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Microscopic description of newly discovered mixed symmetry states
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The mixed symmetry states identified in a recent experimerifidio and successfully described within the
interacting boson modéIBM ) are studied microscopically within the quasiparticle-phonon m@@eM). 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 numbgs): 21.10.Re, 21.60.Ev, 21.60.Fw, 27.69.

Low-lying magnetic dipole {1 1) transitions in heavy nu- Direct and unambiguous evidence in favor of mixed sym-
clei [1] have been under intensive investigations since thenetry states was gained only in a recent experimert'bto
experimental discover?2] of the scissors mode predicted in [26,27. Such a nucleus was investigated by combining the
a semiclassical two-rotor modéTRM) [3] as a mode of (v.¥') experiment on®*Mo with the yy-coincidence mea-
rotational oscillation between proton and neutron deformegurements of transitions following thé decay of %Tc to
fluids. The same mode was predicted in a schematic modéfMo. The combination of these two techniques has made
[4], a sum rule approacks], and in the proton-neutron ver- Possible the identification of several new mixed symmetry
sion of the interacting boson modéBM-2) [6,7]. states with sping”=1", 2", and 3". Moreover, it has pro-

The IBM-2 predicts fully symmetric as well as mixed duced an almost exhaustive mass of information on low-
symmetry states with respect to the exchange between protdjnd levels and absolute transition strengths. All these new
and neutron pairs. In the-spin languagés], the symmetric data hgve been analyzed using the IBM-2 and fit remarkably
states have the maximuFspin valueF=F ., while the well within such an algebralc scheme. In the present paper
nonsymmetric ones take smaller values. The scissors is e carry a fully microscopic study of the same experimental

mixed svmmetry state WithF-spin quantum numbeE ata within the QPM28]. The calculation should give more
_F Y y pin 9 detailed information on the structure of these states and,

_max__l' Also in IBM-2 de_format|_on IS essentlal_ for its through a comparative analysis, should explain the impres-
excitation. In fact, the mode is predicted to be excited fromg;o success of the IBM-2 approach.

the ground state in deformed nuc[@U(3) limit] and, to a
much less extent, ip-unstable nuclef0(6) limit]. The ex-
citatioq o'f the scissors mode is forbidden in the spherical H=Hgp+Hpairt anﬁh‘*‘ Hgth‘,,+ HRP. 1)
SU(5) limit [9].

Consistently with the theoretical predictions, systematicThe termHg, describes the motion of the independent nucle-
experiments[10,11] have ascertained that the mode arisesons in a self-consistent mean fielti,, represents the
with the onset of deformation and carries a strength whichproton-proton and neutron-neutron monopole pairiff) is
grows quadratically with the deformation paramdte2,13  a sum of isoscalar and isovector separable multipole interac-
while its energy remains fairly constafit4,15. Such a be- tions in the particle-hole channel{®l), is its spin-multipole
havior is to be ascribed to the superfluid character of the tw@ounterpart, andHfP is the sum of the]#0 multipole pair-
rotors. Indeed, the many theoretical investigations havéng interactions.
pointed out either explicitly, as, for instance, in Refs. In QPM one constructs the RPA phonon operators first,
[16,17), or implicitly, as in Refs.[18,19, the crucial role then expresses the separable Hamiltonian in terms of these
played by the pairing correlations in determining such a dephonons obtaining a new Hamiltonian composed of a quasi-
formation law. particle and a RPA phonon terms plus a quasiparticle-

In IBM-2 the scissors is one of the seveRa),,—1 mixed  phonon coupling piece. One finally diagonalizes this new
symmetry states predicted by the model. All of them areHamiltonian in a set of multiphonon states. The phonon op-
strongly coupled to th&-symmetric ones through enhanced erators have the form
M1 transitions. Until recently, however, the experimental L
information onF,,—1 states other than the scissors was ~+ _ NP ot ot AN—u i
rather sparsel”=2" mixed symmetry states were observed Quui=3 TJEJ Wiplegap = (=D e layajhh- b,
in spherical andy-soft nuclei through measurements of the 2
E2/M 1 mixing ratio[20,21], hadron scattering experiments
[22], the measurements of the electron conversion coeffiwhere r=p,n and a;rm (ajm) are creation(annihilation
cients in 8 decay[23] and, with more details, in lifetime quasiparticle operators. They fulfill the commutation rela-
measurement24,25. tions

The most general form of the QPM Hamiltonian is
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TABLE |. Energy and structure of selected low-lying excited

[Qrui ,QIWV]_= ONN O O — E a;rmaj/mr states in°*Mo. Additional explanations are given in the text.
i’z
mm'’ m, J™ E (keV) Structure
i )\rirc)\lu C)\rlu/ EXp QPM
975,90, Cirmegym,Cimim, 27 871 910 919% 2, Jrpa
+ + +
(s N N 2, 1864 1912 77421 ®27 Jrpa
ii2%5"0, 23 2067 1953 93% 25 Jrpa
v 24 2393 2819 9%[ 2] ®2; Jrpa
A= K + + +
X Clinfym,Civm/om, 25 2740 3146 7592, ©2; Jrpa
4; 1573 1970 68% 2, ®2; |rpa
+ + +
whereC%‘j,m, are Clebsch-Gordan coefficients. The second'1 3129 3079 910/"[21+‘g’22+]RF’A
3; 2965 3083 80%[2; ®2, Jrea

term, usually neglected in RP&juasiboson approximati@n
accounts for the internal fermion structure of phonons and is
crucial in QPM in order to enforce the antisymmetrization onstrength was adopted for the spin-quadrupole interaction.
the multiphonon components of the states. These QPM stat&nly quadrupole and octupole pairing interactions in addi-
are superposition of one, two, and three RPA phononsion to monopole pairing were used. An unambiguous choice
[29,30. The diagonalization of the Hamiltoniail) in this  of their strengths is not possible. We ch@g=0.8«, . This
multiphonon space yields the QPM energies and eigenstateset of parameters was widely used and gave an overall de-
The electromagnetic transition operators are also writterscriptions of the low-lying as well the high-energy states of
in terms of quasiparticle and phonon operators and assummiclei in this mass regiof83].
the form Our first step consisted in solving the RPA eigenvalue
equations for phonons of multipolarity™=1%, 2%, 3%,

MO ) =S GIXNTY ujgj‘,) S (N 4o 37, 4%, 57, and 6". The first and secondq2, states are the
( '“)_T”, VA +1 2 4 Wii’ ‘PJJ’) most important for our purposes. The fifﬁfJRpA is isos-
calar or, in the IBM languagés-spin symmetric. In fact, the

><(QI,LPL(_)M“Qx—m)JFU,(;) proton and neutroy amplitudeg Eqg. (2)] of its main com-

ponent are in phase. Also, it carries a very lakfe strength
v Vam and, therefore, is collective. The secdi} |rpa is slightly
X E Cimjrm () Ejrp Ejr—m’ [ (3)  collective and isovector or of mixed symmetry with respect
mm to F spin. In fact it carries a much smaller but non negligible
E2 strength and the proton and neutron amplitudes of its
main component are in opposition of phase. A detailed de-
scription of thel 27 Jrpa and[ 25 ]rpa States can be found in
uH=(uv,xoun), v =(uup+ovw), Refs.[35,36. The 1, states are very few with a strength
s s 2 s 2 a concentrated mainly around the region of Mé giant reso-
u; andv; being the particle occupation amplitudes of thenance (-8 MeV). For this reason, they play a minor role in
Bogoliubov transformation. The first term in E¢8) pro- ~ our calculation. _ _ _
motes a one-phonon exchange between initial and final We then proceeded with solving the QPM eigenvalue
states. The second connects components which differ by zeRfoblem. To this purpose we included all one- and two-
or, in general, by an even number of phonons. Such a ternphonon states up to 5 MeV. We checked that the high-lying
usually neglected, is of crucial importance in our context. Itconfigurations affect very little the structure of the low-lying
gives, in fact, the main contribution to the direct transitionsStates up to 3 MeV. Only in the case of Htates, the one-
between ground and two-phonon stat28,30. phonon space was extended up to an energy which includes
In our calculation we adopted a Woods-Saxon potentiafhe M1 resonance. The tree-phonon states have been ascer-
with the parameters taken frof81,32. The corresponding tained to fall at too high energy and to be completely inef-
single-particle spectra for th&= 90 region can be found in fective. They have therefore been ignored.
Ref. [33]. The radial component of the multipole fields en- ~ The energies of the low-lying QPM states together with
tering into the particle-hole and particle-particle separabldhe square amplitudes of the components corresponding to
interaction isf(r)=dU(r)/dr, where U(r) is the central the IBM'states are given in Table I. The close correspon-
part of the Woods-Saxon potential. The strengghand dence with the IBM scheme is to be noticed. Indeed, the first
of the quadrupole-quadrupole and octupole-octupole intera®” State is dominated by the isoscal@y Jrpa and can be
tions were fixed by a fit of the lowest2and 3" levels. The therefore associated to the first BBM symmetric state. The
strengthsk, of the other multipole pieces were adjusted sosecond 2 is mainly a two-phonon state composed of isos-
as to leave unchanged the energy of the computed twasalar phonons and, therefore, corresponds to the IBM two-
quasiparticle statei83]. The strength of the spin-spin inter- phonon symmetric 2 state. The table shows also its QPM
action was adjusted so as to reproduce the position of thé, partner. This corresponds to the measurgdi# Ref.
M1 resonance in%Zr as given in Ref.[34]. The same [26]. Our first, mainly one-phonon,;4is of no interest for

where(j||X\[|j’) is a reduced single-particle transition ma-
trix element and
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TABLE II. B(E2) values forE2 transitions connecting some TABLE Ill. B(M1) values forM1 transitions connecting some
excited states if?*Mo calculated in QPM. The experimental data as excited states it*Mo calculated in QPM. The experimental data as

well as the IBM results are taken from Ref&6,27]. well as the IBM results are taken from Ref26,27].
B(E2;i—f)(e?fm?) Exp. QPM IBM B(M1;i—f)(ud)  Exp. QPM IBM
s _ S _ S _
B(E2;g.5—2]) 203040) 2066 2333 Oer=0-7 Ger=0-3 ger=0.0
B(E2;9.5—2;) 32(7) 21 0 B(M1;1f —g.s) 0.161) 0.32 0.16 0.08 0.16
B(E2;9.5—2;) 23030) 100 151 B(M1;1; —2;) 0.007°5%5 0.01  0.006 0.003 O
B(E2;9.5—2;) 27(8) 45 0 B(M1;1f —27)  0.435) 1.44 0.78 042 0.36
B(E2;9.8—22) 83(10) 43 0 B(M1;1] —23) <0.05 0.01 0.006 0.003 O
B(E2;2; —27) 720260 617 592 B(M1;3; —2;) 0.01°53%2 0.019 0.008 0.004 O
B(E2;25 —2;) < 150 1.0 0 B(M1;3; —2,) 0.24°0%7  0.55 0.31 0.17 0.18
B(E2;2, —2]) 142 B(M1;3; —2;) 0.21°93% 0024 001 0.006 O
B(E2;2; —2]) 84 0.0975.0%
B(E2;2; —2;) 72 B(M1;3; —4;) 0.074 955 0.43 0.2 0.12 0.3
B(E2;2; —2;) 572 B(M1;2; —2;) 0062 0.033 0024 0016 O
B(E2;4, —2]) 670100 726 592 B(M1;2; —2;)  0.486) 0.61 0.36 0.20 0.30
B(E2;1; —2;) 30(10) 76 49 B(M1;2; —2;) 0.0712 0.09 0034 0.018 ©
B(E2;1] —2;) 9 B(M1;2f—27)  0.031) 0.06 0.02 0008 O
B(E2;1; —23) <690 740 556 B(M1;2; —2;) 1.97 1.0 0.56
B(E2;3; —27) 9r® 70 38
.nt +
E(Ezfsiﬁzi) <1+03(1)0 9 0 calculations. All the above theoretical results are supported
(E2;3; —23) 2507319 646 371 . : ,

(1513 x 10° by the experimental data reporte_:d so far in the literature.

B(E2:3; —4) <17 0.18 0 The QPME2 strengths are in overall good agreement

with the IBM values. We get large or sm&P strengths for
transitions which are respectively strongly allowed or forbid-
i i den in IBM. They are also in good agreement with the ex-
our purposes and was ignored. The third B almost en-  orimental data. Most of them fall within the experimental
tirely an isovector one-phonon state and is, therefore, thgors, Only the moderately large strength of the transition
counterpart of the first IBM one-phonon mixed symmetry rom the ground to the 2 mixed symmetry state is underes-
25 . The first I is mainly a two-phonon state with the timated. On the other hand, we did not make any effort to
mixed symmetry[ 2; Jzpa Phonon on top of the symmetric improve the agreement by properly choosing, for instance,
[2] Trea, €xactly as in IBM. This is a branch of the scissorsthe neutron effective charge.
state. The other branches are thé @nd 3, states which The M1 transition probabilities were computed for sev-
have the same phonon content. eral values of the spin gyromagnetic factors and are shown in
The simple structure of the states leads to regularities irf @ble Il. For any value ofs, we got largeM 1 strengths for
the systematic of th&2 andM 1 transition strengths which transitions between mixed symmetry and symmetric states
enforce the consistency with experiments as well as with th@d small strengths for transitions between states of equal
IBM scheme. TheE2 transition probabilities were computed -SPIn Symmetry. In particular, we obtain larlyel strengths
using the same effective chargg;=0.25 for both protons for transitions be.tween the one-phonon mixed symmegry 2
and neutrons. This value reproduces reasonably well th@nd the symmetric 2. Equally strong are thi! 1 transitions

+ o+ A+ ; ;
strength of theE2 transition between the ground and the firstPetween the two-phonofl, , 25 ,3, } scissors multiplet and
2+ states. the symmetric 2 . Of comparable magnitude is the strength

As shown in Table II, the largB(E2;g.5—2;) qualifies of the M1 transition between the,3and the two-phonon

the first 2* as a quadrupole collective state. Such a state i§YMmetric 4 which, as has been pointed out, is the partner
also strongly coupled by thE2 operator to the states 2and of the 2, . We can infer from this analysis that the data on
4} which contain a largg2; ®2; Jrpa two-phonon compo- M1 transitions support the consistency of the QPM scheme
nent. Equally strong strengths were obtained forERetran- W.'th experiments and .t.he IBM. In add'“o’." the QPM pre-
siions between the mixed symmetry! 2state and the dicts a strongV 1 'transmon between fthe scissors brangh 2
{17 ,2¢ 37} scissors multiplet. As pointed out already, they and the symmetric 2 state. No experimental data on such a

i _ transition are reported yet in the literature.
are all two phonon states characterized by a domifagt It should also be pointed out that there is not a clear cut

®2; Jrpa- According to our calculations, in agreement with gistinction between mixed symmetry and scissorslike states.
experiments, the mixed symmetry; 2is excited from the Both kinds of states have the same signature, a st\fig
ground state with a moderately lar§2 transition probabil- coupling with the symmetric states. Moreover, the ampli-
ity. One has therefore to expect moderately enhari€2d tudes of theM 1 transitions between the scissors and the 2
transitions between the two-phondd; ,2: ,3;} scissors state can be expressed in terms of the amplitude of the tran-
multiplet and the symmetric 2. This is confirmed by our sition between the mixed symmetry; 2and the symmetric
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2, states. The equivalence between the two kinds of statethe low-lying spin transitions are very sensitive to small
can be proved by the following heuristic argument. We carcomponents of the wave functions. Since there are several
obtain a mixed symmetry state from a symmetric one bymechanisms which may bring changes on these small com-
replacing one symmetric quadrupole operaf=Q,+Q, ponents, it is necessary to gain more detailed experimental
with the antisymmetric on®,,=Q,—Q,. Such a transfor- information on spin excitations in this region in order to find
mation is induced by the action of scissors operagr  the right solution to the problem.

:JIPL_JZ on symmetric states in spherical or nearly spheri- Apart from the puzzle concerning the spin contribution,
cal nuclei. the QPM results are consistent with experiments and confirm
Quantitatively, theM 1 strengths resulting from using the the IBM predictions. By using only two out of the many

standard values for the quenching factgr#0.6-0.7) are RPA states, namely the isoscal@; ]rpa and the isovector
larger than the experimental ones by a factor of 2 and even 32, Jrpa, We have obtained a set of states which can be
in one case. The set of data which approach more the IBMlassified according to the IBM scheme. More specifically,
values is obtained if we suppress completely the spin contriwe have a set oF-spin symmetric states connected among
bution (gs=0). The best overall agreement with experimentsthemselves through strori€R transitions and a set of mixed
is reached foigs=0.3. It is to be pointed out that, even for symmetry and scissorslike states coupled to the symmetric
0s= 0.6, the spin contribution is considerably smaller thanones through stroniyl1 transitions. In addition to the IBM
the orbital one and is about half the orbital strength in theresults presented in Ref26,27], our calculation predicts a
transition 1 —2, for which the largest discrepancy be- 2. state as a new branch of the two-phonon scissors multip-
tween theory and experiments occurs. The large tbtdl let. Such a prediction is not yet supported by the experiments
strengths are the result of a coherent sum between spin ameported in the literature.
orbital M1 amplitudes. The present work was partly supported by the Italian Min-
Although both experiments and IBM results point towardistry of Research and Technolog§Murst) through the
a suppression of the spin contribution to tkel transitions PRIN99 funds and by the Bulgarian Science Foundation
at low energy, it is not obvious to identify the appropriate (Contract No. Ph. 801 The authors thank U. Kneissl and N.
quenching mechanism in our microscopic approach. In factPietralla for useful information and discussions.
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