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Isovector quadrupole excitations in the valence shell of the vibrator nucleus136Ba:
Evidence from photon scattering experiments
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Photon scattering experiments have been performed on the nucleus136Ba with photon energies ofEg

<4.1 MeV andEg<2.8 MeV. At 2.1 MeV clear evidence for the 2ms
1 state has been found. From the measured

lifetime we extract signatures for the isovector quadrupole excitation in the valence shell: a weakly collective
E2 decay to the ground state and a strongM1 decay to the 21

1 state. As the resonant photon scattering with
bremsstrahlung is a complete reaction, we can conclude that the 21 state at 2129 keV is a rather pure 2ms

1 state
with little fragmentation. This is in contrast to the 11 scissors state. A comparison with an IBM-2 calculation
is given.@S0556-2813~98!02908-2#

PACS number~s!: 21.10.Re, 23.20.2g, 25.20.Dc, 27.60.1j
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I. INTRODUCTION

Isospin is a useful concept in nuclear structure phys
due to its conservation by nuclear forces. Conservation
isospin suggests that it is reasonable to decompose the q
rupole excitations of the protons and the neutrons into is
calar and isovector excitations. In this paper we will focus
the isovector quadrupole excitation in the valence shell o
heavy nonmagic nucleus136Ba.

The description of isovector excitations in the valen
shell is possible using a nuclear structure model, which tre
the valence space of a heavy nucleus separately with reg
to protons and neutrons. Such a model is, e.g., the pro
neutron version@1–3# of the interacting boson model~IBM-
2!, which we will employ below. Apart from low-lying sym
metric states which are multiple isoscalar quadrup
excitations, there exist also eigenstates of the IBM-2 Ham
tonian with wave functions, which are not symmetric wi
respect to the exchange of proton and neutron bosons@4,5#.
These states are called mixed-symmetry states and they
respond to multiple combinations of isoscalar and isovec
quadrupole excitations.

Formally, the mixed-symmetry states are distinguish
from the symmetric ones by theF spin quantum number@4#,
which is for bosons the analog of isospin for nucleons.
most practical applicationsF spin is a rather good quantum
number for the low-lying states. For the following discussi
we assume thatF spin is good. While the symmetric state
with F5Fmax5(Np1Nn)/2 decay by collective electric
quadrupole transitions, the lowest mixed-symmetry sta
with F5Fmax21 predominantly decay to the symmetr
states by magnetic dipole transitions. The best stud
mixed-symmetry state is the 11 state which in deformed
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nuclei appears as a scissors mode@6#. The scissors mode wa
discovered@7# in Darmstadt in the early 1980’s and is now
days well established in the different regions of deform
nuclei ~for a recent review on this topic see Ref.@8#!. The
M1 excitation strength is usually distributed among seve
11 states forming the fragments of the scissors mode.
total M1 strength is proportional to theE2 excitation
strength of the 21

1 state, see, e.g., Refs.@9,10#. In the nuclei
of the rare earth region the scissors mode lies at an excita
energy of about 3 MeV@11#. Besides the cases of strong
deformed nuclei the scissors mode has been observed
cently both in weakly deformed@12# and in g-soft nuclei
@13,14#, as well.

The other known example of a mixed-symmetry state
the 2ms

1 state. There are observations of 2ms
1 states in spheri-

cal vibrators andg-soft nuclei in the 100,A,150 mass re-
gion @15–17#. Only in a few cases could the short lifetime o
the collective 2ms

1 state be measured. This was done by Co
lomb excitation@18#, and by a DSAM analysis ofg rays
observed after inelastic neutron scattering@19,20#, or after an
(a,n) reaction@21#. However, due to reaction mechanism
the experimental sensitivities for the detection of all the la
fragments of the 2ms

1 state depend on their excitation energi
and/or the total level density in this energy region aroun
MeV. It might have happened that even large fragments
the 2ms

1 state remained undetected which could change
interpretation of the observations. It is, thus, desirable to
ply a highly sensitive, selective reaction mechanism in or
to obtain complete information about the large fragments
the 2ms

1 state. First, we discuss the signatures of the isove
quadrupole excitation in the valence shell, which are
pected theoretically. Second, we give the results of our p
ton scattering investigation and compare them, third, to
calculation in the framework of the interacting boson mod

II. SIGNATURES OF THE ISOVECTOR QUADRUPOLE
EXCITATION IN THE VALENCE SHELL

In order to find a selective reaction for the population
the isovector quadrupole excitation in the valence shell
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PRC 58 797ISOVECTOR QUADRUPOLE EXCITATIONS IN THE . . .
consider theQ-phonon scheme@22–25# in the IBM-2 @26#.
By definition, the isoscalar quadrupole excitation in the v
lence shell takes the form

u2S,val
1 &5NS~Qp1Qn!u01

1&[NSQSu01
1&, ~1!

where

Qr5sr
1d̃r1dr

1sr1x~dr
1d̃r!~2! ~2!

is the IBM-2 quadrupole operator for proton boso
(r5p) and for neutron bosons (r5n), respectively, where
we have put the conditionxp5xn5x. N denotes a normal
ization factor. The isovector quadrupole excitation in the
lence shell can be generated by a linear combination ofQp

and Qn , which yields, in the limit of goodF spin, an or-
thogonal configuration to Eq.~1!, i.e., @26#,

u2IV,val
1 &5NmsS N

2Np
Qp2

N

2Nn
QnD u01

1&[NmsQmsu01
1&.

~3!

If the ground state is totally symmetric, so th
F(01

1)5Fmax5(Np1Nn)/2, then the wave vector Eq.~3! has
no overlap with the space spanned by the symmetric sta
because it hasF5Fmax21.

In theF-spin dynamical symmetries of the IBM-2 Eq.~1!
gives the wave function of the 21

1 state withF-spin quantum
numberFmax exactly and Eq.~3! gives the one of the lowes
mixed-symmetry 2ms

1 state with F-spin quantum numbe
Fmax21. Consequently, the lowest members of theF-spin
multiplet F5Fmax21 can be obtained by the application
QS onto the 2ms

1 state and along with appropriate angu
momentum coupling. For example, in theQ-phonon scheme
of the IBM-2, the 11

1 state has the form

u11
1&5Nsc~QSQms!

~1!u01
1&. ~4!

The 11
1 state in vibrators has been interpreted in a sim

way in an RPA framework@27#.
The properties of the 2ms

1 state in the dynamical symmetr
limits of the IBM-2 have been discussed in the literatu
@3,5,28,29#. It is known that the 2ms

1 state decays by a stron
magnetic dipole transition to the symmetric 21

1 state. Mixed-
symmetry states and someF-spin changingM1 andE2 tran-
sitions outside of the dynamical symmetries are discus
e.g., in Refs.@30,31#. Let us, however, mention two add
tional points also known from the literature, which are e
dent in theQ-phonon picture:~1! theE2 decay from the 2ms

1

state to the ground state can be weakly collective, becau
represents the difference of the proton and neutron part
the collectiveE2 transition from the 21

1 state to the ground
state and~2! the E2 decay from the 1sc

1 state to the 2ms
1

should have a strength comparable to the 21
1→01

1 transition.
In order to observe the signatures for the isovector qu

rupole excitation in the valence shell, we must measure
following quantities: spin and parityJp521, the ground
state excitation strengthB(E2,01

1→21), the M1 decay
strength to the 21

1 state, which means the branching ra
G(21→21

1)/G(21→01
1), the E2/M1 mixing ratiod of the

21→21
1 g transition, and the lifetimet. The fragmentation
-

-

s,

r

d,

-

it
of

d-
e

of the isovector quadrupole excitation in the valence sh
can be studied by the observation of all fragments in a co
plete reaction.

III. PHOTON SCATTERING INVESTIGATION

Due to the weakly collectiveE2 and the strongM1 decay
transitions from the 2ms

1 state to the ground state and to th
21

1 state, respectively, the 2ms
1 state decays rapidly and is

thus, short lived. A very effective method for the measu
ment of short-lived levels which can be populated from t
ground state by strong dipole and quadrupole transition
the photon scattering reaction@32#, frequently called nuclear
resonance fluorescence~NRF!. Due to the low momentum
transfer induced by the real photon, the NRF technique
highly sensitive to dipole and electric quadrupole excitatio
This sensitivity and the excellent energy resolution ofg
spectroscopy allows for the investigation of strong dipo
and quadrupole excitations far above the yrast line, wh
the level density is high. The reaction mechanism is pur
electromagnetic and, thus, well understood. In princip
from the direct observables, the energy and scattering-an
dependent photon scattering intensity and its polarizat
one can determine in a model-independent way excita
energies, decay branching ratios, spins, parities, level wid
absolute transition strengths, and lifetimes of the resona
states. By the use of bremsstrahlung as a continuous en
photon source, all dipole and quadrupole excitations of
propriate strength can be detected simultaneously. In the
sitive energy range a complete survey of dipole and quad
pole excitations with excitations strengths above a cer
experimental sensitivity limit can be obtained. This allow
for the investigation of the excitation strength distribution

It was our aim to study the fragmentation of the isovec
quadrupole excitation in the valence shell and, therefore
obtain for 136Ba a rather complete set of data for the stro
E2 excitations in the energy range of the 2ms

1 state. The
choice of the nucleus136Ba was due to several reasons. Ev
dence for 2ms

1 states has been found for someN584 isotones
@15,18#, the neutron number of which differ from the she
closureN582 by two units. The neutron number of136Ba
(N580) differs from the shell closure also by two units an
therefore, we expect the existence of the 2ms

1 state close to 2
MeV excitation energy, as is the case for theN584 isotones.
In addition, in the neighboring nucleus134Ba the 2ms

1 state is
well known from the Budapest-Lexington Collaboration@17#
and its total excitation strength has been measured@19#. In
134Ba the 2ms

1 state is fragmented into two 21 states between
2.0 and 2.1 MeV excitation energy. It is of considerable
terest to see whether the 2ms

1 state is a pure state or wheth
it is fragmented as the mixed-symmetry 11 scissors mode in
deformed nuclei. Photon scattering experiments on136Ba
have already been carried out earlier by Metzger@33#. While
he used a scattering target of 92.8 g isotopically enrich
~65.1%! 136Ba~NO3)2, we only had 1076 mg136BaCO3
with higher isotopical enrichment~98.6%!. However, due to
the low efficiency of the Ge detectors Metzger used in
pioneering work twenty years ago, the old measureme
were sensitive only in narrow energy regions below the e
points of the bremsstrahlung photon spectrum@33,34#.
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Our experiments were carried out at the photon scatte
site @32# of the Dynamitron accelerator in Stuttgart. Resu
on dipole excitations around 3 MeV in136Ba have been dis
cussed elsewhere@35#. A part of the photon scattering spe
trum around 2 MeV is displayed in Fig. 1. This spectrum w
measured at two scattering anglesu590° andu5127° with
Ge detectors of 100% relative efficiency. Sharpg lines ap-
pear above the nonresonant background. These lines
from decays of the resonantly excited states. Some st
were observed which decay both to the ground state an
other lower-lying excited states.

From the ground state decay intensities observed at s
tering angles of 90° and 127°, we could unambiguously d
tinguish dipole and quadrupole excitations. Absolute val
for the photon scattering cross sections of the136Ba states
are obtained relative to the well-known@36# cross sections o
several states in27Al. Total level widths and, thus, the life
times of the observed dipole and quadrupole excitations
deduced from the cross sections and the relative de

TABLE I. Measured effective widths for elastic resonance sc
tering G0

2/G in comparison to the data obtained earlier by Metzg
The parity assignments are taken from the literature@37,38#.

E
@keV#

Jp

@\#
G0

2/Ga

@meV#
G0

2/Gb

@meV#

2080 21 , 0.1 20.04~14!

2129 21 1.00~6! 0.7~2!

2694 11 2.58~35!

3044 12 13.6~6! 17~2!

3116 21 3.6~4! 4.1~6!

3370 11 24.8~13! 30~5!

3436 12 76.3~46! 71~10!

3981 1(2) 22.2~44! 21~6!

aThis work.
bReference@33#.

FIG. 1. Part of the photon scattering spectrum of136Ba using an
incident bremsstrahlung beam with energiesEg<2.8 MeV. The an-
gular distribution of the resonant photon scattering intensity
served at 2129 keV clearly indicates the excitation of a 21 state.
g

s

em
tes
to

at-
-
s

re
ay

widths in a model-independent way. Parities of the obser
states were already known from the literature@37,38#.

In Table I we compare our data to those obtained pre
ously by Metzger. He missed a strong magnetic dipole ex
tation at 2694 keV. All other values coincide within tw
standard deviations. In most cases the experimental erro
the effective elastic resonant scattering widthG0

2/G could be
reduced by a factor 2–4. Most importantly, in addition to t
24

1 state at 2129 keV we can exclude the existence of
other 21 state between 2 and 4 MeV which decays com
rably strong to the 24

1 state byE2 andM1 transitions to the
ground state and the 21

1 state, respectively.
Thus, the 21 state at 2129 keV is the main fragment

the 2ms
1 state in136Ba. It has a short lifetime oft567(7) fs.

Its excitation strength ofB(E2;01
1→24

1)50.045(5)e2 b2 is
weakly collective. It corresponds to 2.1 single particle un
and amounts to 11% of the excitation strength of the1

1

state. This is a factor of 3 larger than the excitation stren
of the 22

1 state, which in the vibrator nucleus136Ba is inter-
preted as the 21 member of the isoscalar two-quadrupo
phonon triplet. The short lifetime and the weakly collecti
E2 excitation strength are signatures for the 2ms

1 state.
Another signature of the 2ms

1 state is the strongM1 tran-
sition to the 21

1 state. From angular correlations ofg decays
after neutron capture it is known@38# that the 24

1→21
1 tran-

sition has a pureM1 character with a very smallE2/M1
mixing ratio d510.005(9). From the branching ratio and
the lifetime observed in the present (g,g8) experiment we
deduce a decay strengthB(M1;24

1→21
1)50.26(3) mN

2 .
This value is close to theB(M1;11→01

1)<0.5mN
2 values

of the largest fragments of the 11 scissors mode in deforme
rare earth nuclei@8#. Given the errors of about 10%, thi
value coincides with the totalM1 decay strength of the frag
mented 2ms

1 state in the neighboring nucleus134Ba which
amounts to(B(M1;23,4

1→21
1)50.20(2) mN

2 @19#. With the
spin and parityJp521, together with the small mixing ratio
d21→2

1
1 and with the absoluteE2 andM1 decay strengths to

the ground and 21
1 states, we obtain a complete set of sign

tures for the isovector quadrupole excitation in the valen
shell of 136Ba.

IV. IBM-2 CALCULATION

In order to prove the mixed-symmetry character of the4
1

state at 2129 keV, we performed an IBM-2 calculatio
wherein this state can be understood as the 2ms

1 state. We
used the codeNPBOS @39# for the numerical calculation. Ex
perimental data for theE2 excitation strengths require sma
F-spin mixing between the 23

1 state at 2080 keV and the 24
1

state at 2129 keV. In order to reproduce this feature and
explain the structure of the 24

1 state in simplest way, we
generalize the IBM-1 Hamiltonian, by choosing the follow
ing F-spin scalar IBM-2 Hamiltonian:

H5e~ndp
1ndn

!1a~ndp
1ndn

!21k~Qp1Qn!•~Qp1Qn!

1lL•L1M ~j1 ,j2 ,j3!, ~5!

where forr5(p,n) ndr
is thed-boson number operator,Qr

is the quadrupole operator defined in Eq.~2!, L5Lp1Ln is

-
.

-
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the total angular momentum operator, andM is the Majorana
operator@3#. The term (ndp

1ndn
)2 corresponds to thend

2

term used previously in IBM-1 fort compression@40#,
which improves the moment of inertia. With the parame
values e50.85 MeV, a520.52 MeV, k520.08 MeV,
x520.25, l50.018 MeV, j15j350.7 MeV, and
j250.228 MeV we obtain a good fit of the excitation ene
gies of the positive parity states, for which firm spin assig
ments are known from the literature@37# and from our ex-
periment. Figure 2 shows the quality of the IBM-2 fit. Th
61

1 state is a 3.1 ns isomer@37#, which is outside of the
IBM-2 model space. Furthermore, the 42

1 state, to which the
61

1 state decays@37#, cannot be satisfactorily described in th
sd-IBM-2. This 41 state presumably contains the hexade
pole 41 vibration, which occurs in the semimagic neighbo
ing nucleus138Ba at a comparable excitation energy of 1
MeV. The other states—in particular the mixed-symme
21 and 11 states—are nicely described with a mean relat
energy deviation of about 4%.

As we have information on the lifetimes of 11 and 21

states, it is valuable to compare the experimentally fou
B(M1) andB(E2) values to the calculated results. We us
the standard IBM-2 transition operators@3#

T~M1!5gpLp1gnLn ~6!

and

T~E2!5epQp1enQn . ~7!

In order to reduce the number of free parameters we used
orbital valuesgp51 mN and gn50 for the bosong factors
and a vanishing effective neutron boson quadrupole cha
en50.1 We also used the samex parameters as in the Hami

1Alternatively, one could treat the neutron effective chargeen as a
free parameter. Ifep anden are fitted to reproduce theE2 excita-
tion strengths of the 21

1 state and the 2ms
1 state, one obtainsep

50.151e b and the small valueen50.0156e b, which weakly af-
fects calculatedB(E2) values.

FIG. 2. Low-lying positive parity states of136Ba ~left! for which
unambiguous spin assignments are known from the Nuclear D
Sheets and from our experiments. The 61 state at 2.2 MeV is a
noncollective 3 ns isomer. The 42

1 state at 2.05 MeV is presumabl
the hexadecupole vibration. On the right we give the result of
IBM-2 fit using the simpleF-scalar Hamiltonian from Eq.~5!. The
mean relative energy deviation^uEexp2EIBMu/Eexp& amounts to 4%.
r

-

-

y
e

d
d

he

ge

tonian~5!, leavingep50.1562e b as the only adjustable pa
rameter of the transition operators.

While theM1 properties are satisfactorily described~with
the exception of the 01

1→11 fragmentation; this shortcom
ing of thesd-IBM-2 is known!, we are particularly interested
in the distribution of theE2 excitation strength from the
ground state. The calculatedE2 excitation strength distribu
tion is compared to the experimental distribution in Fig.
and Table II. TheE2 strengths of the lowest 21 states, in-
cluding the 2ms

1 state at 2129 keV, are well reproduced.
both theory and experiment, the 2ms

1 state is essentially un
fragmented.

TABLE II. Comparison of the relevant experimentally know
data on magnetic dipole and electric quadrupole transitions with
results of the IBM-2 calculation. For the transition operators o
one scaling parameter (ep50.1562e b) has been adjusted in orde
to reproduce theB(E2;01

1→21
1) value on an absolute scale. Th

experimental data are taken from this work~footnotes! and from the
literature@37# ~else!.

Observable Unit Experiment IBM-2

g(21
1) @mN# 0.7~1! 0.750

22129
1 →21

1 @mN
2 # 0.26~3!a 0.290

01
1→12694

1 @mN
2 # 0.13~2!b 0.214

01
1→13370

1 @mN
2 # 0.17~2!b 0.002

12694
1 →22

1 @mN
2 # 0.6~1!c 0.397

Q(21
1) @eb# 20.19~6! 20.278

01
1→21

1 @e2b2# 0.400~5! 0.400
01

1→22
1 @e2b2# 0.016~4! 0.009

01
1→23

1 @e2b2# , 0.004b 0.002
01

1→2ms
1 @e2b2# 0.045~5!b 0.060

22
1→21

1 @e2b2# 0.09~4! 0.074

aThis work using theE2/M1 mixing ratiod50.005(9) from Ref.
@38#.
bThis work.
cThis work, assuming pureM1 decay, which is in agreement wit
the IBM-2 calculation.

ta

n

FIG. 3. Experimental~top! and calculated~bottom! E2 excita-
tion strength distribution in136Ba. In the IBM-2 transition operator
effective chargesep50.1562e b anden50 were used.
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V. SUMMARY

We have performed photon scattering experiments on
vibrator nucleus136Ba. Apart from dipole excitations we
measured the lifetime of three electric quadrupole excitati
above yrast. The 21 state at 2129 keV could be identified a
the main fragment of the isovector quadrupole excitation
the valence shell. Within the framework of the IBM-2 it ca
be understood as the first 2ms

1 state. We have shown that th
2ms

1 state is essentially unfragmented in theN580 vibrator
nucleus136Ba. We have demonstrated the ability of the ph
ton scattering technique investigating the isovector quad
pole excitation in the valence shell of heavy nuclei. Scat
ing of continuous energy bremsstrahlung photons can yie
complete survey of weakly collective electric quadrupole
citations, which enables the study of the fragmentation of
isovector quadrupole excitation in the valence shell.
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