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Local electric dipole strength in heavy nuclei
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Institute for Theoretical Physics, Vakgroep Subatomaire en Stralingsfysica, Proeftuinstraat 86, B-9000 Gent, Belgium

~Received 12 August 1997!

We show that, within a two-group schematic random phase approximation model, a concentration of local
dipole strength in the lower tail region of the electric giant dipole resonance can show up. The model is tested
under more realistic circumstances for the isovector 12 states in116Sn. @S0556-2813~98!04302-7#

PACS number~s!: 21.10.Pc, 21.60.Jz, 27.60.1j
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In atomic nuclei, most of the electric dipole strength b
comes concentrated in the giant electric dipole resona
~GDR! and has been well studied. Both the excitation ene
and the totalE1 strength are rather well understood from
collective as well as from a microscopic starting point@1#.

Recent studies mainly using photon scattering
medium-heavy and heavy nuclei near closed shells have
sulted in a number of conspicuous features@2#: ~i! A low-
energy E1 bound state with rather largeB„E1;01→12

…

.(5 – 10)1023 e2 fm2 is observed, at an energy near to t
sum of the energy for the first 21 and 32 states@2–6#, and
~ii ! In some nuclei (116Sn, 124Sn, 140Ce!, at the tail of the
GDR and near to 6–7 MeV, a local concentration ofE1
strength is observed@7,8#. The observation of a fairly large
B(E1) value, at low energy, might be due to admixtures
the GDR into these low-lying 12 states@9,10#.

Some attention has been given to the latter point~ii ! by,
e.g., Van Isackeret al. @11# and Iachello@12#. Van Isacker
et al. discuss the possibility that nuclei with a reasona
neutron skin may exhibit pygmy-E1 resonances below th
giant electric dipole resonance. Iachello has suggested
with isospin as a local symmetry, discussing the example
(a, . . . ) clustering in nuclei and of permanent octupole d
formation effects, rather important concentrations ofE1
strength might well show up at low excitation energy. He h
enforced this observation recently@13# and suggested a pos
sible explanation for the observed 12 dipole strength in rare-
earth nuclei using the above concepts of both octupole
formation and local isoscalarE1 modes.

Detailed quasiparticle studies, concentrating in particu
on E1 transitions in heavy nuclei, have been carried out o
the years by the Dubna group@14–16#. These calculations
reproduce fairly well the experimentalE1 strength distribu-
tion over a rather large energy range@7,8# but it is generally
difficult to disentangle the different contributions to theE1
strength.

In the present article, we suggest that physical insight i
the appearance of a local concentration of strength is
vided by the general results of a two-group random ph
approximation~RPA! model. This idea is tested, under mo
realistic circumstances and in some detail, for the concen
tion of local electric dipole strength~LDS! in 116Sn.

*Permanent address: National Institute of Physics and Nuc
Engineering, P.O. Box MG-6, Bucharest, Romania.
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A microscopic study of the excitation energy andE1
strength follows in a very transparent way from schema
Tamm-Dancoff approximation~TDA! and RPA models@17#,
eventually taking all contributing one-particle–one-hole~1p-
1h! 12 excitations as degenerate levels. When inspec
more realistic 1p-1h 12 unperturbed energy spectra at th
Z550 andN582 closed shells, there is more structure to
observed, but in both theZ550 andN582 closed shell nu-
clei one observes, at the lower-energy end, particula
strong unperturbed 1p-1h 12 configurations, i.e.,
1g9/2

21 1h11/2 at Z550, 1h11/2
21 1i 13/2 at N582. So it seems like

a local concentration of unperturbed strength is alwa
present, due in particular to the large energy gap between
aligned spin-orbit partners near those closed shells. We s
the E1 strength and its localization within a schematic tw
group RPA model@18#. In Fig. 1, we indicate a two-group
RPA model~which could be extended to more groups! and
call m,i (k) the particle and hole indices with an extra lab
k (k51,2) denoting the group into which the particle-ho
state belongs. It is clear that for an otherwise degene
system in which we take all

«m,i~1!5«1 and «m,i~2!5«2

equal~with «1Þ«2) and using a separable residual intera
tion, one gets the RPA secular equation

1

x
5

2«1S1

~«1
22\v2!

1
2«2S2

~«2
22\v2!

, ~1!

ar

FIG. 1. Schematic two-group RPA model with the unperturb
configurations at energiese1 and e2. Besides the collective highe
root corresponding to the GDR, a lower root exists ‘‘trapped’’ b
tween the two unperturbed groups.
990 © 1998 The American Physical Society
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57 991BRIEF REPORTS
with Sk5(m,i uDmi
(k)u2, k51,2, andDmi the p-h reduced ma

trix elements for the corresponding electric dipoleE1 opera-
tor.

Such a two-group RPA model has been studied in de
in Ref. @18#, concentrating on the isoscalar vibrational mod
with application to the octupole 32 states in 146Gd. This
method can be applied by a straightforward extension to
study of isovector vibrational modes too.

Besides the strongly collective root, corresponding to
high-lying isovector giant electric dipole resonance GD
~when concentrating on 12 excitations!, which also appears
in the one-group RPA, we obtain a second root at\v2 ~see
Fig. 1! whereE1 strength is locally concentrated in betwe
the energiese1 ande2 ~LDS!. One can easily show~see Ref.
@18#! that theE1 transition probability from that state, a
\v2, results in the expression

u^ 0̃ uD̂u\v2&u2>
«2S2

\v2
H 12

«1S1

«2S2
S «2

22\v2
2

«2
22\v1

2D
3F21S «2

22\v2
2

«2
22«1

2 D 1•••G
1

«1
2S1

2

«2
2S2

2 S «2
22\v2

2

«2
22«1

2 D 2

3F11S «2
22\v2

2

«2
22«1

2 D 2

1•••G J , ~2!

where now not all contributions act coherently. The seco
solution at\v2 is clearly less collective than the first roo
The larger the gap«12«2, the stronger the collectivity in the
second group becomes. So this second root ‘‘trapped’’
tween the«1 and«2 groups is a clear outcome of the fact th
unperturbed 1p-1h states cannot be taken to form a si
degenerate group in most cases.

To illustrate these general considerations, we have stu
theE1 strength distribution in the nucleus116Sn. The unper-
turbed~ph21)12 spectrum was constructed as shown in F
2, considering proton 1p-1h excitations across the gap aZ
550 ~between the shells marked I and II in the figure! and
neutron 1p-1h excitations across the gap atN550 as well as
the gap atN582 ~between shells I, II and II, III, respec
tively!. A larger neutron configuration space was consider
since the shell betweenN550 andN582 is only half filled
at N566.

Realistic proton single-particle energies in116Sn, illus-
trated in Fig. 2, were obtained from comparison between
experimental spectra of the adjacent odd-proton nuclei115In
and 117Sb and calculations performed in the framework
the particle-core coupling model@19#. The neutron single-
particle energies are not expected to vary much across th
isotopes, besides theA21/3 mass dependence. We have the
fore used the values obtained around132Sn @20# with the
same procedure as above and from the experimental da
Refs.@21# and @22#, corrected for the mass scale factor. T
energies of the neutron orbitals of shell I were not obtaina
from experimental data in this mass region; instead, we h
used the values given by the Woods-Saxon potential with
il
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universal parameters@23#. The reduced transition probabili
ties B„E1;01→(ph21)12

… were calculated using harmoni
oscillator wave functions and the one-bodyE1 operator
Tm(E1)5eeffrY1m . The strongest unperturbed transitio
corresponding top(1g9/2→1h11/2), n(1g9/2→1h11/2), and
n(1h11/2→1i 13/2) are marked with an asterisk in the lowe
part of Fig. 2 and indicated by arrows in the upper part. T
reduction of the strength of the neutronE1 transitions as
compared to the proton ones is due to pairing effects in
half-filled shell.

A separable interaction of the form2xD•D, with D the
one-bodyE1 operator andx,0 ~isovector channel!, was
considered to act between the neutron and proton~ph21)12

states. The strengthx was determined so as to assure t
lowest ~spurious! E1 excitation to occur at zero excitatio
energy with vanishingE1 strength, thereby removing spur
ous center-of-mass effects from the excited 12 states. After
diagonalization, one strongly collective state is obtained, c
responding to the GDR, but some strength indeed rem
trapped between the different substructures of the un
turbed ph21 spectrum, as was discussed in the schem
two-group RPA model. As shown in Fig. 3, the streng
concentration~plotted with bars! displays a kind of ‘‘peri-
odic’’ structure and the first group lies at a rather low ener
;6.5 MeV, corresponding well to the position of the loc
concentration of strength observed experimentally@7,8#. The
effective chargeseeff(n)520.30 and eeff(p)50.35 were

FIG. 2. Single-particle energies for116Sn ~upper part! and cor-
responding unperturbed~ph21)12 spectrum and distribution ofE1
strength~lower part!. The strongest unperturbed ph21 E1 transi-
tions for neutron and proton configurations are marked with
arrow in the upper part and an asterisk in the lower part of
figure. The energies are given in MeV and th
B„E1;01→(ph21)12

… reduced transition probabilities ine2 fm2.
Note the position of the Fermi level on the left side of the figu
indicating that the neutron shellN550– 82 is half filled atN566
and the proton shell is closed atZ550.
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used for the calculation of theE1 strength, as needed t
reproduce the experimentally observed strength in the re
of the GDR@24# (;30e2 fm2). The values for the effective
charges thus lie in between the ones obtained from correc
only for the center-of-mass motion@ u(eeff)u;0.5# and the
ones where the polarization due to the GDR is fully tak
into account@ u(eeff)u;0.1# @10#.

The calculated distribution ofE1 strength~plotted with
bars! convoluted with a Gauss distribution of width increa
ing linearly with the energy@12# is plotted as a solid line in
Fig. 3 in order to regain the more familiar image of the GD
The higher-lying structures are now obscured, but the lo
concentration of strength at the tail of the GDR remains v
ible. We note that the calculated strength overestimates
experimental values@8# by a factor of;5, but the model
used was still very schematic. We should also remark
the existence~but not the strength! of the local dipole con-
centration remains rather insensitive to the details of the s

FIG. 3. Distribution of theE1 strength after diagonalization of
separable dipole-dipole interaction in the configuration space sh
in the lower part of Fig. 2. TheB(E1)↑ values in units 1023 e2

fm2 are plotted with bars. The distribution ofE1 strength convo-
luted with a Gaussian distribution of width increasing linearly w
the energy is plotted as a solid line and given in units 1023 e2

fm2/MeV.
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cific residual interaction and seems to be due mainly to
structure of the unperturbed ph21 spectrum, confirming the
two-group RPA interpretation. Similar concentrations of l
cal dipole strength are expected and have been observe
other Sn isotopes@8# as well as other mass regions@7# for
nuclei with one closed shell.

As stated before and following from the schematic tw
group RPA picture, local concentrations of strength sho
appear not only for the isovector dipole mode but also
other l multipolarities, as soon as the unperturbed~ph21! l
spectrum presents significant gaps.

In conclusion, we have proposed a simple interpretat
for the appearance of local concentration of dipole (E1)
strength, within a two-group RPA model. This idea is illu
trated forE1 strength in116Sn. For theE1 mode one ob-
serves that, besides the coherent mode at higher energy~the
GDR!, a concentration ofE1 strength can appear locall
because of irregularities in the 1p-1h unperturbed spect
which causes smaller gaps to appear. Then it is a deco
ence between various groups that may result in a spectru
beats just like what one obtains from the addition of a nu
ber of simple, harmonic oscillating modes but with a spec
distribution of contributing frequencies. These local dipo
~LDS! states may then, in a geometric way, correspond
local charge-mass oscillations in contrast to the full oscill
ing motion in the GDR collective mode. A detailed relatio
between a geometrical and microscopical formulation ne
to be studied further, as well as the evolution of the LD
over different mass regions.
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