FiZiKA 2005 CiLD XI Ne1-2

SCISSORS MODE IN THE y-SOFT NUCLEUS **Ba
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In this study the scissors mode is investigated for y -soft nucleus ***Ba. Calculations have been made using Quasiparticle Random Phase
Approximation method. With the selection of suitable separable effective isoscalar and isovector forces, rotational invariance is restored for
the description of the M1 modes. Our calculations show that, results obtained here are in a good agreement with the experimental data. In this
work, contribution of AK=0 branch of 1”=1" states to scissors mode region has been investigated, as well. Calculations show that most of the

M1 transitions have AK=1 character.
I. INTRODUCTION

Recently, great success has been achieved in the
measurement of nuclear excitations with low multipolarity
[1]. One of them is the observation of strong low-lying
magnetic dipole excitations in deformed nuclei, which are
frequently referred to as a scissors mode. The study of
these excitations gives valuable information about nuclear
structure and nucleon-nucleon forces at low energy. In a
geometrical picture [2] the scissors mode is visualized as a
counter rotational oscillation of the deformed proton body
against the deformed neutron body in the intrinsic frame of
reference. This mode was first observed in high-resolution
electron scattering experiments in Darmstadt [3]. A series
of subsequent nuclear resonance fluorescence (NRF)
experiments (see e.g., Refs [4]) established the systematic
of this common mode in deformed even-even nuclei at
excitation energies around 3 MeV. The remarkable features
of the scissors mode obtained from experimental results
are the quadratic dependence of the summed B(M1) values
on the ground state deformation parameter & and the strong
fragmentation of the M1 strength about the pairing gap up
to 4 MeV excitation energy [5-8]. Properties of scissors
mode have been investigated for deformed nuclei in detail.
Recently the scissors mode was observed in *®Pt [9]. This
was the first observation of the scissors mode in a
deformed nucleus with a soft triaxiallity. After than this
mode else has been obtained for nucleus from another
wide region of y-soft triaxiallity for **Ba [10]. In spite of
the nature of scissors mode is an open question in nuclei
near shell closures where the simple geometrical picture of
a scissors-like motion of deformed proton and neutron
bodies breaks down. There were only some more
experiments else for nucleus from these regions [11].
Unfortunately explicit parity determination is not upper
degree in those experiments. Therefore, only with the
advent of the new generation of experimental facility with
improved detection characteristics it is possible to
investigate in detail the fine structure of the M1 response
[12]. Earlier, the scissors mode calculations for ***Ba [13]

had been made using RPA method. In that work, the broken
symmetry of the nuclear Hamiltonian is reached by adding to it
only some effective isoscalar forces [13]. However, here certain
difficulties immediately arise when the isovector quadrupole
coupling constant is chosen. Generally, an isovector dependence
of effective forces can arise from the breaking of rotational
invariance by the isovector term in the mean-field potential.

Based on these observations the aim of the present work is
to investigate the nature of the scissors mode of nucleus ***Ba
using RPA method, where broken rotational invariance restored
adding effective isoscalar and isovector forces [8]. This
approach is self- consistent, since the coupling constants and
matrix elements of the effective interactions are, in turn,
connected with the characteristics of the deformed field. This
method of restoring broken symmetries successfully has been
applied to the well deformed and spherical nuclei were restored
rotational or transitional invariance [8,14-17]. Here we also
investigate the contribution AK=0 branch of 1"=1" states to the
scissors mode region.

Il. THEORY

A detailed description 1;K=1%;1 states generated by the
isovector spin-spin interactions in rotational invariant
Quasiparticle Random Phase Approximation (QRPA) was given
in Ref [8]. There, by the selection of suitable separable effective
isoscalar and isovector forces, rotational invariance is restored
for the description of the M1 modes for AK=1 branches without
introducing any additional parameters. In this approximation,
the model Hamiltonian of the system can be written

H= qup +hy +h +V,, (@))

where Hsq, is the quasiparticle Hamiltonian with pairing
interactions, hy and h; describe the effective isoscalar and
isovector interactions restoring the rotational invariance of the
quasiparticle Hamiltonian which are important only for AK=1
branch of the 17 states.
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Here we followed the methods and notations of
Ref.[8]. According to Ref.[8] the rotational invariance of
the single-quasiparticle Hamiltonian can be restored with
the aid of a separable isoscalar and isovector effective
interaction of the form

= 27/0 ;[H Vl,Jﬂ]+[Hqu—Vl,Jﬂ] (2)
1
hl:__Z[\/l"],u]Jr[\/l"]y] (3)
27/1 H

where, V; is the isovector part of nuclear potential and J,
are the spherical components of the total angular
momentum for the K™=1" excitations. Here, y and 5 are
the coupling parameters. V., isovector spin-spin
interactions that generated the 1" states in the deformed
nuclei have the form

sz Gt T @)

where, o and 7 are the Pauli matrices that represent the
spin and the isospin, respectively.

Due to the symmetries of the effective restoring forces,
spin- spin interactions and the magnetic dipole operator,
the most characteristic quantity of 1* state is the reduced
M1 transition probability, which can be written in the form

(8]
B(M10" 1) =

SN ()
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Here gs and g, are the spin and orbital gyromagnetic
ratios of the free nucleons, respectively.

The energy-weighted sum rules for M1 transitions are
given as

2 0BM10" > 1) =[A".[H, ileea )

In the RPA, right-hand side of the this sum rule can be
obtained

[a",[H, ,U]]RPA— +Z(gs 97)o" -
(7
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where
y.=2) D¢, 22,
7

5.=2) De L2],s,.
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Since the effective forces hy and h; are not commutative
with the J,, operators besides the Hq, part of the Hamiltonian,

they also contribute to the sum rules (7). In this formula, the last
two, which represent the contributions of the isoscalar and
isovector effectively restoring forces to the sum rule, are
important.

Another important quantity of the orbital 1* states is
excitation energies. In order to establish the average energy of
the M1 strength below 4 MeV we use the energy weighted and
not energy weighted sum rules,

> ®B(MLw,)

T BMLa) @

1. RESULTS AND DISCUSSION

In numerical calculations, the experimental value of
deformation parameter 5=0.161 of the ***Ba were taken from
the ref.[18]. The Nilsson single-particle energies were obtained
from Warsaw deformed Wood-Saxon potential [19]. All energy
levels from the bottom of the potential well to 6 MeV were
considered for neutrons and protons. The pair-interaction
constants A and A were chosen in accordance with Soloviev
[20]. For the strength parameter of the isovector spin -spin
interactions we used y,=40/A MeV, which has been obtained
from magnetic moments calculations. To show important
restoration broken symmetry we present here result of
calculation obtained without any restoration, result taken from
ref [21] where restored only broken isoscalar forces and result
of calculation obtained using restored broken isoscalar and
isovector forces of the mean field potential. The calculated 1*
excitation energies and the corresponding B(M1) values are
shown in Fig.1. As can be seen in Fig. 1 calculations made
without any restoration gives for scissors mode summed B(M1)

=4.163 ,u,f, strength with 8 levels.
The results obtained using only isoscalar restoring forces
taken from Ref.[21] give summed B(M1) = 0.49 ,u,f‘ with only

2 levels (in Ref[21], the level obtained at the energy E=395 keV
hase not been interpreted as scissors mode level). Despite the
fact that the results above give the scissors mode like
distribution, they are not in agreement with the experimental
results.

According to Ref.[8] using isoscalar and isovector restoring
forces to restoration the broken rotational invarians, we obtain

the sum ZB(Ml? 0 > 1) =0.60 with 10 levels, where

ratio 1/s>1. These levels can be interpreted as a scissors mode.
Comparison this result with the results above we observe that
the consideration of the isoscalar and isovector restoring forces
causes the splitting of the states with large B(M1) strengths and
fragments the M1 strength into more levels.

Where experiment obtained the total M1 strength summed

over all states, where J”*

amounts to 2, B(ML 0} —>17) =0.564% strength with 6 levels

=1" is at least tentatively assigned,

[10] (Fig.1). Due to the low cross sections, firm assignments of
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spins and parities were not possible for many levels [10].
Although the experiment had been performed in correct
spin and parity for only one state, it was assumed that
some of the other states were also scissors mode states. So
the total strength of the scissors mode in ***Ba presumably
does not deviate too much from the value

D> B(ML0; -»17)=056u3y Byt  for  correct
i

determination of scissors mode strength in this region the
parity measurement is necessary.
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Fig. 1. Spectral distribution of the dipole excitations strength
in the **Ba nucleus

Our theoretical calculations gives for **Ba several
collective 1% state (mainly AK=1 branch) in the energy
interval 25- 4 MeV with an energy centroid

E =2.9MeV. Also experiment show dipole strength
distribution in ***Ba extracted from the measured photon
scattering cross sections in the energy range up to 4MeV
with an energy centroid E = 2.987 MeV. As can be seen
results obtained in this work are in good agreement with
experiment. Comparison results are given in Table 1.

Tablel. Comparison RPA calculation with Experimental
Results of I";K=1%; 1 states of '**Ba

RPA Calculations RPA Calculation Experimental
[21] (This Work) Results [10]
E ZB(Ml) E ZB(Ml) E ZB(Ml)
(MeV) ' ) (Mev) ' (MeV) ' )
HN HN HN
3.07 0.49 2.9 0.6 2.987 0.56(4)

Our results is also in a good agreement with empirical sum
rule for the excitations strength of the scissors mode obtained
from the B(E2) value

10.6 + +
B(MY),, :Z—ZB(EZ;O1 —27) 9)

This has been formulated in Ref.[22]. From the known
B(E2) values of **Ba, using formula (9) we have obtained
B(M1),. 7= 0.61(2) x%, which is in agreement with the our
theoretical value and experiment.

As can be seen in Figl., the experiment shows the 1" state at
energy E=2939 keV with a relatively large M1 excitation
strength of B(M1; 0% —1") =0.307 x . This level is only one
level where made correct parity and multipolarity
determination. The corresponding excitation obtained from our
calculation at energy E=2612 keV with B(M1; 0"—1%)

=0.305 17, . Also theory predicts 1" state at energy E=2583

keV, with excitation strength of B(M1) =0.083 uf, so
experiment gives spin one state at energy E=2571 keV, with
excitation strength of B(M1)=0.081 y,ﬂ which can be attributed
to magnetic dipole transition. According with the results
obtained here we can say experimental observed spin one state
at energy E=2571 keV may have positive parity.

Furthermore, above an excitation energy of 3500 keV
experimentally eight states where observed, four of them with
spin assignment J=1. Experiment according to Ref. [21] were
restored only isoscalar forces and expected that the magnetic
dipole excitations above 3500 keV have a low orbit-to-spin ratio
and thus do not belong to the scissors mode. However our
rotational invariant RPA calculation predicts three high orbit-to
spin ratio (I/s>1) levels with summed excitation strength of

B(M1) 7 =0.086 1, . It has been shown that some of observed

strengths in experiment above 3500 keV are in orbital character.
This situation shows that without any correct spin determination
it is no right makes any comment.

Here we also made calculation for AK =0 branch of

|” =1" states. The obtained summed B(M1) value for
AK =0 is B(M1; K”=0") = 0.045u2 with only two
strength (Fig.1). Our results showed that likely the deformed
nuclei [23] in y-soft nuclei, all stronger M1 transitions were

AK =1 character. Where AK =0 branch take only 8 % of
all strength.
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IV. CONCLUSION gained in this case has been found to be in a close proximity to
the experimental data.
Results obtained here show that using isovector and Recent experiments show that the scissors mode is

isoscalar effective forces fragmented the scissors mode of ~ fundamental excitation mode of y -soft nuclei. Our theoretical

appropriate with fragmentation with deformed rare earth  cajculations give same results and show that above 3500 keV it
nuclei but gives the scissors mode strength amounts t0 s possible to obtain scissors mode levels. Our calculations also

about 1/5 of the strength in typical deformed nuclei. These  ghoy that all stronger magnetic dipole strengths are from AK=1.
results are suitable with experiment. Besides this, our

calculations show the important consideration of the ACKNOWLEDGEMENTS
isovector restorating forces in calculations. These results
point out, the choice of the isoscalar and isovector forces
in a self-consistent manner based on the rotational
invariance of the Hamiltonian makes it possible to treat the
scissors mode more rigorously without any extra
quadrupole-quadrupole inteaction parameter and results
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9. Guliyev, F. Ertugral, M. Giner, Z. Demir

y-SOFT BOLGOSINDO YERLOSON “*Ba NUVOSININ
QAYCI MOD HOYOCANLANMALARI

Mogalode qayct modu (scissors mode) soviyyeleri y-soft niivesi olan '**Ba niivesi ii¢iin todqiq edilmisdir. Hesablamalar
QRPA (Quasiparticle Random Phase Approximation) yanagsmasi bazasinda aparilmisdir. Uygun izoskalar ve izovektor effektiv
qiivvetleri secilorak M1/ saviyyeleri li¢iin rotasion invariantliq berpa edilmisdir. Maqalede olde edilen naticeler tocriibi
noticelorle uygunluq teskil edir. Bundan basqga I"=1" hoyocanlanmalarin AK=0 budaginin qay¢i modu bdlgesine slavesi do
todqiq edilmisdir. Hesablamalar M1 seviyyelorin bir ¢goxunun AK=/ budagina aid oldugunu gosterdi.

E. 'yaues, F. Epryrpaa, M. I'yuep, 3. lemup

HOKHUYHAS MOJIA COCTOSIHUS IS SIIPA **Ba
W3 PETHOHA y- CODT

B crarbe 6buUla M3ydeHa HOXKHHYHAS Moja (scissors mode) COCTOSHHS uis sapa u3 permona y-codr “>*Ba. Berumciienns Gbutd
npousBezieHsl B pamkax QRPA (Quasiparticle Random Phase Approximation). Tus M1 mepexomoB C BbIOOPOM COOTBETCTBYIOLIUX
M30CKALIPHBIX M HM30BEKTOPHBIX 3()(EKTHBHBIX CHI ObUIa PECTABPUPOBAHA HAPYIICHHAs POTALMOHHAs MHBAPUAHTHOCTb. Pe3yibTaTsl,
TIOJTy4EHHbIE 371eCh, COOTBETCTBYIOT JaHHBIM, IOJIYYCHHBIM M3 9KCIIEpUMEHTOB. KpoMe TOro, 371ech ObUIO HPOM3BEICHO BBIYMCICHHE IS
AK=0 Betsu I™=1" Bo36y>xnenus. Beio mokasano, 4To GonmpmuHCTBO M3 M1 cocTosHuit npuHaniexut BerBu AK=1,
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