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Microscopic structure of low-lying positive parity states in nuclei near shell closure
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We adopt the quasiparticle-phonon model to investigate the microscopic structure of some low-lying states
recently discovered in nuclei around shell closure. The study determines quantitatively the phonon content of
these states and shows that their main properties are determined by a subtle competition between particle-
particle and particle-hole quadrupole interactions and by the interplay between orbital and spin-flip motion.
The results are in overall agreement with experiments and consistent with the interacting boson model and
shell model calculations.
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I. INTRODUCTION

Considerable effort has been devoted to the search
study of low-lying states in heavy nuclei after the discove
of the magnetic dipole (M1) excitation in the deformed
156Gd through inelastic electron scattering experiments@1#.
Such a mode, known as scissors mode, was predicted
deformed nuclei in a semiclassical two-rotor model@2#, in
schematic microscopic approaches@3,4#, and in the proton-
neutron version of the interacting boson model~IBM-2!
@5,6#. As discussed in several reviews@7–9#, this M1 mode
is now well established in the different deformed regions
the periodic table and is also fairly well understood on e
perimental as well as theoretical grounds. A remarka
property that links its occurrence to deformation is the st
correlation between the totalM1 strength and theE2
strength collected by the first 21 rotational state@10–15#.

Another important feature of the scissors mode is its
ovector character. States of isovector nature were first c
sidered in a geometrical model@16# as proton-neutron sur
face vibrational high-energy modes. These states w
predicted to exist also at low energy in a revised version
the model@17,18#. Low-lying isovector excitations are natu
rally predicted in the algebraic IBM-2 as mixed symme
states with respect to the exchange between proton and
tron bosons. They are distinguished from the symmetric o
by theF-spin quantum number@19#, which is the boson ana
log of isospin for nucleons. The symmetric states have m
mum F spin,F5Fmax5(Np1Nn)/2, whereNp andNn are,
respectively, the number of proton and neutron bosons.
lowest mixed-symmetry states haveF5Fmax21. Their main
signatures are relatively weakE2 and strongM1 transitions
to symmetric states. Indeed, the scissors mode was iden
in deformed nuclei through itsM1 excitation from the
ground state.

In spherical nuclei, theM1 excitation mechanism canno
be claimed to generate the scissors mode and, more g
ally, mixed symmetry states from theJp501 ground state,
because of the conservation of the angular momenta of
ton and neutron fluids. In these nuclei, the lowest mix
0556-2813/2002/65~6!/064304~9!/$20.00 65 0643
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symmetry state is predicted to haveJp521 and can be ex-
cited from the ground state via weakE2 transitions. Its
signature, however, is its strongM1 decay to the lowes
isoscalarJp521 state.

Due to the difficulty of a direct excitation from the groun
state, the mixed-symmetry states in spherical or nea
spherical nuclei eluded the experimental observation for s
eral years. The evidence for their existence was dedu
from the small measuredE2/M1 mixing ratio @20,21#, from
inelastic hadron scattering cross sections@22#, and from the
measurements of the electron conversion coefficients inb
decay @23#. The mixed symmetry character of these sta
was confirmed in lifetime measurements, which allowed
determine the strength of theM1 transition to the lowest 21

state@24–28#.
Recently, however, unambiguous evidence in favor

mixed-symmetry states was provided by an experiment
combined photon scattering with agg-coincidence analysis
of the transitions followingb decay of 94Tc to 94Mo @29#.
Such a decay has populated several excited states am
which it was possible to identify a two-phononJp511 and
a one-phononJp521 mixed-symmetry states. The pictur
was enriched with the subsequent identification of two ad
tional mixed symmetry states, aJp531 @30# and aJp521

@31# two-phonon states. These experiments have also
duced an almost exhaustive mass of information on lo
lying levels and absolute transition strengths, which ma
possible a rather accurate characterization of these low-ly
states. This analysis was carried out in IBM-2 and could t
not only theF spin character of the states, but also the m
tiphonon content of them. It was found that, while the lowe
mixed-symmetryJp521 state is composed of a single ph
non, the other states lying at higher energy have a two p
non structure.

The collectivity and the energy of the low-lying excita
tions in nuclei near shell closure change considerably withA.
This reflects the high sensitivity of the simple~collective and
non collective! modes to the detailed shell structure of t
system. The phenomenological algebraic model is not s
able for clarifying this structure. Such a task is demanded
©2002 The American Physical Society04-1
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microscopic approaches. Two microscopic calculations h
been carried out so far. One was framed within the nuc
shell model@32#, the other within the quasiparticle-phono
model ~QPM! @33#. The two approaches are complementa
under many respects. The shell model provides naturally
formation on the single-particle content of the wave functio
Moreover it is exact within the chosen model space. On
other hand, the space truncation induces uncertainties an
this specific case, can account only effectively for the c
pling between the low-lying, mainly orbital, states und
study and the spin-flip configurations that are partly exclud
from the model space.

The spherical QPM@34# is based on the quasiboson a
proximation typical of the random-phase approximati
~RPA! and, therefore, is reliable only in spherical nuclei w
few valence nucleons. On the other hand, it allows to cho
the configurations that are more relevant to the problem,
cluding the high-energy spin-flip configurations, and ha
clear phonon content, which allows to state a bridge with
IBM-2 analysis. Microscopic states incorporating prot
neutron out of phase quadrupole correlations, which may
viewed as microscopic counterparts of the IBM mixe
symmetry states, were envisaged long ago in an anharm
extension of RPA@35#.

In Ref. @33#, the QPM calculation confirmed the pictur
provided by IBM-2 for the low-energy spectrum of94Mo. It
was necessary, however, to use a quite small spin gyrom
netic factor to suppress the spin contribution. In this pa
we reexamine the adopted scheme in order to try to g
more consistent description of the spectrum. We also ma
systematic study of the low-lying spectra in nuclei near d
ferent shell closures and compare the results to the avail
experimental data. Such a study should put on display
features common to the spectra in different nuclei but sho
also explain their differences in terms of the peculiar sh
structure of each nucleus.

II. BRIEF OUTLINE OF THE QPM

We considered an intrinsic Hamiltonian having the fo
lowing structure:

H5Hsp1Vpair1VM
ph1VSM

ph 1VM
pp . ~2.1!

Hsp is a one-body Hamiltonian,Vpair the monopole pairing,
VM

ph and VSM
ph are, respectively, sums of particle-hole sep

rable multipole and spin-multipole interactions, andVM
pp is

the sum of particle-particle multipole pairing potentials.
Following the QPM procedure, we transformed the abo

Hamiltonian into a multiphonon one of the form

HQPM5(
im

v ilQilm
† Qilm1Hvq , ~2.2!

where the first term is the unperturbed phonon Hamilton
andHvq is a phonon-coupling piece whose exact express
can be found in Ref.@34#. Both terms are expressed in term
of the RPA phonon operators
06430
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Qilm
† 5

1

2 (
j j 8

$c j j 8
il

@a j
†a j 8

†
#lm2~21!l2mw j j 8

il
@a j 8a j #l2m%t

~2.3!

of multipolarity lm and energyv il , wherea jm
† (a jm) are

quasiparticle operators obtained from the corresponding
ticle operators through a Bogoliubov transformation. T
phonon operators fulfill the normalization conditions

1

2 (
j j 8

@c j j 8
il c j j 8

i 8l82w j j 8
il w j j 8

i 8l8#5d i i 8dll8 . ~2.4!

It is worth pointing out that the RPA phonon basis includ
collective as well as noncollective phonons. The first on
are coherent linear combinations of many quasiparticle p
configurations. The lowest@21

1#RPA and @31
2#RPA phonon

states are notable examples. Most of the states, howeve
noncollective phonons, namely, pure two-quasiparticle c
figurations. It is also important to stress that the partic
particle interactionVM

pp is included in generating the RPA
solutions. Such a term enhances the particle-particle corr
tions in the phonons and will be shown to play a crucial ro

We finally put the quasiparticle-phonon Hamiltonian
diagonal form by using the variational principle with a tri
wave function of total spinJM @36–38#

Cn~JM!5H (
i

Ri~nJ!QiJM
† 1(

i 1l1
i 2l2

Pi 2l2

i 1l1~nJ!

3@Qi 1l1

†
^ Qi 2l2

† #JM1 (
i 1l1i 2l2

i 3l3I

Ti 3l3

i 1l1i 2l2I
~nJ!

3†@Qi 1l1

†
^ Qi 2l2

† # I ^ Qi 3l3

†
‡JMJ C0 , ~2.5!

whereR, P, andT are unknown amplitudes, andn labels the
specific excited state. The phonon operators~2.3! fulfill the
exact commutation relations@34,36–38#

@Qilm ,Qi 8l8m8
†

#5
d i ,i 8dl,l8dm,m8

2 (
j j 8

@c j j 8
il c j j 8

i 8l
2w j j 8

il w j j 8
i 8l

#

2 (
j j 8 j 2

mm8m2

a jm
1 a j 8m8$c j 8 j 2

il c j j 2

i 8l8Cj 8m8 j 2m2

lm

3Cjm j2m2

l8m8 2~2 !l1l81m1m8

3w j j 2

il w j 8 j 2

i 8l8Cjm j2m2

l2m Cj 8m8 j 2m2

l82m8 %. ~2.6!

While the first term corresponds to the boson approximati
the second takes into account the internal fermion struc
of phonons and ensures the antisymmetrization of the m
tiphonon wave function~2.5! and is of great importance fo
computing the electromagnetic transitions.
4-2



om
ce

an

m
m

g
re

o
e
as
ic

d

b
a
rm

fo
tic
n

ant
ass

he
we

ion

the
or-
bi-
e in

wo-
-
o-

ion
wn
tio
ts,

PM
rom
n
ctor
r
ant
s of

in
sed

-
by

e

2
ing
se

st

ly to

icle-

-
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The response to electromagnetic external fields is c
puted by using a transition operator composed of two pie
@37#,

M ~Xlm!5M (ph)~Xlm!1M (sc)~Xlm!. ~2.7!

The first term

M (ph)~Xlm!5
1

2A2l11
(
i j j 8

^ j uuXluu j 8&uj j 8
(6)

~c j j 8
il

1w j j 8
il

!

3@Qilm
† 1~2 !l2mQil2m# ~2.8!

promotes the exchange of one phonon between initial
final states. The second

M (sc)~Xlm!5
1

A2l11
(
j j 8

^ j uuXluu j 8&v j j 8
(7)

@a j
1

^ a j 8#lm

~2.9!

was introduced in Ref.@37# and induces the so-calledboson
forbidden transitions between components with the sa
number of phonons or differing by an even number of the
The factors

uj j 8
(6)

5ujv j 86v juj 8 ,

v j j 8
(6)

5ujuj 86v jv j 8 ~2.10!

appearing in the above equations are induced by the Bo
liubov transformation and renormalize the single-particle
duced transition matrix elements^ j uuXluu j 8&.

III. NUMERICAL DETAILS

We fixed the parameters of the Hamiltonian according t
procedure well established in QPM, which yields a well d
fined set of parameters for all nuclei of a given nuclear m
region, valid for high- as well low-energy spectroscop
studies@34,36–39#.

More specifically, we adopted a Woods-Saxon one-bo
potentialU with parameters taken from@40,41# and shown in
Table I. The corresponding single-particle spectra can
found in Ref.@39#. The single-particle space encompasses
shells below as well as all bound states above the Fe
energy. By virtue of such a large basis, which allows
excitations of valence and core nucleons, the quasipar
space is much larger than the one covered by the vale
nucleon states only.

TABLE I. The parameters of the Woods-Saxon potential.

Nucleus r 0 ~fm! V0 ~MeV! k (fm2) a (fm21)

136Ba N 1.28 43.40 0.413 1.613
Z 1.31 53.43 0.349 1.538

94Mo N 1.29 44.70 0.413 1.613
Z 1.24 56.86 0.338 1.587
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We used a monopole pairing with a strength const
fixed so as to reproduce the experimental odd-even m
difference. For the other multipole fields entering into t
particle-hole and particle-particle separable interactions
adopted the radial dependencef (r )5dU(r )/dr. We fixed
the isoscalar strengthsk0

(2) and k0
(3) of the quadrupole-

quadrupole and octupole-octupole particle-hole interact
by a fit to the energies of the first collective 21 and 32 states
carried out in QPM~rather than RPA!. We cannot apply the
same prescription to the higher multipoles because of
absence of low-lying one-phonon collective states of the c
responding multipolarity. Rather than introducing new ar
trary parameters, we have adopted, as common practic
QPM, vanishingly small isoscalar strengthsk0

(l) so as to
leave unchanged the energy of the computed lowest t
quasiparticle states@39#. This prescription yields noncollec
tive one-phonon states, which are practically pure tw
quasiparticle states. The lack of experimental informat
does not allow one to fit the isovector constants to kno
levels. We have, therefore, taken all of them in the ra
k1

(l)/k0
(l)521.5 with the corresponding isoscalar constan

a value determined for the electric dipole modes in the Q
analyses. This ratio is smaller than the value deduced f
the symmetry energy@42#, but close to the one obtained i
recent critical analyses about the choice of these isove
strengths@43,44#. The only spin-multipole relevant to ou
problem is the spin-spin interaction. The isovector const
of this interaction was deduced from the measured peak
Gamow-Teller resonances observed in90Zr while the isosca-
lar one was taken very small, a choice widely adopted
QPM as well as in RPA and consistent with estimates ba
on sum-rule prescriptions@45#. The multipole pairing inter-
action, first analyzed by Belyaev@46#, was shown to be nec
essary to the restoration of the Galilean invariance broken
the monopole pairing@46–48#. We used only a quadrupol
pairing with strength parametersG(2)5Gnn

(2)5Gpp
(2) and

Gnp
(2)50. This is enough for our purposes.
We studied first the properties of the first and second1

RPA states, which are expected to represent the build
blocks of the low-lying multiphonon states. To this purpo
we have computed the ratio@49#

B~21!5

U^21i(
k

p

r k
2 Y2~Vk!2(

k

n

r k
2 Y2~Vk!ig.s.&U2

U^21i(
k

p

r k
2 Y2~Vk!1(

k

n

r k
2 Y2~Vk!ig.s.&U2

~3.1!

to probe the isoscalar@B(21),1# or isovector @B(21)
.1# properties of the 21 state under consideration. The fir
@21#RPA state, which will be denoted by@2is

1#RPA, came out
to have isoscalar nature and to be sensitive almost sole
the isoscalar quadrupole strengthk0

(2) . The properties of the
second@21#RPA state depend critically on the ratioG(2)/k0

(2)

between the strengths of the quadrupole pairing and part
hole interactions. The example of136Ba shown in Table II is
illustrative of all nuclei. The ratioB(21) increases dramati
4-3
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TABLE II. The sensitivity of theM1 andE2 transitions to the ratioG(2)/k0
(2) in 136Ba.

G(2)/k0
(2) B(E2;g.s.→2iv

1)RPA (e2 b2) B(M1;2iv
1→2is

1)RPA@mN
2 # B(2iv

1)

0 0.0032 0.042 0.58

0.85 0.011 0.24 22.6
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cally with G(2)/k0
(2) , more and more enforcing the isovect

character of this@21#RPA state, which will be denoted by
@2iv

1#RPA. The other properties of the state are also very s
sitive to G(2)/k0

(2) . Indeed, the strengthB(E2;g.s.
→@2iv

1#RPA) increases with it thereby denoting an enhan
ment of the collectivity of the@2iv

1#RPA. A similar enhance-
ment is obtained for the@2iv

1#RPA→@2is
1#RPA M1 transition.

Another quantitative test of the isospin nature of the lo
est @21#RPA states is provided by the relative signs of t
neutron and proton amplitudesc entering the RPA phonon
~2.3!. As shown in Table III, the proton-neutron amplitudesc
of the main components of the@2is

1#RPA phonon are in phase
while those of the@2iv

1#RPA are out of phase. For an appro
priate value of the ratioG(2)/k0

(2) (50.8–0.9), the RPA ba-
sis contains a collective isoscalar@2is

1#RPA and a slightly
collective isovector@2iv

1#RPA state. The two states are mut
ally coupled via a relatively strongM1 transition. It is to be
noticed that the ratioG(2)/k0

(2) used in the calculations i
close to the self-consistent estimate made in Ref.@47#. The
large G(2) has the effect of reducing the phonon backwa
amplitudes. This in turn implies a quenching of the grou
state correlations and a reduction of the collectivity
@2is

1#RPA state. We have computed the ratio (w j j 8
il )2/(c j j 8

il )2

to estimate the ground state correlations. In the case of136Ba
only few components contribute with appreciable backw
amplitudes to the@2is

1#RPA state. The largest value of suc
ratio is 0.06 for neutron and 0.03 for protons. The backw
amplitudes contribute much less to the isovector@2iv

1#RPA

state. These estimates indicate that the contribution of
backward amplitudesw j j 8

il can be neglected unless they a
pear as leading terms. This is the case of the direct transit
from the ground to the two-phonon states@36–38#. Our re-
sult is consistent with the analysis carried out in Ref.@50#,
where it was shown that the effect of the ground state co
lation in nuclei around closed shells is always small.
06430
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The choice of the phonon basis is dictated by the prop
ties of the states to be determined. We included only phon
of positive parity, since negative parity phonons are not r
evant to our low-lying positive parity QPM states. We co
sidered phonons of multipolarityl51 –6 and, for eachl,
we included all phonons up to 5 MeV. Only for the 11 states
the one-phonon space was enlarged up to an energy
includes theM1 resonance. Adding states above these e
gies does not affect the wave function~2.5!. Since the QPM
Hamiltonian mixes the multiphonon components differing
one phonon, the fragmentation of the two-phonon state
sensitive to the number of one- and three-phonon config
tions. The most important three-phonon components
@(2is

1
^ 2is

1) I ^ 2is
1#JM and @(2is

1
^ 2is

1) I ^ 2iv
1#JM .

IV. RESULTS

We adopted the outlined QPM formalism to generate
low-lying positive parity states and then compute theE2 and
M1 mutual transition strengths in136Ba, 94Mo, and 112Cd.
In all these nuclei one of the two open shells is occupied
two protons or two neutrons only. In our space, however,
only the valence but also the core particles are active. T
allows one to account explicitly for the core polarizatio
that, otherwise, could have induced large correlations in
RPA ground state and, also, to minimize effects due to sy
metry breakings, such as the violation of the particle num
induced by the Bogoliubov transformation. In136Ba, for in-
stance, the uncertainty on the neutron number is only 4.
Similar results are obtained for the other nuclei.

A. 136Ba

Energy and structure of the low-lying states are shown
Table IV. Apart from few noncollective levels, such as t
2nc

1 , the states can be classified according to isospin and
RPA phonon content. They have in fact a dominant isosc
TABLE III. Structure of the first RPA phonons~only the largest components are given! and corresponding
B(21) ratios @see Eq.~3.1!# for 136Ba.

l i
p vl

i
p ~MeV! Structure B(E2)↑(e2 b2) B(21)

2is
1 0.95 0.76(1h11/2)n

210.72(2g7/2)p
2 0.51 0.0034

0.24(3s1/22d3/2)n10.43(2d5/2)p
2

0.31(2d3/2)n
210.23(1g7/22d3/2)p

2iv
1 2.009 0.85(1h11/2)n

220.98(1g7/2)p
2 0.011 22.6

0.37(2d3/2)n
220.17(2d5/2)p

2

0.22(3s1/22d3/2)n20.1(1h11/2)p
2

4-4
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or isovector multiphonon component exhausting at least 5
of the norm of the wave function. Nonetheless, the admixt
with other components might be sizeable. In the second 22,is

1 ,
for instance, the dominant two-phonon piece@2is

1
^ 2is

1#RPA

gets admixed appreciably with the one-phonon@2is
1#RPA

~17%! and the three-phonon†@2is
1

^ 2is
1# IK ^ 2is

1
‡JM ~10%!.

The pronounced phonon structure, combined with isos
leads to well definedE2 andM1 selection rules. As shown
in Table V, theE2 strengths, computed with the effectiv
chargesen* 5ep* 50.1e, are large for the one-phonon ex
change transitions between the members of the isoscala
the isovector group, and small for the boson forbidden tr
sitions from isovector to isoscalar states. They are in v
good agreement with the experimental data@28#. Only the
strength of theE2 transition from the isoscalar 22,is

1 to the
ground state is four times larger than the experimental va
suggesting that the amplitude of the@2is

1#RPA component
~17%! is too large.

TABLE IV. Energy and phonon structure of selected low-lyin
excited states in136Ba. Only the dominant components are pr
sented.

State E ~keV! Structure,%
T Jp Expt. QPM

IS 21,is
1 810 760 77%@2is

1#RPA 1 19%@2is
1

^ 2is
1#RPA

22,is
1 1551 1640 48%@2is

1
^ 2is

1#RPA 1 17%@2is
1#RPA

41,is
1 1866 1630 60%@21

1
^ 21

1#RPA

IV 21,iv
1 2129 1850 73%@2iv

1#RPA

11,iv
1 2694 2800 85%@2is

1
^ 2iv

1#RPA

22,iv
1 3120 51%@2is

1
^ 2iv

1#RPA

41,iv
1 3230 41%@2is

1
^ 2iv

1#RPA

31,iv
1 3040 90%@2is

1
^ 2iv

1#RPA

NC 2nc
1 2080 2370 Noncollective

TABLE V. E2 transitions connecting some excited states
136Ba calculated in QPM. The experimental data are taken fr
Ref. @28#.

B(E2;Ji→Jf) (e2 b2) Expt. QPM

DT50 B(E2;g.s.→21,is
1 ) 0.400~5! 0.39

B(E2;g.s.→22,is
1 ) 0.016~4! 0.08

B(E2;22,is
1 →21,is

1 ) 0.09~4! 0.15
B(E2;41,is

1 →21,is
1 ) 0.093

DT50 B(E2;11,iv
1 →21,iv

1 ) 0.066
B(E2;31,iv

1 →21,iv
1 ) 0.066

B(E2;22,iv
1 →21,iv

1 ) 0.04
B(E2;41,iv

1 →21,iv
1 ) 0.036

DT51 B(E2;g.s.→21,iv
1 ) 0.045~5! 0.05

B(E2;21,iv
1 →21,is

1 ) 0.003
B(E2;11,iv

1 →21,is
1 ) 0.003

B(E2;11,iv
1 →22,is

1 ) 0.0004
06430
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A reverse pattern holds for theM1 scheme~Table VI!.
The transitions between states of the same isospin
strongly suppressed, while the boson forbidden ones fr
isovector to isoscalar states are strongly favored. They ar
good agreement with experiments with one puzzling exc
tion. The computed 11,iv

1 →22,is
1 M1 transition strength is

three times smaller than the measured one, suggesting
the amplitudes of the two-phonon components@2is

1

^ 2is
1#RPA and @2is

1
^ 2iv

1#RPA of the 22,is
1 and 11,iv

1 states, re-
spectively, are not sufficiently large. It is not obvious, ho
ever, to find the way of enhancing these amplitudes with
spoiling part of theE2 transition scheme.

The experiments have detected two directM1 decays to
the ground state. The first 11 level is described as a two
phonon state in agreement with the IBM picture. In fact, it
also strongly coupled to the two-phonon state 22,is

1 . The sec-
ond 12

1 , with energy of 3370 keV@28#, is not coupled to
22,is

1 . It should have therefore a more composite structure
foreseen in the IBM. Our calculation yields a 11 state at 3.39
MeV followed by several others in the range 3.50–4.
MeV, all very weakly coupled to the 22,is

1 and decaying with
non-negligible strengths to the ground state. All of them co

TABLE VII. Energy and phonon structure of selected low-lyin
excited states in94Mo. Only the dominant components are pr
sented.

State E ~keV! Structure,%
T Jp Expt. QPM

21,is
1 871 860 93%@2is

1#RPA

IS 22,is
1 1864 1750 82%@2is

1
^ 2is

1#RPA

41,is
1 1573 1733 82%@2is

1
^ 2is

1#RPA

11,iv
1 3129 2880 90%@2is

1
^ 2iv

1#RPA

21,iv
1 2067 1940 95%@2iv

1#RPA

22,iv
1 2393 2730 27%@2is

1
^ 2iv

1#RPA

23,iv
1 2740 3014 59%@2is

1
^ 2iv

1#RPA

IV 41,iv
1 3120 64%@2is

1
^ 2iv

1#RPA

31,iv
1 2965 2940 87%@2is

1
^ 2iv

1#RPA

NC 12,iv
1 3550 40%@11

1#RPA

TABLE VI. QPM versus experimentalM1 transitions between
some excited states in136Ba. The experimental data are taken fro
Ref. @28#.

B(M1;Ji→Jf)(mN
2 ) Expt. QPM

ge f f
s 50.7

DT51 B(M1;21,iv
1 →21,is

1 ) 0.26~3! 0.25
B(M1;g.s.→11,iv

1 ) 0.13~2! 0.17
B(M1;11,iv

1 →22,is
1 ) 0.6~1! 0.18

B(M1;22,iv
1 →22,is

1 ) 0.06
B(M1;31,iv

1 →22,is
1 ) 0.07

B(M1;31,iv
1 →41,is

1 ) 0.09

DT50 B(M1;11,iv
1 →21,iv

1 ) 8.1024
4-5
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tain a small fraction~2%–3%! of the Jp511 one phonon,
which in turn contains a dominant spin-flip (2d3/2^ 2d5/2)
two-quasiparticle configuration for protons and neutro
The occurrence of these states in QPM supports the spin
nature of this secondM1 transition. As we shall see, a qui
analogous, more clear-cut, situation occurs in94Mo.

TABLE VIII. E2 transitions connecting some excited states
94Mo calculated in QPM. The experimental data are taken fo
Refs.@29,30#.

B(E2;Ji→Jf) (e2 fm4) Expt. QPM IBM-2

DT50 B(E2;g.s.→21,is
1 ) 2030~40! 1978 2333

B(E2;g.s.→22,is
1 ) 32~7! 35 0

B(E2;22,is
1 →21,is

1 ) 720~260! 673 592
B(E2;41,is

1 →21,is
1 ) 670~100! 661 592

DT50 B(E2;22,iv
1 →21,iv

1 ) 127
B(E2;23,iv

1 →21,iv
1 ) 266

B(E2;11,iv
1 →21,iv

1 ) , 690 374 556
B(E2;31,iv

1 →21,iv
1 ) 250 2210

1310 368 582
~1.520.6

11.2)3103

B(E2;41,iv
1 →21,iv

1 ) 274

DT51 B(E2;g.s.→21,iv
1 ) 230~30! 150 151

B(E2;g.s.→22,iv
1 ) 27~8! 18 0

B(E2;g.s.→23,iv
1 ) 83~10! 10 0

B(E2;11,iv
1 →21,is

1 ) 30~10! 13 49
B(E2;31,iv

1 →21,is
1 ) 928

125 12
06430
.
ip

B. 94Mo

For this nucleus the experimental information is quite ri
@29–31# and theoretical microscopic studies are available
calculation was performed in a truncated shell model sp
using a surfaced interaction@32#, another was carried out b
the present authors within the QPM@33#. In this latter paper
we were forced to reduce strongly the spin-gyromagnetic
tio by using a quenching factorgs50.3 in order to get a
satisfactory agreement with experiments. We have revis
the procedure in order to see if there are alternative, m
consistent, ways of improving the agreement without art
cially suppressing the spin contribution. To this purpose
changed slightly some Woods-Saxon parameters and red
somewhat theG(2)/k0

(2) ratio to induce some quenching o
the isovector transitions.

With respect to136Ba, the states have a more pronounc
phonon structure~Table VII! that leads to even sharper s
lection rules. Once again, we notice~Table VIII! strong one-
phonon exchange transitions between isoscalar or isove
states and very weak boson forbidden transitions from
ovector to isoscalar states. TheE2 reduced transition prob
abilities, computed with effective chargesen* 5ep* 50.2e, are
in excellent agreement with experiments.

Equally satisfactory is the scheme of theM1 transitions
~Table IX!. The only noticeable discrepancy concerns t
two 21,iv

1 →21,is
1 and 11,iv

1 →22,is
1 transitions, which are some

what overestimated. The same transition strengths are un
estimated by the IBM-2@29#, where spin is ignored, and ar
well reproduced by a shell model calculation@32#. This,
however, used the smaller gyromagnetic factorge f f

(s)

50.57gf ree
(s) and was carried out in a severely truncat
l
TABLE IX. M1 transitions connecting some excited states in94Mo calculated in QPM. The experimenta
data are taken from Refs.@29,30#.

B(M1;Ji→Jf)(mN
2 ) Expt. QPM

ge f f
s 50.7gf ree

s ge f f
s 50.0gf ree

s IBM-2

DT51 B(M1;11,iv
1 →22,is

1 ) 0.43~5! 0.75 0.22 0.36
B(M1;21,iv

1 →21,is
1 ) 0.48~6! 0.72 0.23 0.30

B(M1;22,iv
1 →22,is

1 ) 0.10 0.034
B(M1;23,iv

1 →22,is
1 ) 0.35~11! 0.24 0.072 0.1

B(M1;31,iv
1 →22,is

1 ) 0.2420.07
10.14 0.34 0.10 0.18

B(M1;31,iv
1 →41,is

1 ) 0.07420.019
10.044 0.26 0.08 0.13

B(M1;41,iv
1 →41,is

1 ) 0.8~2! 0.75 0.23

DT51 B(M1;11,iv
1 →g.s.) 0.16~1! 0.14 0.09 0.16

B(M1;11,iv
1 →21,is

1 ) 0.00722
16 6.1024 5.1023 0

B(M1;22,iv
1 →21,is

1 ) 0.07 0.001 0.002 0
B(M1;23,iv

1 →21,is
1 ) 0.03 0.013 0.005 0

B(M1;31,iv
1 →21,is

1 ) 0.0120.006
10.012 0.006 0.0025 0

DT50 B(M1;11,iv
1 →21,iv

1 ) , 0.05 3.1026 2.1025 0
B(M1;31,iv

1 →21,iv
1 ) 0.02120.014

10.035 2.1025 9.1026 0
0.0920.03

10.07

B(M1;22,is
1 →21,is

1 ) 0.06 0.006 0.004 0

B(M1;1nc
1 →g.s.) 0.046~18! 0.04 0.009
4-6
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space, which excludes part of the spin configurations.
This brief comparative analysis has implicitly emphasiz

the role of spin. This is specially noticeable in the 41,iv
1

→41,is
1 M1 transition, whose experimental strength, larg

overestimated in shell model@32#, is well reproduced in
QPM due to the appreciable spin contribution. Such a r
emerges also from the analysis of the two directM1 decays
to the ground state observed also in94Mo. The calculation
reproduces satisfactorily the strengths of bothM1 transi-
tions. At the same time, it shows that the difference betw
the two 11 initial states is more marked than in136Ba. In
fact, the lowest 11,iv

1 has a dominant two-phonon isovect
component responsible for the~boson forbidden! decay. It is
the counterpart of the IBM mixed-symmetry 11 state, decay-
ing to the ground state in theO(6) limit @29#. The second 12

1

instead has a composite structure and contains a size
@11#RPA with the dominant spin-flip quasiparticle configur
tion (2p3/2^ 2p1/2) responsible for the decay to the groun
state. This transition is out of the domain of the IBM.

C. 112Cd
112Cd was one of the first nuclei explored experimenta

for the search of mixed-symmetry states in nearly spher
nuclei @26,27#. Its low-lying spectrum is more complex tha
in 94Mo and 136Ba. The vibrational band includes up t
three-phonon levels@27#, but also two intruders of spin 01

and 21 within the two-phonon multiplet. Due to its larg
number of valence neutrons, this nucleus is at the borde
the range of validity of the QPM. Indeed, the large effect
chargesen* 5ep* 50.5e produced by the fit imply strong
renormalization effects not accounted for completely by
QPM space. Our predictions have therefore only a semiqu
titative validity.

The overall picture is the same as in the other nuclei
der exam. We get a low-lying 21 state with a dominant one
phonon component~81%! promoting its strongE2 decay,
and a second 21 of energy 1.66 MeV with a large two
phonon component@2is

1
^ 2is

1#RPA ~53%!, responsible for its
strong E2 transition to the lowest 21,is

1 . We obtain also a
third ~isovector one-phonon! 21,iv

1 , of energy 1.931 MeV,
M1 coupled to the isoscalar 21,is

1 with a strength
B(M1;21,iv

1 →21,is
1 )50.25 mN

2 . A level of the same energy
was observed@26#, although with a strength five time
smaller than the QPM~and IBM! value. We mention, finally,
the prediction at 2.97 MeV of a 11 state with 95% of the
two-phonon @21

1
^ 22

1#RPA, carrying the strength
B(M1;11,iv

1 →g.s.)50.17 mN
2 .

Similar M1 andE2 transition schemes were predicted f
144Nd @51# and 1222130Te @52#. They are not yet supported b
sufficient experimental data.

V. CONCLUSIONS

According to our findings, the building blocks of ou
QPM multiphonon low-lying states in nuclei near shell cl
sure are the first and second@21#RPA states. The first couple
strongly to the ground state through the isoscalarE2 opera-
06430
d

le

n

ble

al

of

r
n-

-

tor, the second through the isovector one. This occurs at
energy only for a sufficiently strong proton-proton an
neutron-neutron quadrupole pairing interaction.

The resulting low-lying QPM states can be classified in
two groups, composed, respectively, of isoscalar and isov
tor states. All these states have a single dominant compo
with a given number of phonons. This feature makes poss
a further classification of the states of each group accord
to the number of phonons and leads to well defined selec
rules. A schematic picture of the level and transition sche
is given in Fig. 1. We obtain appreciableE2 strengths only
for transitions connecting states differing by one phon
They are very large when the states involved in theE2 tran-
sition are isoscalar, large for transitions between isovec
states, small for transitions between states of different is
pin. On the contrary, theM1 operator couples strongly onl
states of different isospin with an equal number of phono
We should point out that these transitions are promoted
the scattering piece of theM1 operator ignored in most mul
tiphonon calculations.

The picture emerging from the present calculation a
outlined in Fig. 1 seems to be a general feature of nuclei n
shell closure and is consistent with the IBM scheme. O
isoscalar and isovector states correspond to fully symme
and mixed-symmetry IBM states.

These mixed-symmetry states can be put in close con
tion with the scissors mode. There is, in fact, no clear
distinction between mixed-symmetry and scissorslike sta
Both kinds of states have the same signature, a strongM1
coupling with the symmetric states. Such a close corresp
dence can be extended further through the following heu

FIG. 1. Schematic picture of the level and transition schem
The dashed arrows indicate the weak transitions.
4-7
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tic argument. We can obtain a mixed-symmetry state from
symmetric one by replacing one symmetric quadrupole
erator Qs5Qp1Qn with the antisymmetric oneQm5Qp
2Qn . Such a transformation is induced by the action of
scissors operatorSm5Jm

p 2Jm
n on symmetric states in spher

cal or nearly spherical nuclei giving rise to a multiplet
state of the same structure. When acting, for instance, on
symmetric two-phonon states, the scissors operator gene
a multiplet of mixed-symmetry states. In94Mo, for instance,
the computed summed strength of the multip
$11,iv

1 ,22,iv
1 ,31,iv

1 ,41,iv
1 % is (nBn(M1)52.18mN

2 , rather close
to the experimental sum(nBn(M1).1.82mN

2 .
With respect to the algebraic approach, the QPM provi

information on the spin correlations present in these sta
We have found, specially in94Mo, that the spin contribution
is comparable to the orbital one in the strongestM1 transi-
tions. The overestimation of the strengths of twoM1 transi-
tions with respect to the experiments suggests that
should change slightly and selectively the parameters en
ing into the one-body potential in order to reduce slightly t
amplitudes of the spin-flip components of some selec
QPM wave functions. Doing now such a fine tuning adju
ment would be premature. We need first experimental in
mation on the detailed structure of theM1 resonance.
s
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The spin degree of freedom plays a dominant role in so
states, such as the second 11, which has a composite struc
ture and includes spin-flip configurations with apprecia
amplitudes through which it can be coupled to the grou
state. Such a state falls outside the multiphonon pict
drawn above.

In summary, the generally good agreement with expe
ments indicates that the QPM calculation provides a reali
description of the low-lying states in nuclei near the sh
closure. The level and transition scheme obtained is con
tent with the picture provided by the algebraic IBM and a
pears to be a general feature of nuclei near shell closure.
calculation, however, points out the significant role play
by the spin in determining the pattern of theM1 transitions.
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