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Microscopic description of newly discovered mixed symmetry states
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The mixed symmetry states identified in a recent experiment on94Mo and successfully described within the
interacting boson model~IBM ! are studied microscopically within the quasiparticle-phonon model~QPM!. The
results are in agreement with experiments and consistent with the IBM picture of these states. New branches of
the scissors mode are also predicted.

PACS number~s!: 21.10.Re, 21.60.Ev, 21.60.Fw, 27.60.1j
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Low-lying magnetic dipole (M1) transitions in heavy nu
clei @1# have been under intensive investigations since
experimental discovery@2# of the scissors mode predicted
a semiclassical two-rotor model~TRM! @3# as a mode of
rotational oscillation between proton and neutron deform
fluids. The same mode was predicted in a schematic m
@4#, a sum rule approach@5#, and in the proton-neutron ver
sion of the interacting boson model~IBM-2! @6,7#.

The IBM-2 predicts fully symmetric as well as mixe
symmetry states with respect to the exchange between pr
and neutron pairs. In theF-spin language@8#, the symmetric
states have the maximumF-spin valueF5Fmax, while the
nonsymmetric ones take smaller values. The scissors
mixed symmetry state withF-spin quantum numberF
5Fmax21. Also in IBM-2 deformation is essential for it
excitation. In fact, the mode is predicted to be excited fr
the ground state in deformed nuclei@SU~3! limit # and, to a
much less extent, ing-unstable nuclei@0~6! limit #. The ex-
citation of the scissors mode is forbidden in the spher
SU~5! limit @9#.

Consistently with the theoretical predictions, systema
experiments@10,11# have ascertained that the mode aris
with the onset of deformation and carries a strength wh
grows quadratically with the deformation parameter@12,13#
while its energy remains fairly constant@14,15#. Such a be-
havior is to be ascribed to the superfluid character of the
rotors. Indeed, the many theoretical investigations h
pointed out either explicitly, as, for instance, in Re
@16,17#, or implicitly, as in Refs.@18,19#, the crucial role
played by the pairing correlations in determining such a
formation law.

In IBM-2 the scissors is one of the severalFmax21 mixed
symmetry states predicted by the model. All of them a
strongly coupled to theF-symmetric ones through enhance
M1 transitions. Until recently, however, the experimen
information onFmax21 states other than the scissors w
rather sparse.Jp521 mixed symmetry states were observ
in spherical andg-soft nuclei through measurements of t
E2/M1 mixing ratio @20,21#, hadron scattering experimen
@22#, the measurements of the electron conversion coe
cients in b decay @23# and, with more details, in lifetime
measurements@24,25#.
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Direct and unambiguous evidence in favor of mixed sy
metry states was gained only in a recent experiment on94Mo
@26,27#. Such a nucleus was investigated by combining
(g,g8) experiment on94Mo with the gg-coincidence mea-
surements of transitions following theb decay of 94Tc to
94Mo. The combination of these two techniques has ma
possible the identification of several new mixed symme
states with spinsJp511, 21, and 31. Moreover, it has pro-
duced an almost exhaustive mass of information on lo
lying levels and absolute transition strengths. All these n
data have been analyzed using the IBM-2 and fit remarka
well within such an algebraic scheme. In the present pa
we carry a fully microscopic study of the same experimen
data within the QPM@28#. The calculation should give mor
detailed information on the structure of these states a
through a comparative analysis, should explain the impr
sive success of the IBM-2 approach.

The most general form of the QPM Hamiltonian is

H5Hsp1Hpair1HM
ph1HSM

ph 1HM
pp . ~1!

The termHsp describes the motion of the independent nuc
ons in a self-consistent mean field,Hpair represents the
proton-proton and neutron-neutron monopole pairing,HM

ph is
a sum of isoscalar and isovector separable multipole inte
tions in the particle-hole channel,HSM

ph is its spin-multipole
counterpart, andHM

pp is the sum of theJÞ0 multipole pair-
ing interactions.

In QPM one constructs the RPA phonon operators fi
then expresses the separable Hamiltonian in terms of th
phonons obtaining a new Hamiltonian composed of a qu
particle and a RPA phonon terms plus a quasipartic
phonon coupling piece. One finally diagonalizes this n
Hamiltonian in a set of multiphonon states. The phonon
erators have the form

Qlm i
† 5

1

2 (
t j j 8

$c j j 8
l i

@a j
†a j 8

†
#lm2~21!l2mw j j 8

l i
@a j 8a j #l2m%,

~2!

where t5p,n and a jm
† (a jm) are creation~annihilation!

quasiparticle operators. They fulfill the commutation re
tions
©2000 The American Physical Society02-1
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@Qlm i ,Ql8m8 i 8
†

#_5dl,l8dm,m8d i ,i 82 (
j j 8 j 2

mm8m2

a jm
† a j 8m8

3$c j 8 j 2

l i c j j 2

l8 i 8Cj 8m8 j 2m2

lm Cjm j2m2

l8m8

2~2 !l1l81m1m8w j j 2

l i w j 8 j 2

l8 i 8

3Cjm j2m2

l2m Cj 8m8 j 2m2

l82m8 %,

whereCjm j8m8
lm are Clebsch-Gordan coefficients. The seco

term, usually neglected in RPA~quasiboson approximation!,
accounts for the internal fermion structure of phonons an
crucial in QPM in order to enforce the antisymmetrization
the multiphonon components of the states. These QPM s
are superposition of one, two, and three RPA phon
@29,30#. The diagonalization of the Hamiltonian~1! in this
multiphonon space yields the QPM energies and eigenst

The electromagnetic transition operators are also wri
in terms of quasiparticle and phonon operators and ass
the form

M ~Xlm!5(
t j j 8

^ j uuXluu j 8&
A2l11 H uj j 8

(6)

2 (
i

~c j j 8
l i

1w j j 8
l i

!

3„Qlm i
† 1~2 !l2mQl2m i…1v j j 8

(7)

3 (
mm8

Cjm j8m8
lm

~2 ! j 81m8a j 8m8
† a j 82m8J , ~3!

where^ j uuXluu j 8& is a reduced single-particle transition m
trix element and

uj j 8
(6)

5~ujv j 86v juj 8!, v j j 8
(6)

5~ujuj 86v jv j 8!,

uj and v j being the particle occupation amplitudes of t
Bogoliubov transformation. The first term in Eq.~3! pro-
motes a one-phonon exchange between initial and fi
states. The second connects components which differ by
or, in general, by an even number of phonons. Such a te
usually neglected, is of crucial importance in our context
gives, in fact, the main contribution to the direct transitio
between ground and two-phonon states@29,30#.

In our calculation we adopted a Woods-Saxon poten
with the parameters taken from@31,32#. The corresponding
single-particle spectra for theA590 region can be found in
Ref. @33#. The radial component of the multipole fields e
tering into the particle-hole and particle-particle separa
interaction is f (r )5dU(r )/dr, where U(r ) is the central
part of the Woods-Saxon potential. The strengthk2 andk3
of the quadrupole-quadrupole and octupole-octupole inte
tions were fixed by a fit of the lowest 21 and 31 levels. The
strengthskl of the other multipole pieces were adjusted
as to leave unchanged the energy of the computed t
quasiparticle states@33#. The strength of the spin-spin inte
action was adjusted so as to reproduce the position of
M1 resonance in90Zr as given in Ref.@34#. The same
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strength was adopted for the spin-quadrupole interact
Only quadrupole and octupole pairing interactions in ad
tion to monopole pairing were used. An unambiguous cho
of their strengths is not possible. We choseGl50.8kl . This
set of parameters was widely used and gave an overall
scriptions of the low-lying as well the high-energy states
nuclei in this mass region@33#.

Our first step consisted in solving the RPA eigenva
equations for phonons of multipolaritylp511, 21, 31,
32, 41, 52, and 61. The first and second 2RPA

1 states are the
most important for our purposes. The first@21

1#RPA is isos-
calar or, in the IBM language,F-spin symmetric. In fact, the
proton and neutronc amplitudes@Eq. ~2!# of its main com-
ponent are in phase. Also, it carries a very largeE2 strength
and, therefore, is collective. The second@22

1#RPA is slightly
collective and isovector or of mixed symmetry with respe
to F spin. In fact it carries a much smaller but non negligib
E2 strength and the proton and neutron amplitudes of
main component are in opposition of phase. A detailed
scription of the@21

1#RPA and@22
1#RPA states can be found in

Refs. @35,36#. The 1RPA
1 states are very few with a strengt

concentrated mainly around the region of theM1 giant reso-
nance (;8 MeV). For this reason, they play a minor role
our calculation.

We then proceeded with solving the QPM eigenva
problem. To this purpose we included all one- and tw
phonon states up to 5 MeV. We checked that the high-ly
configurations affect very little the structure of the low-lyin
states up to 3 MeV. Only in the case of 11 states, the one-
phonon space was extended up to an energy which inclu
the M1 resonance. The tree-phonon states have been a
tained to fall at too high energy and to be completely in
fective. They have therefore been ignored.

The energies of the low-lying QPM states together w
the square amplitudes of the components correspondin
the IBM states are given in Table I. The close corresp
dence with the IBM scheme is to be noticed. Indeed, the fi
21 state is dominated by the isoscalar@21

1#RPA and can be
therefore associated to the first 21 IBM symmetric state. The
second 21 is mainly a two-phonon state composed of iso
calar phonons and, therefore, corresponds to the IBM t
phonon symmetric 22

1 state. The table shows also its QP
42

1 partner. This corresponds to the measured 41
1 in Ref.

@26#. Our first, mainly one-phonon, 41
1 is of no interest for

TABLE I. Energy and structure of selected low-lying excite
states in94Mo. Additional explanations are given in the text.

Jp E ~keV! Structure
Exp. QPM

21
1 871 910 91%@21

1#RPA

22
1 1864 1912 77%@21

1
^ 21

1#RPA

23
1 2067 1953 93%@22

1#RPA

24
1 2393 2819 9%@21

1
^ 22

1#RPA

25
1 2740 3146 75%@21

1
^ 22

1#RPA

42
1 1573 1970 68%@21

1
^ 21

1#RPA

11
1 3129 3079 91%@21

1
^ 22

1#RPA

32
1 2965 3083 80%@21

1
^ 22

1#RPA
2-2
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our purposes and was ignored. The third 21 is almost en-
tirely an isovector one-phonon state and is, therefore,
counterpart of the first IBM one-phonon mixed symme
23

1 . The first 11
1 is mainly a two-phonon state with th

mixed symmetry@22
1#RPA phonon on top of the symmetri

@21
1#RPA, exactly as in IBM. This is a branch of the scisso

state. The other branches are the 25
1 and 32

1 states which
have the same phonon content.

The simple structure of the states leads to regularitie
the systematic of theE2 andM1 transition strengths which
enforce the consistency with experiments as well as with
IBM scheme. TheE2 transition probabilities were compute
using the same effective chargeeeff50.25 for both protons
and neutrons. This value reproduces reasonably well
strength of theE2 transition between the ground and the fi
21 states.

As shown in Table II, the largeB(E2;g.s.→21
1) qualifies

the first 21 as a quadrupole collective state. Such a stat
also strongly coupled by theE2 operator to the states 22

1 and
42

1 which contain a large@21
1

^ 21
1#RPA two-phonon compo-

nent. Equally strong strengths were obtained for theE2 tran-
sitions between the mixed symmetry 23

1 state and the
$11

1 ,25
1 ,32

1% scissors multiplet. As pointed out already, th
are all two phonon states characterized by a dominant@21

1

^ 22
1#RPA. According to our calculations, in agreement wi

experiments, the mixed symmetry 23
1 is excited from the

ground state with a moderately largeE2 transition probabil-
ity. One has therefore to expect moderately enhancedE2
transitions between the two-phonon$11

1 ,25
1 ,32

1% scissors
multiplet and the symmetric 21

1 . This is confirmed by our

TABLE II. B(E2) values forE2 transitions connecting som
excited states in94Mo calculated in QPM. The experimental data
well as the IBM results are taken from Refs.@26,27#.

B(E2;i→ f )(e2 fm4) Exp. QPM IBM

B(E2;g.s.→21
1) 2030~40! 2066 2333

B(E2;g.s.→22
1) 32~7! 21 0

B(E2;g.s.→23
1) 230~30! 100 151

B(E2;g.s.→24
1) 27~8! 4.5 0

B(E2;g.s.→25
1) 83~10! 43 0

B(E2;22
1→21

1) 720~260! 617 592
B(E2;23

1→21
1) , 150 1.0 0

B(E2;24
1→21

1) 142
B(E2;25

1→21
1) 84

B(E2;23
1→24

1) 72
B(E2;23

1→25
1) 572

B(E2;42
1→21

1) 670~100! 726 592
B(E2;11

1→21
1) 30~10! 76 49

B(E2;11
1→22

1) 9
B(E2;11

1→23
1) ,690 740 556

B(E2;32
1→21

1) 928
125 70 38

B(E2;32
1→22

1) ,100 9 0
B(E2;32

1→23
1) 2502210

1310 646 371
(1.520.6

11.2)3103

B(E2;32
1→42

1) ,17 0.18 0
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calculations. All the above theoretical results are suppor
by the experimental data reported so far in the literature.

The QPM E2 strengths are in overall good agreeme
with the IBM values. We get large or smallE2 strengths for
transitions which are respectively strongly allowed or forb
den in IBM. They are also in good agreement with the e
perimental data. Most of them fall within the experimen
errors. Only the moderately large strength of the transit
from the ground to the 23

1 mixed symmetry state is undere
timated. On the other hand, we did not make any effort
improve the agreement by properly choosing, for instan
the neutron effective charge.

The M1 transition probabilities were computed for se
eral values of the spin gyromagnetic factors and are show
Table III. For any value ofgs , we got largeM1 strengths for
transitions between mixed symmetry and symmetric sta
and small strengths for transitions between states of e
F-spin symmetry. In particular, we obtain largeM1 strengths
for transitions between the one-phonon mixed symmetry3

1

and the symmetric 21
1 . Equally strong are theM1 transitions

between the two-phonon$11
1 ,25

1 ,32
1% scissors multiplet and

the symmetric 22
1 . Of comparable magnitude is the streng

of the M1 transition between the 32
1 and the two-phonon

symmetric 42
1 which, as has been pointed out, is the partn

of the 22
1 . We can infer from this analysis that the data

M1 transitions support the consistency of the QPM sche
with experiments and the IBM. In addition, the QPM pr
dicts a strongM1 transition between the scissors branch5

1

and the symmetric 22
1 state. No experimental data on such

transition are reported yet in the literature.
It should also be pointed out that there is not a clear

distinction between mixed symmetry and scissorslike sta
Both kinds of states have the same signature, a strongM1
coupling with the symmetric states. Moreover, the amp
tudes of theM1 transitions between the scissors and the2

1

state can be expressed in terms of the amplitude of the t
sition between the mixed symmetry 23

1 and the symmetric

TABLE III. B(M1) values forM1 transitions connecting som
excited states in94Mo calculated in QPM. The experimental data
well as the IBM results are taken from Refs.@26,27#.

B(M1;i→ f )(mN
2 ) Exp. QPM IBM

geff
s 50.7 geff

s 50.3 geff
s 50.0

B(M1;11
1→g.s.! 0.16~1! 0.32 0.16 0.08 0.16

B(M1;11
1→21

1) 0.00720.002
10.006 0.01 0.006 0.003 0

B(M1;11
1→22

1) 0.43~5! 1.44 0.78 0.42 0.36
B(M1;11

1→23
1) ,0.05 0.01 0.006 0.003 0

B(M1;32
1→21

1) 0.0120.006
10.012 0.019 0.008 0.004 0

B(M1;32
1→22

1) 0.2420.07
10.14 0.55 0.31 0.17 0.18

B(M1;32
1→23

1) 0.2120.014
10.035 0.024 0.01 0.006 0

0.0920.03
10.07

B(M1;32
1→42

1) 0.07420.019
10.044 0.43 0.2 0.12 0.13

B(M1;22
1→21

1) 0.06~2! 0.033 0.024 0.016 0
B(M1;23

1→21
1) 0.48~6! 0.61 0.36 0.20 0.30

B(M1;24
1→21

1) 0.07~2! 0.09 0.034 0.018 0
B(M1;25

1→21
1) 0.03~1! 0.06 0.02 0.008 0

B(M1;25
1→22

1) 1.97 1.0 0.56
2-3
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21
1 states. The equivalence between the two kinds of st

can be proved by the following heuristic argument. We c
obtain a mixed symmetry state from a symmetric one
replacing one symmetric quadrupole operatorQs5Qp1Qn
with the antisymmetric oneQm5Qp2Qn . Such a transfor-
mation is induced by the action of scissors operatorSm

5Jm
p 2Jm

n on symmetric states in spherical or nearly sphe
cal nuclei.

Quantitatively, theM1 strengths resulting from using th
standard values for the quenching factor (gs50.6–0.7) are
larger than the experimental ones by a factor of 2 and eve
in one case. The set of data which approach more the I
values is obtained if we suppress completely the spin con
bution (gs50). The best overall agreement with experime
is reached forgs50.3. It is to be pointed out that, even fo
gs50.6, the spin contribution is considerably smaller th
the orbital one and is about half the orbital strength in
transition 11

1→22
1 for which the largest discrepancy be

tween theory and experiments occurs. The large totalM1
strengths are the result of a coherent sum between spin
orbital M1 amplitudes.

Although both experiments and IBM results point towa
a suppression of the spin contribution to theM1 transitions
at low energy, it is not obvious to identify the appropria
quenching mechanism in our microscopic approach. In f
ys

s

ys

N
C

ga
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the low-lying spin transitions are very sensitive to sm
components of the wave functions. Since there are sev
mechanisms which may bring changes on these small c
ponents, it is necessary to gain more detailed experime
information on spin excitations in this region in order to fin
the right solution to the problem.

Apart from the puzzle concerning the spin contributio
the QPM results are consistent with experiments and con
the IBM predictions. By using only two out of the man
RPA states, namely the isoscalar@21

1#RPA and the isovector
@22

1#RPA, we have obtained a set of states which can
classified according to the IBM scheme. More specifica
we have a set ofF-spin symmetric states connected amo
themselves through strongE2 transitions and a set of mixe
symmetry and scissorslike states coupled to the symme
ones through strongM1 transitions. In addition to the IBM
results presented in Refs.@26,27#, our calculation predicts a
25

1 state as a new branch of the two-phonon scissors mu
let. Such a prediction is not yet supported by the experime
reported in the literature.
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