-boson number operataory and theF-spin sym-
comparable situation for the coupled ] excitation and P d pIn sy

i its identification in%&Cd metric quadrupole-quadrupole interaction. The Majorana in-
coer |c§tes$ts : (_ant||?|ca{|on Ih : 3454 keV sh teractionM ., [29] can be neglected for the present discus-
s pointed out in Refl15], the state at 3454 keV shows a sion, because it only affects the position of the mixed-

decay pattern meeting the expectations for,a dtate in a symmetry states and leaves the wave functions unchanged.
transitional nucleus.between the V|brat|o@(5) and the pre U5) symmetry is reached withk=0, while e=0 is
y-soft O(6) dynamical symmetry. The signatures are arequired for a description of the pure(® limit. In the vi-
weakly collectiveE2 decay to the 2 state, a strond1  cinity of pure symmetry limits, the8(M1) strengths are
transition to the 2 state, a collectivéE2 transition to the given analytically as a function of the proton and neutron
mixed-symmetry 2, state and, depending on the underlyingboson numberd\,, and N, [30]. Using the simple Hamil-
dynamical symmetry, a1 transition to the ground state tonian(4) the B(M1) values scale witle/x along the tran-
(Fig. 5. This ground state decay is a tool to estimate thesitional path between the dynamical symmetrie&)tand
position of 1°(Cd on the mentioned transitional path betweenO(6). In Fig. 6 we show the evolution of absolutél tran-
spherical andy-soft deformation. In the IBM-2, the ground sition strength as a function aff k. 0<e/k<« covers the
state in the (B) limit is the d-boson vacuum, while the (©) transition between the symmetry limits. The decay strength
ground state has a nonvanishing expectation vahye for  to the ground state clearly undergoes a rapid change, while
the number ofd bosons[28]. The usual one-bod{(M1) the M1 strength to the 2 remains rather constant. These
operator cannot mediate a transition from the, tate to the  calculations for a nucleus witN =1 andN,=5 were per-
d-boson vacuum, therefoB{M1;1,,—0;)=0 holds inthe ~ formed with the IBM-2 codexpBOS[31].

pure U5) limit. Increasing deviation from the pure(8) The experimental ratio
limit towards Q6) symmetry leads to a sizabB(M1;1, . N N
—0;) transition strength. The most basic Hamiltonian be- B(M1:134542;) —2.1(5) )
tween these symmetry limits is given by B(M1;13,5,—0;)
0 —own can be reproduced within the IBM-2 usiegx=2 in Hamil-
H=eng—x(QF "+Qi ")*+AM_,, (4 tonian (4). Now it will be interesting to investigate if this
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04 ' \ | - \ =14.46 reproduces the yrast band and the position of the
0(6) U(Es) | excited 0" state nicely and underlines the transitional char-
acter of 1%Cd; but this choice of parameters predicts the
03P . B(M1) ratio(5) to be 5.53, inconsistent with the experimen-

¥ tal observation for the 1 state at 3454 keV given above.
1 This paradoxical situation may be explained by quasipar-
ticle admixtures. The level at 3454 keV decays to the in-
truder 0" as well as to the intruder ™2 state implying qua-
siparticle contributions also in the wave function of this 1
state. In1%8Cd, the characteristic proton intruder band based
on the § state was established recently and is discussed in
an earlier pap€rl0]. These admixtures are outside the model
. and may disturb the decay pattern predicted within the col-
100 o lective IBM—-2. We stress that the absolutl transition
e/ strengths of the 1 state at 3454 keV are too weak by at least
a factor of 4, suggesting that the fragmentation of thg 1
state may be strong if%éCd.

)

.
Thi = 2%

2
N

BM1) (u
=
=]
I
|

FIG. 6. The evolution ofB(M1;1}—~25) and B(M1;1;,
—07) absolute transition strengths as functiorebk for a nucleus
with N_=1 andN,=5. 0<e/xk<x covers the transition between
the dynamical @) and U5) limits of the IBM-2. V. ELECTRIC DIPOLE EXCITATIONS
choice of parameters predicts other properties of low-lying Multiphonon excitations in even-even nuclei have been
collective states in'®Cd. In Fig. 7, we compare the low- investigated extensively during the last decddee Refs.
lying experimental excitation spectrum &%Cd to calcula-  [5,11], and references withinThere is extensive knowledge
tions performed fok/ k=2, as well as fore/ k=14.46. The about the coupling of isoscalar quadrupole phon@#533
assumptiore/ k=2 reproduces thB(M 1) ratio given in Eq.  which successfully serves to describe low-lying collective
(5) but overpredicts the energy of the multiphonoh €tate.  states with positive parity. The study of the coupling of vari-
In fact, the calculated excited'Ostate already belongs to the ous collective excitations is of great interest in nuclear struc-
three-phonon multiplet, while in the experiment, this stateture physics. The crucial question is to what extent the fun-
lies between the two- and three-phonon multiplets. Obvi-damental building blocks of collective excitations can be
ously, e/ k=2 is too close to the pure (@) description.e/x  combined. A particularly interesting problem is the coupling

e/x=14.46 e/x=2
61 03
— 2842 — .
+ ) + : 1
61 2538 . Clasn DL osm
. E . 5 +
) ' 0
02 1922 93 1913 ; 23 1913
: + i +
3 + 0 + + ' + 9
PR 4t Z2aemr e 41 25 4t 221602 e
T —1508 1580 — 1508
+ , + + | +
21 633 2L 633 21633 L 2_6x
+ ! + :
0; calc. ' expt. 04 calc.: expt.

FIG. 7. Experimental low-lying spectrum itP®Cd compared to IBM-2 calculationdN(,=1 andN,=5) usinge/x=14.46 ande/«
=2. In the first case, the experimental energies are nicely reproduced and especially the position of the phetaia & in good
agreement. Please keep in mind that tBesfate observed in the experiment is the intruder band head and lies beyond the description of the
IBM-2. The assumptiore/ x=2 chosen to reproduce the raBgM 1;1" —27)/B(M1;1}.~0;) predicts the phonon Ostate to belong to
the three-phonon multiplet at the energy of the €ate.
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_’E: FIG. 9. Proportionality of theB(E1;0"—17) excitation
& strength and the squared quadrupole and octupole deformation pa-
0.0 rameters within the chain of even-mass Cd isotopes.
—h58 ” . . "
27 —% —b618 558 transition strengths assuming pure multipolarities, respec-
—13 tively. In Fig. 8, we present the systematics of; (2
®3;)Y ) dipole excitations in1%1%cd [11]. 1%Cd per-
fectly fits into the existing systematics of 1states with in-
creasing decay strength and an anharmonicity that seems to
108 110 112 114 116 rise towards the neutron deficient end. However, the investi-
0% Cd Cd Cd Cd Cd

gation of the neighboring®Cd would clearly help to under-
FIG. 8. Systematics of the {203;) coupled I states in stand_ if these observgtion_s are §0Iid tendencies_and could
108-116Cq, The anharmonicity as well as the decay strength seem tgoNtribute to the ongoing discussion on the evolution of an-
increase towards the neutron deficient end, and the question arised¥armonicity for quadrupole-octupole coupled stdt5].
these tendencies are systematic. Further clarification can be ob- TO further prove the quadrupole-octupole two-phonon
tained by an investigation of°°Cd. The data for'’®"116cd stem character of the 1 states discussed above, we investigate the
from Ref.[11]. empirically expected proportionality of the excitation
strength and the product of the square of the quadrupole and

o ctupole deformation parameter@, and B;: B(E1)
ofihe I(ivv(?iquadrupole and Qctupole modes resulting in th%ﬁgﬁi. In Fig. 9, B(E1])/D? with D=5376
(2, ©3;)" 7, J=1,2,3,4,5 quintuplet of states. X 10 *AZB,B; efm [35-37 is given for the even-even

Experimental information is mostly confined to the 1  108-1140 isotopes. The deformation parametggsand Bs

member of this quintuplet. The reason is that these states afgq taken from Ref$38,39 respectively, and the experimen-
easily accessible to the resonant photon scattering techniqyg, B(E1) excitation strengths fol'%-Cd stem from Ref.

[6]. The heavier Cd isotopes witA=110-116 have been r11] The data points are scattered around the weighted mean
subject of intensive NRF studi¢s1,12). In a prior paper, we ¢ 0. 29 and nicely underline the vibrational character as well

proposed the complete quadrupole-octupole coupled multipsg the two-phonon origin of these low-lying Istates.
let of negative parity in'°Cd based on excitation energies,

decay properties, and a comparisorttéCd[13]. Our aim of
the present experiment was the determination of the absolute V. CONCLUSION
B(E1;1”—07) transition strength and the extension of the Electric and magnetic dipole excitations M&Cd were
existing systematics on electric dipole excitations in thejnyestigated in a nuclear resonance fluorescence measure-
chain of even-mass Cd isotopes at its neutron deficient enghent at the Stuttgart dynamitron accelerator using continu-
The suggested dipole member of the' (23;)" ) multiplet  ous bremsstrahlung with an end point energy of 4.1 MeV. We
lies with 2678 keV about 5.5% below the sum energy of thewere able to determine lifetimes of eight dipole excitations
2] state(633 ke\) and the first 3 level (2202 keV} [34]. for the first time. The 1 state at 3454 keV shows qualita-
In Table 11, the decay properties of all states with negativetively a decay pattern meeting the expectations of the
and unknown parity are listed. For the three states with un“scissors-mode-like” T, excitation in a nucleus located on
clear parity assignment, we give absolig, M1, andE2  a transitional path between vibrationa(3) and y-soft Q(6)
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dynamical symmetry. The transitional character reflected byystematics of the (223;)(* ) states in the chain of stable

the decay properties of thlsm; candidate and the low-lying even-mass Cd isotopes.

excitation spectrum were compared to IBM-2 calculations
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