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Observation of the 11 scissors mode in theg-soft nucleus 134Ba
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A photon scattering experiment was performed on theg-soft nucleus134Ba with photon energies of
Eg,4.1. Around 3 MeV excitation energy a fragmented 11 scissors mode as well as the (21

^32)12 two-
phonon dipole state were identified. The dipole excitation strengths were measured. The excitation strength of
the scissors mode in thisg-soft nucleus is well reproduced by an empiricalM1 sum rule that generalizes the
‘‘ d2 law’’ to nuclei without axial symmetry. The IBM-2 describes the mixed-symmetry states in134Ba and
their decay pattern. A largeE2/M1 mixing ratio for the 11→21

1 decay of the scissors mode to the 21
1 state is

predicted by the IBM-2. The new result from134Ba together with a similar previous observation in196Pt
corroborates the scissors mode as a typical excitation mode ofg-soft nuclei.@S0556-2813~96!51011-3#

PACS number~s!: 21.10.Re, 23.20.2g, 25.20.Dc, 27.60.1j
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The scissors mode is a fundamental excitation mode
heavy deformed nuclei. Recently it was observed@1,2# in
196Pt. This was the first observation of the scissors mode in
deformed nucleus with a soft triaxiallity. Besides the Pt,O
region another wide region ofg-soft triaxiallity is the Xe,Ba
one with mass numbers aroundA5130. Here we report on
the observation of the scissors mode in theg-soft nucleus
134Ba. This observation corroborates the scissors mode a
typical excitation mode ofg-softly deformed nuclei.

In a simple geometrical model the scissors mode can
visualized as a scissorslike counter rotating oscillation of t
deformed proton body against the neutron body. In 1984 t
excitation mode was discovered experimentally@3# in the
well-deformed nucleus156Gd in a high-resolution electron
scattering experiment. Subsequently the scissors mode
been investigated intensively in electron and in high reso
tion photon scattering experiments in many deformed nuc
@4#. In addition to the even-A rare earth nuclei~see refer-
ences in@5#! it was found in the actinides@6,7#, f p-shell
nuclei @8#, and in odd-A rare earth nuclei@9–11#. The exci-
tation strength of the mode is fragmented around excitati
energies of 3 MeV. The totalM1 strength in this energy
region correlates to other collective observables@5,12,13#,
such as the low-lyingE2 strength, and depends quadratical
on the nuclear quadrupole deformation in axially symmetr
nuclei. This fact is known as the so-called ‘‘d2 law’’ @14–
17#.

A scissors mode in deformed nuclei has been predic
theoretically in various nuclear models@18–22#. A splitting
of the scissors mode is predicted for nuclei with rigid triax
allity @23,24#. For g-soft nuclei predictions for the scissors
mode have been made in the O~6! dynamical symmetry of
the IBM-2 @25–27#. The recently reported@1# properties of
the scissors mode in196Pt correspond to the predictions o
the O~6! dynamical symmetry of the IBM-2@28#. It is thus a
crucial test of models of the scissors mode to investigate a
the low-lying dipole excitations in another region ofg-soft
nuclei namely in the nuclei aroundA5130@29#. We mention
that the mixed-symmetry 2m

1 state in134Ba has already been
54556-2813/96/54~5!/2129~5!/$10.00
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studied @30,31#. The low-lying positive parity states o
134Ba are well described by the O~6! dynamical symmetry of
the IBM @32#. Hence, we performed a photon scattering e
periment on134Ba in order to observe the scissors mode
the A5130 region and to confirm the scissor as a gene
excitation mode ofg-soft nuclei.

This experiment was carried out at the photon scatter
site @4,33# at the 4.3 MeV Dynamitron accelerator i
Stuttgart. A photon scattering spectrum is displayed in F
1. This spectrum was observed at a scattering angle
u5127° with a Ge detector of 20% efficiency relative to
3 in.33 in. standard NaI detector. Sharp resonance scatte
lines appear above the nonresonant background. These
stem from the decays of the resonantly excited states. S
states were observed that decay both to the ground state
to other excited states. Decays to the first or second 21 states
were identified from their transition energies. With respect
the elastic ground-state decay theirg energies are lowered by

FIG. 1. Photon scattering spectrum off134Ba at a scattering
angle ofu5127°. Above the smooth background, sharpg lines are
visible. The strongest lines are ground-state transitions of the dip
excitations. Some of these states also decay to other excited s
as, e.g., the 21

1 state. The inelastic transition from the 11 state at
2939 keV to the 21

1 state is emphasized in the left box. Note th
change of scale in the left part.
R2129 © 1996 The American Physical Society
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TABLE I. Results of the134Ba(g,g8) experiment. Tabulated are the excitation energiesEx , the spins
J and the paritiesp, the energy integrated elastic photon scattering cross sectionsI s,0 , the ground-state decay
widths G0

1
1, the relative ground-state decay width ratiosG0

1
1 /G used for the data analysis, and the dipole

excitation strengthsB(p1;01
1→1p) in units ofmN

2511.0631023 e2 fm2.

Ex Jp I s,0 G0
1
1 G0

1
1 /G B(p1)↑

@keV# @\# @eV•b# @meV# @mN
2 #

2311 (1) 3.260.9 1.560.4 0.03160.009
2571 1(1) 5.261.1 5.360.8 0.5660.05a 0.08160.012
2806 (1) 2.860.9 1.960.6 0.02360.007
2824 12 22.262.5 18.062.3 0.8560.07 0.20860.027b

2939 11 25.262.7 30.163.6 0.6360.04 0.30760.037
3011 (1) 3.560.9 2.760.7 0.02660.007
3027 (11) 5.361.1 4.260.8 0.03960.008
3246 (11) 3.260.9 2.960.8 0.02260.006
3327 (11) 5.261.1 10.762.1 0.4660.07 0.07560.015
3343 (1) 2.560.9 2.460.8 0.01760.006
3450 (11) 5.561.2 5.661.2 0.03660.008
3560 1 16.362.4 18.062.6 0.10360.015
3589 1 21.262.9 23.763.3 0.13360.018
3617 (1) 6.361.5 7.261.7 0.03960.009
3705 1 12.762.3 15.162.7 0.07760.014
3783 (1) 8.162.0 10.162.4 0.04860.012
3836 1 15.363.0 19.663.8 0.09060.018
3980 (1) 9.363.4 12.864.6 0.05360.019
3992 (1) 11.163.8 15.365.2 0.06260.021

aThe branching ratios to the 21,2
1 states are taken from Ref.@38#.

bB(E1;01
1→2824 keV)52.3(3)31023 e2 fm2.
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605 keV and 1168 keV corresponding to the excitation e
ergies of the 21,2

1 states.
The observed decay intensities yield the ratiosG2

1,2
1 /G0

1
1

of the partial widths for the decays to the 21,2
1 states and the

ground state, respectively. The angular correlations of
ground-state decay intensities observed at 90° and 1
prove all strongly excited states to be dipole excitations le
ing to spin assignmentsJ51. Absolute values for the inelas
tic photon scattering cross sections of the134Ba states are
obtained relative to the well-known@34# cross sections of
several states in27Al. From the cross sections and the rel
tive widths, total level widths and thus the lifetimes of th
observed dipole states are deduced in a model-indepen
way. The parities of the dipole excitations were measu
with a Compton polarimeter@4,35#. In our experiment we
used a sectored single-crystal Ge polarimeter@36# with a
high coincidence efficiency@37#. For the most intense deca
transitions at 2824 keV and 2939 keV statistically significa
coincidence asymmetries in the Compton polarimeter lea
parity assignments ofp52 andp51, respectively.

The results are summarized in Table I. Due to the lo
cross sections, firm assignments of spins and parities w
not possible for many levels. For some states additional
formation comes from other reactions@38#. Some states were
known from a previous experiment@39# where theb1 decay
of the 11 ground state of134La was studied. Due to the
population of these states in both reactions, namely in
parity selectiveb decay and in the spin selective photo
scattering reaction, they are most probably 11 states. For
cases where we lack other information we quote these
n-

the
27°
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signments in parentheses. Within the experimental accura
the branching ratios that we obtain from our data agree wi
the literature@38# with one exception. A strong 1859 keV
decay branch of the state at 3028 keV to the 22

1 state does
not appear in our data. We believe that the observed intens
at 1859 keV in theb-decay experiment@39# comes from the
1859 keV decay of the level at 2464 keV level to the 21

1

state. This interpretation has been suggested by Faze
et al. @31# due to their inelastic neutron scattering data
Therefore, we useG2

2
1 /G0

1
150 for the determination of the

3028 keV level width. The relative partial decay widths
G0

1
1 /G that were used for the extraction of the dipole exci

tation strengthsB(p1;01
1→1p)5(27/16p)(\c/Eg0

)3G0
1
1

from the measured photon scattering cross sections are
cluded in Table I. The spectral distribution of the dipole
excitation strengths is plotted in Fig. 2 in units of
mN
2511.0631023e2 fm2.
The energy of the 12 dipole state at 2824 keV is close to

the sum energy of the 21
1 and the 31

2 states,
E(21

1)1E(31
2)52860 keV. This state is thus a good candi

date for the 12 member of the 21 ^32 two-phonon multip-
let in 134Ba. In the neighboring isotopes136,138Ba such states
have been identified previously@40–42#. The excitation en-
ergies of the two-phonon dipole states in the even-A isotopes
134,136,138Ba closely correlate to the sum energies of the con
stituent phonons. The occurrence of the strongly dipole e
cited 12 two-phonon state in134Ba in the energy region of
the scissors mode shows the necessity of parity measu
ments for the correct determination of the scissors mod
strength.
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In the following we focus on the magnetic dipole excita
tions. The 11 state at 2939 keV has a relatively largeM1
excitation strength ofB(M1;01

1→11)50.31(4)mN
2 It can

be considered as the main fragment of the scissors mode
134Ba. The totalM1 strength summed over all states, whe
Jp511 is at least tentatively assigned in Table I, amounts

(
i
B~M1;01

1→1i
1!50.56~4!mN

2 . ~1!

The error was obtained by adding quadratically the errors
the individual fragments.

The inclusion of the excitation strengths of those stat
for which spin and parity are assigned toJp5(1) would
increase the summed strength between 2.5 MeV and
MeV from Eq.~1! by 0.07~1!mN

2 Above an excitation energy
of 3.5 MeV we observed eight states, four of them with sp
assignmentJ51. In total they have a large dipole excitation
strength ofB(p1)↑50.61(5)mN

2 From a RPA calculation
@43# it can be expected that magnetic dipole excitatio
above 3.5 MeV have a low orbit-to-spin ratio ofRos'1 or
less and thus do not belong to the scissors mode. But fr
the systematics of the dipole excitations in the nuclei arou
N582 these states most probably have negative parities.
consider other transitional nuclei, namely146Nd and 148Sm,
that have four valence neutron particles as compared to
four valence neutron holes in134Ba. In these nuclei the stron-
gest dipole excitations above 3.48 MeV areE1 excitations
@15,44#. Thus the total strength of the scissors mode
134Ba presumably does not deviate too much from the val
given in Eq.~1!, where we only included states for which we
have experimental evidence for positive parities. Therefo
we use this number for a comparison to the predictions
empirical and theoreticalM1 sum rules and to other nucle
where the data have also been obtained below a certain
off energy@1,5#.

The scissors mode strength~1! in 134Ba amounts to about
1/5 of the strength in a typical rotor nucleus in the rare ea
region@5#. This could be expected from the close correlatio
of the total low-lyingM1 strength to the excitation strength
of the 21

1 state. An empirical sum rule for the excitation
strength of the scissors mode

FIG. 2. Dipole excitation strength distribution below 4 MeV
(1mN

2511.0631023 e2 fm2). Open bars are plotted ifJ51 is un-
certain. A tentative parity assignment~1! is made if this state is
also populated in theb1 decay of the 11 ground state of134La.
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B~M1!sc5
10.6

Z2
B~E2;01

1→21
1! ~2!

has been formulated in Ref.@5# where the transition strengths
are given in single-particle units. This formula generalize
the ‘‘d2 law’’ to nuclei without axial symmetry, since a
model dependent extraction of a nuclear deformation para
eterd from theB(E2) value is not necessary. For134Ba this
formula predicts theM1 strength of the scissors mode from
the valueB(E2;01

1→21
1)50.680(16)e2 b2 @45# to be

B~M1!↑sc50.61~2!mN
2 ,

in agreement with the experimental value from Eq.~1!.
In the O~6! dynamical symmetry of the IBM-2 the scis-

sors mode is described by the lowest 11 state. For the boson
numbersNp53,Nn52 with N5Np1Nn and bareg factors
gp(gn)51(0)mN , the IBM-2 predicts@28# the excitation
strength of the scissors mode in the O~6! dynamical symme-
try to be

B~M1!↑O~6!50.72mN
2 ~3!

in rough agreement with the experiment.
Besides the ground-state transitions decay branches

lower-lying excited states could be observed for the large
fragments of the scissors mode. Figure 3 shows the intens
ratiosGL f

/G0
1
1 of the strongest magnetic dipole excitations

to the lowest statesL f501
1,21

1,22
1 . We stress that the accu-

rate width ratios from the Nuclear Data Sheets are convert
into absolute widths from the (g,g8) ground-state excitation
width data. The decay intensities to the 21 states are of the
same order of magnitude as the ground-state decays altho
the larger transition energy favors the latter. If converted t
reduced transition strengthsB(M1)↓, the strengths of the
decays to the quasi-g bandhead exceed the correspondin
ground-state decay strengths. In rotational nuclei where t
scissors mode is well studied such a decay behavior of t
scissors mode fragments has never been observed. Bu
similar decay pattern of the scissors mode was found for t
g-soft nucleus196Pt @1#. Systematically the 11→22

1 decay

FIG. 3. Relative decay widthsGL f
/G0

1
1 of the main fragments of

the scissors mode in134Ba. For the levels at 2571 keV and 3328
keV the relative widths~branching ratios!, plotted here, are taken
from the adopted values for the decay intensities reported in t
Nuclear Data Sheets@38#. The strongest dipole excitations below
3.5 MeV decay to the ground state and to the 21,2

1 states.
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branching strongly increases in the transition from axia
deformed rotors tog-soft nuclei@46#.

Actually a strongM1 decay of the 11 state to the 22
1

state is anticipated in the O~6! dynamical symmetry of the
IBM-2. For 134Ba with a boson number ofN55 a branching
ratio ofRO(6),25B(M1;11

1→22
1)/B(M1;11

1→01
1)52.25 is

predicted@47# in the O~6! limit. This number must be com-
pared to the measured valuesRexp,25G2

2
1Eg0

3 /G0
1
1Eg2

3

53.57(12) for the state at 2571 keV andRexp,251.51(32)
for the state at 2939 keV. In both cases we assume p
dipole radiation for the inelastic decays. On average th
values agree with the IBM-2 prediction.

In addition to the 11→22
1 transitions we observe

11→21
1 transitions for the strongest fragments of the sc

sors mode at 2571 keV, 2939 keV, and 3328 keV. In ro
nuclei 11→21

1 transitions are frequently observed and inte
preted asM1 decay transitions to the ground state band. T
interpretation changes forg-soft nuclei. In the pure O~6!
dynamical symmetry of the IBM-2 anM1 decay of the 11

1

state, which has mixed-symmetryF5Fmax21, to the sym-
metric 21

1 state withF5Fmax is forbidden. Due to theirt
quantum numbers these two states contain different num
of d bosons (11

1 : even number ofd bosons, 21
1 : odd num-

ber ofd bosons! @48#. Thus, thed-boson number conserving
M1 operator cannot induce a transition between them. H
ever, in the IBM-2 a 11

1→21
1 decay can be explained by a

F-vectorE2 transition as suggested in@1,2# for the corre-
sponding data in196Pt. In the O~6! dynamical symmetry the
analytical formula

B~E2;11
1→21

1!5~ep2en!2
N14

2N~N11!
NpNn ~4!

has been derived by Van Isackeret al. @28#. A finite
F-vector 11

1→21
1 transition is obtained if different value

for the effective quadrupole boson chargeser for proton and
neutron bosons are used.E2 transition strengths betwee
symmetric states withF5Fmaxare proportional to the squar
of Npep1Nnen and are not sensitive to thedifferenceof the
effective chargesep2en . The boson charges can be chos
to reproduce the mainlyF-scalarB(E2;01

1→21
1) value as

well as theF-vectorB(E2;11
1→21

1) strength from Eq.~4!.
If the observed 11→21

1 decay transitions are assumed
consist of pureE2 radiation then the summed strength fro
the decays of the states at 2571 keV, 2939 keV, and 3
keV amounts to(B(E2;11→21

1)50.025(4) e2 b2. Com-
bining this with the low-lying E2 excitation strength
B(E2;01

1→21
1)50.680(16)e2 b2 from Ref. @45# the effec-

tive boson quadrupole charges

ep50.22e b, en50.06eb ~5!

can be obtained for134Ba if the conditionep2en.0 is re-
quired.

These values can be tested independently by the ex
tion strength of the mixed-symmetry 2m

1 state that depends
on the differenceep2en of the effective charges as well. In
the O~6! dynamical symmetry this excitation strength
given by @47#
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B~E2;01
1→2m

1!O~6!5~ep2en!2
2~N12!

N~N11!
NpNn . ~6!

In 134Ba the mixed-symmetry 2m
1 state has been identified by

Molnár et al. @30#. Due to their decay behavior the 21 states
at 2029 keV and at 2088 keV are interpreted as the fragme
of the mixed-symmetry 2m

1 state. Their summedE2 excita-
tion strength@38# (B(E2)↑50.041(4) e2 b2 is actually re-
produced within a factor of two by the expression~6! if one
uses the effective charges~5! derived above in the O~6! limit
of the IBM-2. A slight theoretical overestimate of the
B(E2;01

1→2m
1) value may be explained by an overestimat

of the differenceep2en due to the assumption of apure
E2 decay of the scissors mode to the 21

1 state. An accurate
measurement of theE2/M1 mixing ratio of the 1sc

1→21
1

transitions in134Ba would thus be a crucial test of the pre
dictive power of the O~6! dynamical symmetry of the IBM
for g-softly deformed nuclei.

The surprising interpretation of the 11→21
1 decay as an

F-vectorE2 transition is based on theM1 selection rules in
the O~6! dynamical symmetry of the IBM-2. Better descrip-
tions of real nuclei can usually be achieved by a breaking
the dynamical symmetries. Then the strictM1 selection rule
is no longer valid. It is thus of crucial importance to stud
whether a breaking of the O~6! dynamical symmetry may
lead to a 11→21

1 M1 transition that is strong enough to
account for the experimentally observed intensities. Outsi
of the dynamical symmetries of the IBM there exist n
simple analytical expressions for the excitation energies a
transition strengths as a function of the Hamiltonian param
eters. The Hamiltonian must be diagonalised numerica
and its parameters must be fitted to the observables. Pud
Scholten, and Otsuka@49# performed such a fit for the
Xe,Ba,Ce isotopic chains. Using their fit parameters fo
134Ba theM1 strength of the 11

1→21
1 transition amounts to

B(M1;11
1→21

1)50.0035mN
2 This value is about 30 times

too small to explain the totally observed 11→21
1 decay in-

tensity as pureM1 transitions.
To summarize, we have performed anEg,4.1 MeV in-

elastic photon scattering experiment on theg-soft nucleus
134Ba. Around 3 MeV excitation energy we observed th
M1 scissors mode and the 21

^32 two-phononE1 excita-
tion. This demonstrates the fact thatg-soft nuclei exhibit
both the properties of deformed rotors as, e.g., the existen
of the scissors mode and the properties of vibrators as, e
the two-phonon states. We have measured the dipole exc
tion strength distribution in134Ba below 4 MeV excitation
energy. The low-lyingM1 excitation strength is well pre-
dicted by an empirical proportionality to the low-lying
B(E2) value that generalizes the ‘‘d2 law’’ to deformed nu-
clei without axial symmetry. A description of the mixed-
symmetry states in134Ba can be obtained in the IBM-2 that
predicts a largeE2/M1 mixing ratio for the 11

1→21
1 decay

transition. Together with the recent observation of strong
magnetic dipole excited 11 states in theg-soft nucleus
196Pt the existence of strong low-lying magnetic dipole ex
citations in134Ba confirms the scissors mode as a fundame
tal excitation mode also ofg-soft nuclei.
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