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A photon scattering experiment with bremsstrahlung has been performed on the vibrational nucleus142Ce up
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 1− dipole member of the recently proposed
quintuplet of negative paritys21,ms

+
^ 31

−dsJ−d, involving the 21,ms
+ isovector quadrupole excitation in the valence

shell, has been identified. This exotic 1ms
− state has been predicted within thesdf-IBM-2 and is expected to be

accessible to photon scattering measurements. Solely one of nineJ=1 states in the energy region of interest
shows a decay pattern compatible with the model predictions for the 1ms

− state.
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I. INTRODUCTION

Low-lying quadrupole and octupole vibrations dominate
the excitation pattern of near spherical even-even nuclei. The
first excited 3− state can be understood as the manifestation
of the vibrational octupole degree of freedom. The funda-
mental building blocks of quadrupole vibrations are the well-
known isoscalar 21

+ state and the isovector quadrupole exci-
tation in the valence shell, the so-called 21,ms

+ (mixed-
symmetry) state. Aside from “particlelike” intruder states
occurring in some mass regions, the 21

+ state is the lowest-
lying collective excitation in all even-even nuclei. The 21,ms

+

state contains antisymmetric parts with respect to the proton-
neutron contribution in the wave function and is usually
shifted to considerably higher excitation energy in compari-
son to the yrast 2+ state.

Quadrupole-octupole coupled states have been exten-
sively investigated during the last decades. Especially the
isoscalar quadrupole-octupole coupled dipole modes21

+

^ 3−ds1−d attracted much attention in magic and near spherical
nuclei [1–7]. The structure mentioned above involves the
isoscalar 21

+ state and immediately questions the existence of
the isovector analogs21,ms

+
^ 3−d. Identification of mul-

tiphonon structures with mixed symmetry, i.e., with isovector
excitation character in the valence shell, is important for
judging the capability of the 21,ms

+ state to act as a building
block of nuclear structure and, consequently, for our under-
standing of the impact of the proton-neutron degree of free-
dom on the formation of nuclear collectivity.

Mixed-symmetry two-phonon structures of the types21
+

^ 21,ms
+ d have recently been unambiguously identified[8–10]

on the basis of absoluteM1 transition matrix elements. Such
structures were subsequently studied in several nuclei
[11–14]. The mixed-symmetry multiplet of negative parity

s21,ms
+

^ 31
−dsJ−d, J=1,2,3,4,5 hasbeen suggested recently in

the framework of thesdf-IBM-2 [15], the octupole extension
of the proton-neutron interacting boson model[16] to thesdf
space. Analytical expressions for its excitation energy and
decay properties were derived[15]. In a simple harmonic
coupling scheme one expects this multiplet to exist at about
the sum energyEsJms

− d=Es21,ms
+ d+Es31

−d. Recent observation
of the electromagnetic coupling between the 3− octupole
phonon state and the 21,ms

+ mixed-symmetry quadrupole pho-
non excitation through an enhancedE1 transition[17] has
provided direct evidence for the predominantly isovector
character of the effectiveE1 operator in the valence shell and
constrains the parameters of theE1 operator in the
sdf-IBM-2. These constraints[17] and the analytic expres-
sions from Ref.[15] can be used to quantify our expectations
for the absolute and relativeE1 decay rates of two-phonon
negative-parity states with mixed proton-neutron symmetry.
Such quantitative predictions for the decay rates and branch-
ing ratios can serve us in identifying fragments of the corre-
sponding collective modes.

In the near-spherical nucleus142Ce several “key states” of
thesdf-IBM-2 are known: the quadrupole and octupole one-
phonon states, two fragments of the mixed-symmetry 21,ms

+

one-phonon state, and members of the symmetrics21
+

^ 31
−d

quadrupole-octupole coupled two-phonon multiplet[18–20].
Moreover, theg-transition strength between the 31

− state and
one fragment of the 21,ms

+ state is known[17,18]. In 142Ce the
two main fragments of the 21,ms

+ excitation have been identi-
fied at 2004 and 2365 keV[18] while the 31

− state is rela-
tively low lying with an excitation energy of 1653 keV.
Therefore, the firstJms

− two-phonon quintuplet is expected in
the harmonic scheme to exist at about 3.8 MeV excitation
energy. The 1ms

− dipole member of this quintuplet is supposed
to decay predominantly to the 21

+ state and with sizableE1
strength to the ground state. The expectedE1 rates should be
comparable to those from other quadrupole-octupole coupled
states. Indeed, severalE1 transition rates between low-lying
states can be quantitatively reproduced[17] within the
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sdf-IBM-2 with a simple choice for the effectiveE1 transi-
tion operator. The model makes then quantitative predictions
[15] for the quadrupole-octupole coupled states with mixed-
symmetry character and negative parity. These predicted
properties would make the 1ms

− state accessible to the method
of nuclear resonance fluorescence(NRF) at the Stuttgart
4.3 MV DYNAMITRON accelerator[21].

Previous knowledge on the excitation spectrum of142Ce
stems from Coulomb excitation[19,22], b decay [23,24],
and electron scattering[25]. In 1995,142Ce was investigated
using inelastic neutron scatteringsn,n8gd, resulting also in
lifetime information on spin 1 states up to 3.3 MeV[18].
Data on higher excited states withJ=1 were still rare and
motivated our NRF study on142Ce.

II. EXPERIMENT

Resonant photon scattering is known as a well-suited ex-
perimental method to induce dipole and quadrupole excita-
tions that are connected to the ground state by sufficient
excitation matrix elements[21]. In that sense, this experi-
mental probe is spin and strength selective and the method of
choice to look for the 1ms

− excitation in142Ce. A photon scat-
tering experiment was performed at the bremsstrahlung fa-
cility of the DYNAMITRON accelerator in Stuttgart. The target
consisted of 1083 mg CeO2 with an enrichment of 91.5% in
142Ce and additionally 506 mg27Al and 70 mg13C for pho-
ton flux calibration purposes. The experiment took about
100 h at an endpoint energy of the bremsstrahlung spectrum
of 4.1 MeV. Figure 1 shows a part of the photon scattering
spectrum of142Ce observed with a Compton-shielded HPGe
detector at a scattering angle of 127°.

Sharp peaks appear above the smooth nonresonant back-
ground. These peaks stem from the decays of the resonantly
excited states. For some states it was possible to observe the
transition to the ground state as well as to the 21

+ state at
641 keV. The measured decay intensities yield the ratio

G1/G0 of the partial widths for the decays to the 21
+ and the

ground state, respectively. The observation of decays to
higher excited states than the 21

+ is usually prevented by the
rapidly increasing nonresonant background towards lower
energies in the spectra.

The experimental setup[21] provided the possibility to
determine spin values with the method of angular distribu-
tions. Three HPGe detectors were positioned at 90°, 127°,
and 150° with respect to the beam axis. The intensity ratio
Ws90°d /Ws127°d is sensitive to distinguish spinJ=1 andJ
=2 quantum numbers in even-even nuclei. Figure 2 shows
the observed intensity ratios,Ws90°d /Ws127°d, for 142Ce

TABLE I. Results from the NRF measurement of142Ce. Ob-
served branching ratios and reduced branching ratioR
=sG1Eg0

3 d / sG0Eg1

3 d for the decay to the 21
+ state, 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.

Ei Jp G1/G0 R Is G0 t

(keV) s"d (eV b) (meV) (fs)

2187.0 1− 0.63(2) 1.78(6) 59.0(19) 39.8(14) 10.2(4)

2397.8 1+ 0.24(5) 0.61(13) 12.0(5) 7.41(44) 72(4)

2800.8 1s+d 0.19(2) 0.41(14) 36.8(13) 29.9(12) 18.4(7)

2999.7 1 1.65(12) 3.39(25) 5.8(3) 11.9(9) 21(2)

3012.5 1 . . . 28.4(10) 22.4(8) 29.4(10)

3313.8 1 0.21(3) 0.40(6) 24.5(9) 28.3(13) 19.2(9)

3400.9 1 . . . 33.4(12) 33.6(12) 19.6(7)

3515.1 1 1.10(21) 2.0(4) 2.9(3) 6.7(10) 47−6
+9

3632.6 1 . . . 10.8(7) 12.32(71) 53(3)

3643.4 1 . . . 25.6(11) 29.5(12) 22(1)

3718.8 1 . . . 9.4(7) 11.24(75) 59(4)

3745.7 1 . . . 10.0(8) 12.23(88) 54(4)

3776.6 1 . . . 11.0(8) 13.6(10) 48(4)

3850.2 1 . . . 15.7(12) 20.3(16) 32(3)

FIG. 1. Part of the NRF spectrum observed at a scattering angle
of 127° with a Compton-escape suppressed HPGe detector. All
peaks from142Ce are labeled with their energy. Transitions stem-
ming from the calibration standards are also marked.

FIG. 2. Angular distribution of ground-state transitionsJp

→01
+ in 142Ce. The intensity ratioWs90°d /Ws127°d enables us to

assign 14J=1 and twoJ=2 spin quantum numbers, five of them
for the first time.
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along with the expectation values for spin assignmentsJ=1
or 2 for the photoexcited states. Absolute energy-integrated
resonance scattering cross sections

Is,0 = gp2l” 2G0
2

G
s1d

of the states in142Ce were obtained relative to the well-
known [26] cross sections of several states in27Al and 13C.
Here,g=s2J+1d / s2J0+1d is a statistical factor,l” 2="c/Ex is
the reduced excitation wavelength, andGsG0d denotes the
total (partial) decay width of the level(for the decay back to
the ground state). From the cross section,Is,0, and relative
widths, G0/G, total level lifetimes

t =
"

G
=

gp2l” 2"2

Is,0
SG0

G
D2

of the resonantly excited states can be deduced model inde-
pendently.

We observed nine dipole excitations between 3.3 and
3.9 MeV, five of them for the first time. Tables I and II
summarize the NRF results. We list excitation energy, spin
and parity assignment, intensity branching ratio and the re-
duced branching ratioR=sG1Eg0

3 d / sG0Eg1

3 d for the decay to
the 21

+ state, integrated scattering cross sectionIs, the partial
width for the decay to the ground stateG0, and the resulting
level lifetime t. It was possible to confirm known lifetimes

for the states at 2187, 2398, 2801, 3000, and 3013 keV,
partly with a significant reduction of the uncertainty. Due to
low coincidence statistics caused by the lack of sufficient
target material it was not possible to use the Compton polar-
imeter for the determination of parities.

III. DISCUSSION

In the energy region of interest the parities of theJ=1
states are widely unknown. In Fig. 3 we compare the abso-
lute transition strengthsBss1;1p→01

+d measured in142Ce to
the findings for theN=84 isotone144Nd for which parities
are partly assigned at higher energies from Compton polar-
imetry in photon scattering[27].

Dipole excitations of both parities occur in the accessible
energy region. We will comment on the presumed character
of these states in the following subsections.

A. Magnetic dipole excitations

An interesting class of collective states has been predicted
in the framework of the IBM-2, the so-called mixed-
symmetry states. The wave functions of these excitations
contain antisymmetric components with respect to the
proton-neutron degree of freedom and their decay pattern is
characterized by strongM1 transitions to proton-neutron
symmetric states[28]. The study of such excitations is of
great interest and serves us in better understanding the inter-

TABLE II. Absolute transition strengths ofJ=1 states in142Ce. In the case of unknown radiation char-
acter the values for all possible(pure) multipolarities are given. In addition, level energyEi, initial and final
spinsJi

p andJf
p, the g-ray transition energyEg, and the reduced branching rationR are listed.

Ei Ji
p R Eg Jf

p BsE1;Ji
p→Jf

p) BsM1;Ji
p→Jf

p) BsE2;Ji
p→Jf

p)

(keV) s"d (keV) s"d s10−3e2 fm2d smN
2d se2 fm4d

2187.0 1− 1.78(6) 2187.0 01
+ 3.62(12)

1545.7 21
+ 6.45(33)

2397.8 1+ 0.61(13) 2397.8 01
+ 0.047(3)

1756.5 21
+ 0.028(6) 132(28)

2800.8 1s+d 0.41(4) 2800.8 01
+ 0.118(7)

2159.5 21
+ 0.049(5) 151(17)

2999.7 1 3.39(25) 2999.7 01
+ 0.42(6) 0.038(5)

2358.4 21
+ 1.4(2) 0.13(1) 332(37)

3012.5 1 0.0 3012.5 01
+ 0.78(3) 0.071(3)

3313.8 1 0.40(6) 3313.8 01
+ 0.74(4) 0.067(3)

2672.5 21
+ 0.30(6) 0.027(5) 54(11)

3400.9 1 0.0 3400.9 01
+ 0.82(3) 0.074(3)

3515.1 1 2.0(4) 3515.1 01
+ 0.15(3) 0.013(3)

2873.8 21
+ 0.30(7) 0.027(5) 47(10)

3632.6 1 0.0 3632.6 01
+ 0.24(2) 0.022(2)

3643.4 1 0.0 3643.4 01
+ 0.58(3) 0.053(2)

3718.8 1 0.0 3718.8 01
+ 0.21(2) 0.019(1)

3745.7 1 0.0 3745.7 01
+ 0.22(2) 0.020(1)

3776.6 1 0.0 3776.6 01
+ 0.24(2) 0.022(1)

3850.2 1 0.0 3850.2 01
+ 0.34(3) 0.031(3)
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play between protons and neutrons in the atomic nucleus.
The most prominent mixed-symmetry state is the magnetic
dipole 1ms

+ state, which is called “scissors mode” in deformed
nuclei. This 1+ state was discovered by Richter and co-
workers in electron scattering experiments at Darmstadt[29].
The existence of mixed-symmetry 1ms

+ states has been sys-
tematically investigated in the 100,A,200 mass region us-
ing the resonant photon scattering technique[21,30–32].
Photon scattering is particularly useful for the investigation
of these states because in deformed nuclei the “scissors
mode” is connected to the 0+ ground state by a strongM1
transition matrix element. The mentioned systematics
showed that this excitation is usually fragmented around
3 MeV with only little dependence on the nuclear deforma-
tion [31]. Under the extreme assumption that all observed
dipole excitations of142Ce in the energy region 2.3øE
ø3.5 MeV would have positive parity, we can establish the
upper limit of 0.43mN

2 for the decayM1 strength of the
mixed-symmetry two-phonon 1+ state of142Ce. Summing the
absoluteBss1;1p→01

+d decay strength below 3.3 MeV in
142Ce results then in 0.075mN

2 ,oBsM1;1+→01
+d,0.43mN

2.
Due to the lacking parity information, we can expect, how-
ever, that the upper limit deduced above overestimates the
actual value considerably. Of course the knowledge of the
parity quantum numbers is necessary for a final assignment
of the 1ms

+ fragments. For a near spherical nucleus the decay
strength to the ground state is expected to be small compared
to a well deformed nucleus. For94Mo, the currently best-
studied nucleus for mixed-symmetry multiphonon structures,
a corresponding value ofoBsM1;1+→01

+d=0.22s3dmN
2 has

been determined experimentally below 4 MeV[14]. Recent
microscopic calculations for142Ce carried out in the frame-
work of the random phase approximation predict the decay
strength to be about 0.07mN

2 [33]. This agrees well with
systematic microscopic studies of mixed-symmetry struc-
tures in vibrational nuclei in the quasiparticle phonon model
[34].

B. Electric dipole excitations

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 modes can be
combined to form multiphonon structures. A particularly in-
teresting problem is the coupling of the lowest quadrupole
and octupole modes in nuclei. In a harmonic coupling
scheme one expects the quintuplet of negative paritys21

+

^ 31
−d states to occur at the sum energy,Es21

+d+Es31
−d, of its

constituents. The 1− member of this multiplet at 2187 keV
lies 107 keV below the sum energy and fits well into the
systematic of quadrupole-octupole coupled 1− excitations in
this mass region[1,5].

A more exotic excitation mode results from the coupling
of the fundamental 21,ms

+ excitation and the 3− octupole state.
This mixed-symmetry state of negative parity has been pre-
dicted in the framework of thesdf-IBM-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 the 1ms

− state. On this basis
we propose this state as a promising candidate for the 1ms

−

excitation. In the following subsections we will briefly de-
scribe the algebraicsdf-IBM-2 model, discuss its relevant
predictions for142Ce, and present a comparison to the data.

1. Quantitative application of the sdf-IBM-2

The underlying algebraic structure of thesdf-IBM-2 is
Ups13d ^ Uns13d. Its group reduction to the U(5) and SO(6)
groups has been done in Ref.[15], where analytical expres-
sions for energy eigenvalues, wave functions, and transition
matrix elements have been derived. The proton-neutron sym-
metry of the wave functions is expressed in terms of the total
F-spin quantum number, applied to the full set ofs, d, and f
bosons, and can further be classified into three categories
with different symmetries in thesd-and f-boson subspaces
[15].

The near-spherical nucleus142Ce was considered before
as a reasonable example for the schematic, but analytically
solvable, U(5) dynamical symmetry of the IBM[17,35]. We
will discuss the decay properties of this nucleus in terms of
the pure U(5) limit of the sdf-IBM-2. We consider here the
schematic Hamiltonian

H = edC1fUpns5dg + e fC1fUpns7dg + gC2fSOpns3dg

+ gdC2fSOpn
d s3dg + lM̂13. s2d

The definition of all operators and the full Hamiltonian of the
sdf-IBM-2 in terms of Casimir operators can be found in
Ref. [15]. We note that the fullsdf-IBM-2 Hamiltonian can
contain up to three independent Majorana operators for de-
scribing an energy splitting of mixed-symmetry states with
different boson contents and coupling schemes. In order to
restrict the number of parameters we consider only the lead-
ing termM13. The energy eigenvalues are given by

E = ednd + e fnf + gdLdsLd + 1d + gLsL + 1d

+ lfFmaxsFmax+ 1d − FsF + 1dg, s3d

whereFmax=N/2 andF denotes the totalF spin of the boson

FIG. 3. ExperimentalBss1;1→01
+d dipole decay strength dis-

tributions for the neighboring even-evenN=84 isotones142Ce and
144Nd. The isoscalars21

+
^ 31

−ds1−d state carries the dominant amount
of E1 strength in the analyzed energy region in both nuclei.
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wave function. The experimental spectrum of142Ce [18] is
shown in Fig. 4 in comparison with a spectrum of the Us5d
^ Us7d dynamical symmetry limit of thesdf-IBM-2 for the
restricted Hamiltonian from Eq.(2) with the parameters

ed = 688.7 keV, e f = 1572.8 keV, gd = − 14.58 keV,

g = 6.68 keV, l = 312 keV, andNp = 4, Nn = 1.

Spin and parity quantum numbers were experimentally as-
signed to all known states of142Ce below about 2.7 MeV
excitation energy. We compare the experimentally unam-
biguously identified positive-parity(multi)phonon states, the
mixed-symmetry states, and the states with negative parity
suggested to form the quadrupole-octupole coupled multiplet
[18].

The symmetric quadrupole phonon 21
+ state is experimen-

tally found at an excitation energy ofEs21
+d=641 keV and

the 31
− octupole phonon state is low lying atEs31

−d
=1653 keV. The 1− member of the proton-neutron symmet-
ric s21

+
^ 31

−d quadrupole-octupole coupled two-phonon mul-
tiplet lies at an excitation energy ofEs1−d=2187 keV, which

is close to the sum energyEs21
+d+Es31

−d=2294 keV of the
constituents.142Ce is one of the few nuclei, for which, aside
from the 1− state, data on other members of thes21

+
^ 31

−d
quintuplet are known. Based on the results of a neutron-
scattering experiment Vanhoyet al. [18] assigned the 51

− state
at 2125 keV and the 41

− state at 2385 keV to be of
quadrupole-octupole coupled nature. These states are charac-
terized by strongE2 transitions to the one-phonon octupole
state and rather strongE1 transitions to the ground band. The
assignment of 2− and 3− two-phonon states is less clear. The
reason may be sizable mixing with noncollective configura-
tions.

A fragment of the 2ms
+ state, namely the 23

+ state at
2004 keV excitation energy, has been suggested first by
Hamilton, Irbäck, and Elliott[35] and could be confirmed
later by the measured largeM1 transition strength[18,19].
The sn,n8gd data by Vanhoyet al. [18] suggest the short-
lived 24

+ state at 2365 keV excitation energy as a further
fragment of the 2ms

+ state of142Ce, also based on the obser-
vation of a strongM1 transition to the 21

+ state.
In view of the restricted Hamiltonian(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 expressions[15] 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-
symmetry states with negative parity.

2. Transitions

Besides the energy spectrum, the model can quantitatively
describe electromagnetic transition matrix elements by the
consideration of effective boson transition operators. We use
here the following transition operators:

TsE1d = apDp
s1d + anDn

s1d +
b

2N
FQs2dS en

ep
D 3 Os3dsxdGs1d

,

TsE2d = epQp
s2dsxpd + enQn

s2dsxnd,

TsE3d = e3„Op
s3dsxd + On

s3dsxd…,

TsM1d =Î 3

4p
sgpLp

d + gnLn
dd, s4d

where the multipole operators are described in detail in[15].
We stress that thesdf-IBM-2 for the first time enables a
description of mixed-symmetry states and quadrupole-
octupole coupling in a common algebraic approach. Of par-
ticular importance are transitions which are absent in the
standardsd-IBM-2 or sdf-IBM-1, e.g., theF-vectorE1 tran-
sitions [17].

We first outline the rationale of the fitting procedure for
the effective parameters of the transition operators of the
sdf-IBM-2 using the familiar language of collective phonon
excitations. The corresponding quantitative data analysis

FIG. 4. Comparison of the experimental and calculated low-
energy spectrum in the Us5d ^ Us7d dynamical symmetry limit. We
used the set of parameters given in the text. The mixed-symmetry
2+ state in142Ce is fragmented into two 2+ states at 2 and 2.3 MeV.
The experimental identification of the quadrupole-octupole coupled
2− and 3− states is unclear. We compare the spin 2 and two spin 3
states that are referred to as the most likely candidates for these
excitations[18].
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within thesdf-IBM-2 provides then numerical values for the
model parameters and thereby fixes the model predictions for
hitherto unknown structures.

The effective charges for the proton and neutron parts of
the E2 operator can be obtained from theE2 excitation
strengths of the isoscalar and the isovector one-quadrupole
phonon excitations. From the isovectorM1 transition be-
tween them one can determine the difference of the effective
g factors for proton and neutron bosons. We will accept the
literature valueugp−gnu=1mN [28]. The 11

− state decays by
enhanced electric dipole transitions to the ground state and to
the 21

+ state with relatively largeE1 strengths of the order of
10−3e2 fm2. TheseE1 transition rates determine the two pa-
rameters of the quadrupole-octupole coupled two-body part
of theE1 operator. The proton and neutron effective charges
of the leading order one-body parts of theE1 operator are
finally fixed from the reproduction of the isoscalar 31

−→21
+

and isovector 31
−→21,ms

+ E1 transitions between the one-
phonon excitations[17]. To be quantitative we use now the
analytical expressions for the U(5) limit of the sdf-IBM-2
from Ref. [15] for finding an appropriate set of parameters
for the transition operators(see Fig. 5).

In the U(5) limit we use standard valuesxp=xn=0 for the
structural parameters of the quadrupole operatorsQp andQn.
The ratioh=en /ep=1/4 of the effective quadrupole boson
charges was adjusted to reproduce the experimentalE2 exci-
tation strength ratioBsE2;01

+→2ms
+ d /BsE2;01

+→21
+d=0.11 to

the Fmax andFmax−1 one-quadrupole-phonon states. TheE1
operator contains four free parameters. TheE1 branching
ratio, BsE1;11

−→21
+d /BsE1;11

−→01
+d=6x2/25N=1.78s6d

(usingR from Table I assuming pureE1 multipolarity for the
1−→21

+ transition) uniquely fixes the absolute value ofuxu
=6. We usex=−6. The ground-state excitation strength
BsE1;01

+→1s21
+

^31
−d

− d is a function of onlyb2 and h [15].

Since the latter is known fromE2 data, we can unambigu-
ously obtain the absolute valueubu=0.08e fm. We useb=
−0.08e fm.

The parameters of the one-body terms,ap and an, can
finally be fixed from the reproduction of theBsE1;31

−

→2ms
+ d and BsE1;31

−→21
+d values. We stress that the one-

body part of the effectiveE1 operator turns out to have al-
most pure F-vector character[17]. Thus, the constraint
an /ap=−1 can be used to further reduce the number of free
parameters for the description ofE1 transition rates to three.
The parameters and signs become unique if one poses the
reasonable conditionNpap. uNnanu.0 with Np=4 andNn

=1 for 142Ce. These conditions result in the parametersa
;ap=−an=0.135e fm. TheoreticalE1 transition rates us-
ing these three parameters of theE1 operator(a, b, x) are
compared to the data in Table III.

The octupole charge factore3 has been determined from
theBsE3;01

+→31
−d value: it ise3=76 e fm3. For theM1 tran-

sition operator bare orbital valuesgp=1 mN andgn=0 for the
bosong factors were used without any parameter adjustment.
SomeBsE2d andBsM1d values are listed in Table III.

The overall agreement between theoretical and experi-
mental values is satisfactory. Although the observed strength
of the 31

−→21
+ E1 transition is unexpectedly small, it can be

described simultaneously with the enhancedE1 transitions

from the 11
− state to the ground state and to the 21

+ state. The
largeBsE1d value for the transition from the 31

− state to 22
+ is

predicted, while this transition was not observed experimen-
tally. The reason may be that sinceEgs31

−→22
+d=115.5 keV,

its intensity is much smaller than that of the 31
−→41

+ transi-
tion with Eg=433.5 keVfI ,Eg

3BsE1dg and therefore escaped
observation. TheBsE1;41

−→31
+d andBsE1;51

−→41
+,61

+d val-
ues are well reproduced. These transition strengths were not
used to fit the parameters of the transition operator. They are,
thus, predictions of the model and can be used to judge its
predictive power. The only visible problem is the transition
from 31

− state to 31
+, which is still outside the model, even

when we apply a two-bodyTsE1d operator. This interesting
selection rule may be exploited to analyze a possible break-
ing of the assumed symmetries[F spin or U(5)].

3. Tentative assignment of a1ms
− state

With this working set of parameters one can have a look
at predictions for the interesting mixed-symmetry states with
negative parity. The relatively low-lying quintuplet of states,
denoted bys2ms

+
^ 31

−d, is of particular interest, since both
constituent one-phonon states are already known experimen-
tally. In the harmonic phonon coupling scheme one expects
this quintuplet of levels approximately at the sum energy,
which is Es2ms

+ d+Es31
−d<3.8 MeV for 142Ce.

The 1ms
− shows one feature that distinguishes it from most

of the other higher-lying dipole excitations and makes a ten-
tative identification possible. The absolute transition strength
BsE1;1ms

− →01
+d only depends onb2s1−hd2:

BsE1;1ms
− → 01

+d = b2s1 − hd2NpNnsN − 2d
N2sN − 1d

, s5d

while BsE1;1ms
− →21

+d is also a function ofx2:

BsE1;1ms
− → 21

+d =
6

25
b2x2s1 − hd2NpNnsN − 2d

N3sN − 1d
. s6d

In particular, one obtains for theBsE1d ratio

FIG. 5. Theoretical decay pattern of the 1ms
− state predicted

within thesdf-IBM-2. Given are the absoluteM1, E1, andE2 tran-
sition strengths obtained from the parameter set discussed in the
text.
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R1ms
− =

BsE1;1ms
− → 21

+d
BsE1;1ms

− → 01
+d

=
6

25

x2

N
= R11

− < 2. s7d

We stress that the U(5) dynamical symmetry limit with struc-
tural parametersxp=xn=0 and our reasonable choice for the
E1 transition operator predict identicalE1 decay branching
ratios, R1−, for the symmetric and mixed-symmetry
quadrupole-octupole coupled dipole excitations, 11

−, 1ms
− , and

1ms
−8. Beside thestructural choice of theE1 operator, this

prediction is independent of any model parameters in the
U(5) limit. Breaking of the U(5) symmetry must be expected
to destroy this equality ofR1− values. A quantitative study of
the individual evolution ofR1− values with a breaking of the
U(5) limit requires numerical diagonalizations of the
sdf-IBM-2 Hamiltonian, which is outside of the scope of the
present investigation. Indeed, we test the validity of the col-
lective structure and do not intend to reproduce all correla-
tions that lead to deviations.

Due to the many dipole excitations in the energy region of
interest, lacking parity information complicates the identifi-
cation of the 1ms

− state in142Ce. Furthermore, decay branch-
ing ratios to higher excited states and the multipolarities of
the corresponding transitions are widely unknown. For the
1ms

− state the expected characteristicE2 andM1 transitions to
the isoscalar 31

− and 11
− states, as well as the predictedE1 and

E3 decays to the 1ms
+ and 21,ms

+ fragments, must be expected
to disappear in the large nonresonant background at low en-
ergies.

Detailed branching ratios for four states in our data set are
known from the previously mentionedb-decay experiments.
We stress, however, that the data from NDS[36] are ques-
tionable. The decay pattern of the level at 2801 keV[36]
disagrees, for example, with our results and with the findings
from Ref.[18]. Also the spin assignmentJ=1 for the level at
2365 keV is wrong, consistently demonstrated by Vanhoyet
al. [18] and by our results. Therefore, we used only our data
to determine the absolute transition strengths presented in
Table II. Evaluators should be aware that any unobserved
branch tends to increase the level widths extracted by us and
thus reduces the actual level lifetimes. In the case of un-
known parity we give the decay strengths for all possible
(pure) multipolarities.

With exception of the 3515 keV level all theJ=1 states
between 3.3 and 3.9 MeV decay predominantly to the
ground state(see Table I). Most transitions to the 21

+ are
nonexisting or too weak for detection. As discussed above,
the 1ms

− state is expected to decay strongly to the 21
+ state with

a branching ratio close to that one for the 11
− state. The only

dipole excitation in142Ce showing a comparable branching
ratio for the transitions to the 21

+ and 01
+ states is the level at

3515 keV with

R=
BsE1;1− → 21

+d
BsE1;1− → 01

+d
= 2.0s4d, s8d

assuming negative parity and pureE1 multipolarity. How-
ever, the absolute transition strength,BsE1;1−→01

+d=0.15

TABLE III. Some experimental and theoretical transition strengths for142Ce. 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.

Experimental(Present work and[18]) Theoretical

BsE2;21
+→01

+d 924−88
+88 e2 fm4 1037e2 fm4

BsE2;22
+→21

+d .836 e2 fm4 1659e2 fm4

BsE2;2ms
+ →01

+d 110−9
+9 e2 fm4 115 e2 fm4

BsM1;2ms
+ →21

+d 0.23−0.02
+0.02mN

2 0.23mN
2

BsE3;01
+→31

−d* 2.02−0.13
+0.133105e2 fm6 2.023105e2 fm6

BsE1;31
−→21

+d ,0.21310−3e2 fm2 0.17310−3e2 fm2

BsE1;31
−→41

+d ,0.4310−3e2 fm2 0.33310−3e2 fm2

BsE1;31
−→22

+d 15.7310−3e2 fm2

BsE1;2ms
+ →31

−d* 4.6−0.5
+0.5310−3e2 fm2 4.5310−3e2 fm2

BsE1;41
−→31

+d 4.4−25
+37310−3e2 fm2 20.6310−3e2 fm2

BsE1;41
−→41

+d 0.74−0.46
+0.70310−3e2 fm2 0.16310−3e2 fm2

BsE1;51
−→41

+d ,1.2310−3e2 fm2 0.96310−3e2 fm2

BsE1;51
−→61

+d ,1.7310−3e2 fm2 0.67310−3e2 fm2

BsE1;11
−→01

+d* 3.6s1d310−3e2 fm2 3.7310−3e2 fm2

BsE1;11
−→21

+d* 6.5s3d310−3e2 fm2 6.4310−3e2 fm2

BsE1;11
−→02

+d 0.45310−3e2 fm2

BsE1;11
−→22

+d 0.95310−3e2 fm2

BsE1;31
+→31

−d 0.44−0.30
+0.33310−3e2 fm2 0

BsE1;s1ms
− d→01

+d 0.15s3d310−3e2 fm2 0.43310−3e2 fm2

BsE1;s1ms
− d→21

+d 0.30s7d310−3e2 fm2 0.75310−3e2 fm2
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310−3e2 fm4, is about a factor of 3 lower than predicted by
the model.

Nevertheless, we observe that only one of the dipole ex-
citations shows a decay branching ratio as predicted for the
1ms

− state. An alternative 1ms
−8 state is predicted to occur at

about the same excitation energy with an identicalE1
branching ratio, though with anE1 excitation strength more
than an order of magnitude lower than for the 1ms

− state con-
sidered here. The data, hence, suggest the state at 3515 keV
as a promising candidate for the isovectors2ms

+
^ 31

−ds1−d state.
For an unambiguous identification we would need clearcut
parity information and more data on the characteristic decay
intensities to other excited states. That seems to be feasible
only with the powerful tool of NRF using monoenergetic
polarized photons[37] instead of a bremsstrahlung spectrum.
A unambiguous identification of a two-phonon quadrupole-
octupole-collective state with negative parity and mixed
proton-neutron symmetry would be significant for the under-
standing of the proton-neutron degree of freedom on collec-
tive nuclear structures.

IV. CONCLUSION

We investigated dipole excitations in the near spherical
nucleus142Ce with the method of nuclear resonance fluores-
cence using bremsstrahlung provided by the StuttgartDYNA-

MITRON accelerator facility at 4.1 MeV end-point energy.
Between 2.1 and 3.9 MeV, 14 excitations withJ=1 have
been observed, five of them for the first time. Only one of

these newly discovered dipole excitations shows a branching
ratio for the decays to the ground state and to the 21

+ state,
meeting the expectations for the recently proposed 1ms

− state
[15]. This state is a promising candidate for the dipole mem-
ber of the s21,ms

+
^ 31

−dsJ−d quintuplet of mixed-symmetry
states with negative parity, which establishes a new class of
proton-neutron mixed-symmetry states described within the
sdf-IBM-2. A schematic description within the pure U(5)
dynamical symmetry limit has been used for reproducing
known states with positive and negative parity in142Ce in
order to obtain a well-founded set of parameters for quanti-
tative predictions of the decay pattern of the more exotic 1ms

−

excitation. Given the choice of the two-bodyE1 transition
operator of thesdf-IBM-2 in the literature, the U(5) limit
predicts theE1 decay branching ratioR1ms

− to be equal to the
corresponding branching ratio for the 11

− state independent of
any model parameter. The data for the 1ms

− candidate state at
3.5 MeV match this prediction within the error bars.
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