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A photon scattering experiment with bremsstrahlung has been performed on the vibrational Hi€leusp
to a photon endpoint energy of 4.1 MeV. Fourteen dipole excitations have been observed between 2.1 and
3.9 MeV, five of them for the first time. A candidate for the dipole member of the recently proposed
quintuplet of negative parityzz’mséa 31)(3_), involving the q,ms isovector quadrupole excitation in the valence
shell, has been identified. This exotiglstate has been predicted within thaf-IBM-2 and is expected to be
accessible to photon scattering measurements. Solely one ofinihestates in the energy region of interest
shows a decay pattern compatible with the model predictions for jastate.
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. INTRODUCTION (27 m®3DY),J=1,2,3,4,5 hadeen suggested recently in

Low-lying quadrupole and octupole vibrations dominatethe framework of thesd-IBM-2 [15], the octupole extension
the excitation pattern of near spherical even-even nuclei. Thef the proton-neutron interacting boson mofid] to thesdf
first excited 3 state can be understood as the manifestatio§Pace. Analytical expressions for its excitation energy and
of the vibrational octupole degree of freedom. The funda-decay properties were derived5]. In a simple harmonic
mental building blocks of quadrupole vibrations are the well-COUPIiNg scheme one expects this multiplet to exist at about
known isoscalar 2state and the isovector quadrupole exci-t€ Sum energ¥(Jyg =E(2; d +E(3;). Recent observation
tation in the valence shell, the so-called 2 (mixed- of the electromagne+t|c coupling between the @&tupole
symmetry state. Aside from “particlelike” intruder states Phonon state and the g,; mixed-symmetry quadrupole pho-
occurring in some mass regions, the ate is the lowest- non excitation through an enhanced transition[17] has

lying collective excitation in all even-even nuclei. Th?,n% provided direct evidence for the predominantly isovector

state contains antisymmetric parts with respect to the protonczharé1Cter of the effectivel operator in the valence shell and

neutron contribution in the wave function and is usuallyCg?‘lc'gﬁ/;nzS _Ifﬂe parimt?t(?rrj of tr:flth openraltc;ir mx trhe
shifted to considerably higher excitation energy in compari~o ' 2V~ 1Nese constra b7l a € analylic expres-
son to the yrast 2state. sions from Ref[15] can be used to quantify our expectations

Quadrupole-octupole coupled states have been exterﬁt—)r th(_e absol_ute and relati\/él_ decay rates of two-phonon
sively investigated during the last decades. Especially th egative-parity states with mixed proton-neutron symmetry.

isoscalar quadrupole-octupole coupled dipole ma@é uch quantitative predictions for the decay rates and branch-

- o i . ing ratios can serve us in identifying fragments of the corre-
®37)1) attracted much attention in magic and near Spher'caéponding collective modes.

nuclei [1-7]. The structure mentioned above involves the | the near-spherical nucledéCe several “key states” of
isoscalar 2 state and immediately questions the existence ofne sdf.IBM-2 are known: the quadrupole and octupole one-
the isovector analog(2] ,«®3"). Identification of mul- phonon states, two fragments of the mixed-symmetiy, 2
tiphonon structures with mixed Symmetry, i.e., with iSOVeCtorone_phonon State, and members of the Symméﬂfi@ 31)
excitation character in the valence shell, is important forquadrupole—octupole coupled two-phonon multigte8—24.
judging the capability of the 2, state to act as a building \oreover, they-transition strength between thg State and
bIock_of nuclearl structure and, consequently, for our undergpe fragment of the*@msstate is knowrj17,18. In 4%Ce the
standing of the impact of the proton-neutron degree of freeqyo main fragments of the}2,, excitation have been identi-
dom on the formation of nuclear collectivity. fied at 2004 and 2365 keY18] while the 3 state is rela-
l\fhxed—symmetry two-phonon structures of the Y& tively low lying with an excitation energy of 1653 keV.
®2) md have recently been unambiguously identifi8e-10  Therefore, the firsf; . two-phonon quintuplet is expected in
on the basis of absolutd 1 transition matrix elements. Such the harmonic scheme to exist at about 3.8 MeV excitation
structures were subsequently studied in several nucleinergy. The 1. dipole member of this quintuplet is supposed
[11-14. The mixed-symmetry multiplet of negative parity to decay predominantly to the} Ztate and with sizabl&1
strength to the ground state. The expediédates should be
comparable to those from other quadrupole-octupole coupled
*Present address: NSCL, Michigan State University, East Lanstates. Indeed, severl transition rates between low-lying
sing, MI 48824, USA. states can be quantitatively reproducgb?] within the
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) assign 14J=1 and twoJ=2 spin quantum numbers, five of them
FIG. 1. Part of the NRF spectrum observed at a scattering anglg the first time.

of 127° with a Compton-escape suppressed HPGe detector. All
peaks from'““Ce are labeled with their energy. Transitions stem-T";/T, of the partial widths for the decays to thg &nd the
ming from the calibration standards are also marked. ground state, respectively. The observation of decays to
higher excited states than thg & usually prevented by the
sdf-IBM-2 with a simple choice for the effectivEl transi-  rapidly increasing nonresonant background towards lower
tion operator. The model makes then quantitative predictiongnergies in the spectra.
[15] for the quadrupole-octupole coupled states with mixed- The experimental setuf21] provided the possibility to
symmetry character and negative parity. These predictedetermine spin values with the method of angular distribu-
properties would make the, Lstate accessible to the method tions. Three HPGe detectors were positioned at 90°, 127°,
of nuclear resonance fluorescen@¢RF) at the Stuttgart and 150° with respect to the beam axis. The intensity ratio
4.3 MV DYNAMITRON acceleratof21]. WI(90°)/W(127°) is sensitive to distinguish spidi=1 andJ
Previous knowledge on the excitation spectrum@€e =2 quantum numbers in even-even nuclei. Figure 2 shows
stems from Coulomb excitatiofl9,22, B decay[23,24, the observed intensity ratio&\(90°/W(1279, for 4%Ce
and electron scatterin@5]. In 1995,4°Ce was investigated
using inelastic neutron scatterirfg,n’y), resulting also in
lifetime information on spin 1 states up to 3.3 Md¥8].
Data on higher excited states wifl+x1 were still rare and
motivated our NRF study off**Ce.

TABLE I. Results from the NRF measurement ¥fCe. Ob-
served branching ratios and reduced branching raRo
=(F1E37'0)/ (FOE‘;'l) for the decay to the Pstate, decay widths, and
scattering cross sections are given. For the states at 3314, 3633,
3719, and 3850 keV additional branchings were reported in the
mid-1980’s[36]. However, in our data there is no evidence even for
the strongest of these reported decays which should be accessible to
our technique. They are therefore not included in our analysis.

Resonant photon scattering is known as a well-suited ex
perimental method to induce dipole and quadrupole excitaki J7 T/l R ls I'o T
tions that are connected to the ground state by sufficienkeV) (%) (eVb (mev) (fs)
excitation matrix element§21]. In that sense, this experi-
mental probe is spin and strength selective and the method 6fe7.0 T 0632 1786 59.019 39.814 10.29)
choice to look for the ] excitation in14%Ce. A photon scat- 2397.8 I 0245 0.6113) 12.05) 7.4444) 724
tering experiment was performed at the bremsstrahlung fa2800.8 1Y 0.192) 0.4114) 36.813) 29.912) 18.47)
cility of the DYNAMITRON accelerator in Stuttgart. The target 2999.7 1.66812) 3.3925 5.83) 11.99) 21(2)
consisted of 1083 mg CeQvith an enrichment of 91.5% in  3012.5 28/410) 22.48) 29.410)

142Ce and additionally 506 m&Al and 70 mg*3C for pho- 3313 o.é.a.3) 0.406) 24.59) 28313 19.29)
ton flux calibration purposes. The experiment took abou 3342 33612 19.47)

100 h at an endpoint energy of the bremsstrahlung spectru ' 9
of 4.1 MeV. Figure 1 shows a part of the photon scattering%lS'1 ey 204 293 6710 474
spectrum of*4?Ce observed with a Compton-shielded HPGe3632.6 10€) 12.3271) 533
detector at a scattering angle of 127°. 3643.4 2541 294912 221

Sharp peaks appear above the smooth nonresonant back-18.8 9.47) 11.2475 594)
ground. These peaks stem from the decays of the resonantby45.7 108) 12.2388) 54(4)
excited states. For some states it was possible to observe the7g .6 11.8) 13.610) 484)
transition to the ground state as well as to tHesfate at 3554 » 15@2) 20316 323)
641 keV. The measured decay intensities yield the ratio
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TABLE II. Absolute transition strengths af=1 states in**?Ce. In the case of unknown radiation char-
acter the values for all possib{pure) multipolarities are given. In addition, level enerBy, initial and final
spinsJ” andJ{, the y-ray transition energ¥,, and the reduced branching ratinare listed.

= Jr R E, J7 B(EL;J"—J7) B(M1;J7—J7)  B(E2;J7—J7
(keV) () (keV)  (B)  (107%*fm?) (1) (€ fm?)
2187.0 T 1.796) 21870 ( 3.6212)

15457 2 6.4533)
2397.8 t* 06113 23978 ( 0.0473)

17565 2 0.0286) 13228
2800.8 0414 28008 ( 0.1187)

21595 2 0.0495) 151(17)
2999.7 1 3.3@5 2999.7 ( 0.426) 0.0385)

23584 2 1.42) 0.131) 33237
3012.5 1 0.0 30125 0 0.793) 0.0743)
3313.8 1 0.4(k) 33138 ( 0.744) 0.0673)

26725 2 0.306) 0.0275) 54(11)
3400.9 1 0.0 34009 0 0.823) 0.0743)
3515.1 1 2.0 35151 ( 0.153) 0.0133)

28738 2 0.307) 0.0275) 47(10)
3632.6 1 0.0 36326 0 0.242) 0.0222)
3643.4 1 0.0 36434 0 0.593) 0.0532)
3718.8 1 0.0 37188 0 0.21(2) 0.0191)
3745.7 1 0.0 37457 0 0.222) 0.02q1)
3776.6 1 0.0 37766 0 0.242) 0.0221)
3850.2 1 0.0 3850.2 0 0.343) 0.03%3)

along with the expectation values for spin assignménté  for the states at 2187, 2398, 2801, 3000, and 3013 keV,

or 2 for the photoexcited states. Absolute energy-integrategartly with a significant reduction of the uncertainty. Due to

resonance scattering cross sections low coincidence statistics caused by the lack of sufficient
target material it was not possible to use the Compton polar-

FZ . . . .-
lso= gWZXZFO (1) imeter for the determination of parities.

of the states in'*’Ce were obtained relative to the well- lll. DISCUSSION
known [26] cross sections of several states?iAl and *°C. In the energy region of interest the parities of thel
Here,g=(2J+1)/(2J+1) is a statistical factoR®=Ac/E,is  states are widely unknown. In Fig. 3 we compare the abso-
the reduced excitation wavelength, afidl’';) denotes the |yte transition strengthB(o1;1”— 0;) measured if**Ce to
total (partia) decay width of the leveffor the decay back to the findings for theN=84 isotone'#/Nd for which parities
the ground stage From the cross sectiotso, and relative  are partly assigned at higher energies from Compton polar-
widths, I'y/T, total level lifetimes imetry in photon scattering27].

9,2 ) Dipole excitations of both parities occur in the accessible
- ] - M(&) energy region. We will comment on the presumed character

r lso r of these states in the following subsections.

T

of the resonantly excited states can be deduced model inde-
pendently. A. Magnetic dipole excitations

We observed nine dipole excitations between 3.3 and An interesting class of collective states has been predicted
3.9 MeV, five of them for the first time. Tables | and Il in the framework of the IBM-2, the so-called mixed-
summarize the NRF results. We list excitation energy, spirsymmetry states. The wave functions of these excitations
and parity assignment, intensity branching ratio and the recontain antisymmetric components with respect to the
duced branching rati(R:(FlE?/O)/(FOEil) for the decay to  proton-neutron degree of freedom and their decay pattern is
the Z state, integrated scattering cross sectignhe partial  characterized by strong11 transitions to proton-neutron
width for the decay to the ground stdfg, and the resulting symmetric state$28]. The study of such excitations is of
level lifetime 7. It was possible to confirm known lifetimes great interest and serves us in better understanding the inter-
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[ - ] B. Electric dipole excitations
3 hbes 142 ce| 12910 . . . I
I ] The study of the coupling of various collective excitations
Nl 102 is of great interest in nuclear structure physics. The crucial
E s ] o question is to what extent the fundamental modes can be
& 15} ) 10135 % . . . .
o] . i | = combined to form multiphonon structures. A particularly in-
S 05 i 1| II 1|1111 y o Bl B teresting problem is the coupling of the lowest quadrupole
,5_ . T and octupole modes in nuclei. In a harmonic coupling
f ssr 14 Nd 10818 scheme one expects the quintuplet of negative pdgty
= | ! 21O 3 :0225 S ®3)) states to occur at the sum ener§y?;)+E(3)), of its
g0 - 1 a constituents. The lmember of this multiplet at 2187 keV
15l lo13s lies 107 keV below the sum energy and fits well into the
L o © 1 | systematic of quadrupole-octupole coupledekcitations in
05k lll 1I M oos this mass regiofi,5. _
. . 18 A more exotic excitation mode results from the coupling
2.0 25 3 35 4.0

.0
Energy (keV)

of the fundamental 2, excitation and the 3octupole state.

This mixed-symmetfy state of negative parity has been pre-
dicted in the framework of thedfIBM-2 but it has not yet
been observed experimentally. Our data contains information
on oneJ=1 state, which shows a decay branching ratio in
agreement with the prediction for th¢ Jstate. On this basis
we propose this state as a promising candidate for fhe 1

. , excitation. In the following subsections we will briefly de-
play between protons and neutrons in the atomic nucleus;

. . ; -scribe the algebraisdf-IBM-2 model, discuss its relevant
The most prominent mixed-symmetry state is the magneti¢

dipole T state, which is called “scissors mode” in deformed bredictions for'“*Ce, and present a comparison to the data.
nuclei. This T state was discovered by Richter and co-
workers in electron scattering experiments at Darmg2ejt
The existence of mixed-symmetry, Istates has been sys-
tematically investigated in the 1860A< 200 mass region us-
ing the resonant photon scattering technidad,30-32.
Photon scattering is particularly useful for the investigation
of these states because in deformed nuclei the “scisso
mode” is connected to the*@round state by a stronigll
transition matrix element. The mentioned systematici e .
showed that this excitation is usually fragmented aroun osons, and can furth_er t_)e classified into three categories
3 MeV with only little dependence on the nuclear deforma-W'th different symmetries in thed-and f-bason subspaces

. : 15].
tion [31]. Under the extreme assumption that all observeo[ . .
dipole excitations of“*%Ce in the energy region 23E The near-spherical nucled4’Ce was considered before

G ; ; ble example for the schematic, but analytically
< 3.5 MeV would have positive parity, we can establish the2s @ reasona .
upper limit of 0.43&, for the decayM1 strength of the solvable, W5) dynamical symmetry of the IBM17,33. We

mixed-svmmetrv two-phonoritistate of*42Ce. Summing the will discuss th_e (_jecay properties of this nucl_eus in terms of
absoluteyB(al;1¥T—>01'§) decay strength below 3.3 Mgv in the pure U5) limit of the sdfIBM-2. We consider here the

142Ce results then in 0.078 < SB(M1;1"—0)<0.43.2, ~ Schematic Hamiltonian
Due to the lacking parity information, we can expect, how- H=¢e4Ci[U,.(5)]+ &Cq[U,(7)] + vCJ[SO,.(3)]
ever, that the upper limit deduced above overestimates the .

+ ¥4Co[ SOL(3)] + AM . (2)

actual value considerably. Of course the knowledge of the
Fhe definition of all operators and the full Hamiltonian of the

FIG. 3. ExperimentaB(a1;1—0j) dipole decay strength dis-
tributions for the neighboring even-evé84 isotones*?Ce and
144Nd. The isoscalaf2] ® 37)* ) state carries the dominant amount
of E1 strength in the analyzed energy region in both nuclei.

1. Quantitative application of the sdf-IBM-2

The underlying algebraic structure of tisel-IBM-2 is
U.(13)® U ,(13). Its group reduction to the 3) and S@6)
groups has been done in R§15], where analytical expres-
sions for energy eigenvalues, wave functions, and transition
Fgatrix elements have been derived. The proton-neutron sym-
metry of the wave functions is expressed in terms of the total
-spin quantum number, applied to the full setspfl, and f

parity quantum numbers is necessary for a final assignme
of the I, fragments. For a near spherical nucleus the decayy¢ 1gp.5 in terms of Casimir operators can be found in
strength to the ground state is expected to be small compar f.[15]. We note that the fulsd£IBM-2 Hamiltonian can
gu%ie\/\éjeuuctj:leefﬁrsr?g?giigl(;ei?min&:x;’m ISI(taip%lg;iztlgtrzits;rescomain up to three independent Majorana operators for de-

X ) scribing an energy splitting of mixed-symmetry states with
a corresponding value QIB(M1;1+—>0’1'):0.22(3)M§ has 9 9y sp g y y

: : different boson contents and coupling schemes. In order to
been determined experimentally below 4 MgM]. Recent  aqyrict the number of parameters we consider only the lead-
microscopic calculations fol*?Ce carried out in the frame-

ing termM 3. The energy eigenvalues are given b
work of the random phase approximation predict the decay g 13 9y €9 g y

strength to be about 0.0%% [33]. This agrees well with E=egng+ e + yglg(Lqg+t 1) +yL(L+1)
systematic microscopic studies of mixed-symmetry struc- _

tures in vibrational nuclei in the quasiparticle phonon model * MFmadFmaxt 1) = F(F+ 1)1, ©)
[34]. whereF,,,=N/2 andF denotes the totadt spin of the boson
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is close to the sum enerdy(2]) +E(3])=2294 keV of the
constituents!#2Ce is one of the few nuclei, for which, aside
from the T state, data on other members of & ® 3)
quintuplet are known. Based on the results of a neutron-
scattering experiment Vanhay al. [18] assigned the Bstate

at 2125 keV and the 4 state at 2385 keV to be of
quadrupole-octupole coupled nature. These states are charac-
terized by strond=2 transitions to the one-phonon octupole
state and rather strorigfl transitions to the ground band. The
assignment of 2and 3 two-phonon states is less clear. The
reason may be sizable mixing with noncollective configura-
tions.

A fragment of the 2. state, namely the 2state at
2004 keV excitation energy, has been suggested first by
Hamilton, Irbéack, and Elliotf35] and could be confirmed
later by the measured lardd1 transition strengtlj18,19.

The (n,n’y) data by Vanhoyet al. [18] suggest the short-
lived 2, state at 2365 keV excitation energy as a further
fragment of the 2 state of'#Ce, also based on the obser-
vation of a strongM 1 transition to the 2 state.

In view of the restricted Hamiltonia(2) even in the pure
U(5) dynamical symmetry limit, we must expect that it is
unable to provide the optimum description within the frame-
work of the IBM. However, the analytically solvable limit
enables us to use analytical expressiphs] for a simple
description of the data. Our goal here is, namely, to qualita-
tively reproduce the spectrum and decay pattern of known
states in order to obtain a simple parameter set for predicting
qualitatively the properties of the more “exotic” mixed-

FIG. 4. Comparison of the experimental and calculated low-symmetry states with negative parity.

energy spectrum in the (8) ® U(7) dynamical symmetry limit. We
used the set of parameters given in the text. The mixed-symmetry

2. Transitions

2" state in'*?Ce is fragmented into two*2states at 2 and 2.3 MeV.
The experimental identification of the quadrupole-octupole coupled Besides the energy spectrum, the model can quantitatively
2" and 3 states is unclear. We compare the spin 2 and two spin Zlescribe electromagnetic transition matrix elements by the
states that are referred to as the most likely candidates for thesgonsideration of effective boson transition operators. We use
excitations[18]. here the following transition operators:

wave function. The experimental spectrum6fCe [18] is
shown in Fig. 4 in comparison with a spectrum of thés)J
®U(7) dynamical symmetry limit of thedf-IBM-2 for the
restricted Hamiltonian from Eq2) with the parameters

B e (1)
TED =a,0 ¢ 0D+ 11 07 2] x 0% |

T(E2) = ,Q?(x.) +,Q?(x,),

€,=688.7 keV, &=1572.8 keV, yy=-14.58 keV,
y=6.68 keV, A=312keV, andN,=4, N,=1.

T(E3) = (0 (x) + O (x)),
. . . 3 d d
Spin and parity quantum numbers were experimentally as- T(M1) = /—(g,L;+0,L)),
signed to all known states df’Ce below about 2.7 MeV 4m

excitation energy. We compare the experimentally unamwhere the multipole operators are described in detdil&.
biguously identified positive-paritgmulti)phonon states, the \we stress that thedf-IBM-2 for the first time enables a
miXed'Symmetry States, and the states with negative paritMescription of mixed_symmetry states and quadrup0|e_
suggested to form the quadrupole-octupole coupled multiplegctupole coupling in a common algebraic approach. Of par-
[18]. ticular importance are transitions which are absent in the
The symmetric quadrupole phonoij &ate is experimen-  standardsdIBM-2 or sdfIBM-1, e.g., theF-vectorEl tran-
tally found at an excitation energy &(2;)=641 keV and sitions[17].
the 3 octupole phonon state is low lying aE(3;) We first outline the rationale of the fitting procedure for
=1653 keV. The 1 member of the proton-neutron symmet- the effective parameters of the transition operators of the
ric (21 ®3;) quadrupole-octupole coupled two-phonon mul- sdfIBM-2 using the familiar language of collective phonon
tiplet lies at an excitation energy &(17)=2187 keV, which  excitations. The corresponding quantitative data analysis

(4)
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within the sdf-IBM-2 provides then numerical values for the Lins
model parameters and thereby fixes the model predictions for (37®2})
hitherto unknown structures.

The effective charges for the proton and neutron parts of
the E2 operator can be obtained from ti&2 excitation
strengths of the isoscalar and the isovector one-quadrupole
phonon excitations. From the isovectl transition be-
tween them one can determine the difference of the effective
g factors for proton and neutron bosons. We will accept the
literature value|g,—g,/=1uy [28]. The I state decays by
enhanced electric dipole transitions to the ground state and to
the 2 state with relatively larg&1 strengths of the order of
10-%2 fm2, TheseE1 transition rates determine the two pa-
rameters of the quadrupole-octupole coupled two-body part
of the E1 operator. The proton and neutron effective charges
of the leading order one-body parts of tk& operator are
finally fixed from the reproduction of the isoscalaf-3 2;
and isovector 3—2; .- E1 transitions between the one-
phonon excitation$§17]. To be quantitative we use now the
analytical expressions for the(®) limit of the sdf-IBM-2
from Ref.[15] for finding an appropriate set of parameters N
for the transition operatorsee Fig. 5. from the I state to the grouncj .state and to theskate. T'he

In the U(5) limit we use standard valugg,=y,=0 for the large B(E1) value for the transition from the; 3tate to 2 is
structural parameters of the quadrupole operarandQ,. predicted, while this transition was not observed experimen-
The ratio n=e,/e,=1/4 of the efective quadrupole boson tally. The reason may be that sinEg(3; — 2;)=115.5 keV,
charges was adjusted to reproduce the experim&ataixci-  its intensity is much smaller than that of thg-3 47 transi-
tation strength rati®(E2; 0] — 25 )/B(E2;0; —2;)=0.11to  tion with E,=433.5 ke[l ~ E?;B(El)] and therefore escaped
the Fpnay and Fra— 1 0ne-quadrupole-phonon states. Hie  observation. Tha3(E1;4; — 3;) andB(E1;5, —47,6;) val-
operator contains four free parameters. THE branching ues are well reproduced. These transition strengths were not
ratio, B(El;1;—2])/B(E1;1;—07)=6x?*/25N=1.786)  used to fit the parameters of the transition operator. They are,
(usingR from Table | assuming purgl multipolarity for the  thus, predictions of the model and can be used to judge its
1-— 2] transition uniquely fixes the absolute value b predictive power. The only visible problem is the transition
=6. We useX:—G_ The ground-sta’[e excitation Strength from 31 state to g, which is still outside the model, even
B(E1;0’1'—>1(_2+®3_)) is a function of only82 and 7 [15].  When we apply a two-bodSF(_El) operator. This intgresting
Since the Iattler lis known fror&2 data, we can unambigu- selection rule may be exploited to analyze a possible break-

ously obtain the absolute valug|=0.08e fm. We useg= ing of the assumed symmetrigs spin or U5)].

FIG. 5. Theoretical decay pattern of thelstate predicted
within thesdfIBM-2. Given are the absolutel1, E1, andE2 tran-
sition strengths obtained from the parameter set discussed in the
text.

-0.08e fm. . : -
The parameters of the one-body termas, and a,, can 3. Tentative assignment of &, state
finally be fixed from the reproduction of th8(El;3] With this working set of parameters one can have a look

— 259 and B(E1;3;—2)) values. We stress that the one- at predictions for the interesting mixed-symmetry states with
body part of the effectivdE1l operator turns out to have al- negative parity. The relatively low-lying quintuplet of states,
most pure F-vector characterf17]. Thus, the constraint denoted by(2;.®3)), is of particular interest, since both
a,l a,==1 can be used to further reduce the number of freeonstituent one-phonon states are already known experimen-
parameters for the description Bfl transition rates to three. tally. In the harmonic phonon coupling scheme one expects
The parameters and signs become unique if one poses titgis quintuplet of levels approximately at the sum energy,
reasonable conditiohl, a,>|N,a,|>0 with N_=4 andN,  which isE(2J+E(3]) =3.8 MeV for ¥Ce.

=1 for **Ce. These conditions result in the parameters The I shows one feature that distinguishes it from most
=a,=—«,=0.135e fm. TheoreticalE1 transition rates us- of the other higher-lying dipole excitations and makes a ten-
ing these three parameters of tB& operator(«, B, x) are  tative identification possible. The absolute transition strength

compared to the data in Table IIl. B(E1;1,.— 0;) only depends oB*(1-7)%
The octupole charge fact@; has been determined from NN L(N-2)
O " Dt = 3 - - + a N UN ™
thg B(E3;0[—37) value.' it |se3—76_e fm*. For th?Ml tran B(E1; 15— OF) = BA(1 - m)?—2> ' (5)
sition operator bare orbital valugs=1 uy andg, =0 for the N“(N-1)

bosong factors were used without any parameter adjustment. , . - - . ]
Someg(EZ) andB(M1) values are Iis);epd in Table III? while B(E1;1,,—2,) is also a function ofy*:

The overall agreement between theoretical and experi- ~ w_ 6 ., LN N,(N-2)
mental values is satisfactory. Although the observed strength ~ B(E1; 16— 27) = 25P X (1-7) TNN-D)
of the 3 — 27 E1 transition is unexpectedly small, it can be
described simultaneously with the enhandgd transitions In particular, one obtains for thB(E1) ratio

(6)
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TABLE Ill. Some experimental and theoretical transition strengthsfé€e. The parameters of the
transition operators used for the calculation are specified in the text. The asterisks denote transition strengths,
which were used to fit the model parameters as discussed in the text.

Experimentak Present work angi18]) Theoretical
B(E2;2; —0}) 924'88 & fm* 1037€? fm*
B(E2;2,—2) >836€? fm* 1659€? fm*
B(E2;2}—07) 110'3 € fm* 115€* fm*
B(M1:2-2) 0.235 55y 0.23uf

B(E3;0; —3))"
B(E1;3;—27)
B(E1;3;—4)
B(E1;3;—23)
B(E1;2,s—3))"
B(E1;4;—37)
B(E1l;4;—4))
B(E1;5;—47)
B(E1;5;—67)
B(E1;1;—0))"
B(E1;1;—2))"
B(E1;1;—03)
B(E1;1—23)
B(E1;3; —37)
B(E1;(1,9—07)
B(E1;(1,9—27)

2.0Z315x 10°€? fm®
<0.21X 1073¢? fm?
<0.4%X 10732 fm?

4.6702x 107%? fm?
4.43]1% 10732 fm?
0.74'5:19% 10732 fm?
<1.2X10%? fm?
<1.7%x 1073 fm?
3.6(1) X 1073¢? fm?
6.5(3) X 107%? fm?

0.445:33x 10732 fm?
0.153) X 1073¢? fm?
0.30(7) X 10732 fm?

2.02X 10°e? fm®
0.17X 1073%? fm?
0.33x 10732 fm?
15.7x 1073¢? fm?
4.5x% 1073¢? fm?2
20.6X 1073? fm?
0.16X 1073? fm?
0.96X 1073? fm?
0.67X 1073€? fm?
3.7X 10732 fm?
6.4X 1073¢? fm?
0.45X 1073%? fm?
0.95% 1073%? fm?
0
0.43x 1073%? fm?
0.75Xx 1073%? fm?

_BELI—2)_6x°_

5 Detailed branching ratios for four states in our data set are
- = =—"—=R-=2. 7
m B(El;1,,—0) 25N @

1 known from the previously mentionggtdecay experiments.
We stress, however, that the data from N[38] are ques-
tionable. The decay pattern of the level at 2801 k®@]

We stress that the 8) dynamical symmetry limit with struc-  disagrees, for example, with our results and with the findings

tural parameterg,=x,=0 and our reasonable choice for the from Ref.[18]. Also the spin assignmendt=1 for the level at

E1 transition operator predict identicEll decay branching 2365 keV is wrong, consistently demonstrated by Vanaby

ratios, Ry-, for the symmetric and mixed-symmetry al. [18] anq by our results. Therefqre, we used only our data_l

quadrupole-octupole coupled dipole excitationg, 1, and to determine the absolute transition strengths presented in

1, Beside thestructural choice of theE1 operator, this Table II. Evaluators should be aware that any unobserved

prediction iS independent of any mode| parameters in th@ranch tends to increase the |eV.e| WIdthS extracted by us and

U(5) limit. Breaking of the Las) Symmetry must be expected thUS reduc.es the a..Ctua.I |eVe| |IfetlmeS. In the case Of.un-

to destroy this equality oR;- values. A quantitative study of known parity we give the decay strengths for all possible

the individual evolution oR;- values with a breaking of the (Puré multipolarities.

U(5) limit requires numerical diagonalizations of the  With exception of the 3515 keV level all the=1 states

sdfIBM-2 Hamiltonian, which is outside of the scope of the between 3.3 and 3.9 MeV decay predominantly to the

present investigation. Indeed, we test the validity of the colground state(see Table )l Most transitions to the Rare
lective structure and do not intend to reproduce all correlalonexisting or too weak for detection. As discussed above,
tions that lead to deviations. the I, state is expected to decay strongly to thestate with

Due to the many dipole excitations in the energy region of2 branching ratio close to that one for thestate. The only
interest, lacking parity information complicates the identifi- dipole excitation in**:Ce showing a comparable branching
cation of the 7, state in'#2Ce. Furthermore, decay branch- ratio for the transitions to the;2and g states is the level at
ing ratios to higher excited states and the multipolarities 0815 keV with
the corresponding transitions are widely unknown. For the

1. state the expected characteridfiz andM1 transitions to

the isoscalar 3Band 1 states, as well as the predictédl and

E3 decays to the};and Z  fragments, must be expected

to disappear in the large nonresonant background at low erassuming negative parity and puEd multipolarity. How-

ergies. ever, the absolute transition strengB(E1;1”— 07)=0.15

1

_B(EL;1" —2)

 B(E1;1"—0) =2.04), ®
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X 1073%? fm?, is about a factor of 3 lower than predicted by these newly discovered dipole excitations shows a branching
the model. ratio for the decays to the ground state and to thestate,
Nevertheless, we observe that only one of the dipole exmeeting the expectations for the recently proposgdstate
citations shows a decay branching ratio as predicted for thfl5]. This state is a promising candidate for the dipole mem-
1. state. An alternative /I, state is predicted to occur at per of the (2} ns®37)Y) quintuplet of mixed-symmetry
about the same excitation energy with an identi&l  states with negative parity, which establishes a new class of
branching ratio, though with aB1 excitation strength more proton-neutron mixed-symmetry states described within the
than an order of magnitude lower than for thg, $tate con-  sdf.|BM-2. A schematic description within the pure(%)
sidered here. The data, hence, Suggest the State_ at 3515 kaynamicaj Symmetry limit has been used for reproducing
as a promising candidate for the isoved®jf,® 3;)* ) state.  known states with positive and negative parityfiCe in
For an unambiguous identification we would need clearcubrder to obtain a well-founded set of parameters for quanti-
parity information and more data on the characteristic decayative predictions of the decay pattern of the more exajjc 1
intensities to other excited states. That seems to be feasibéxcitation. Given the choice of the two-bodil transition
only with the powerful tool of NRF using monoenergetic operator of thesdf-IBM-2 in the literature, the (b) limit
polarized photon§37] instead of a bremsstrahlung spectrum. predicts theE1l decay branching ratiB;- to be equal to the
A unambiguous identification of a two-phonon quadrupole-corresponding branching ratio for thg date independent of
octupole-collective state with negative parity and mixedany model parameter. The data for thg, tandidate state at
proton-neutron symmetry would be significant for the under-3.5 MeV match this prediction within the error bars.
standing of the proton-neutron degree of freedom on collec-
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