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Neutron halos and their relations to the structurdafresonances are examined in a microscopic random
phase approximation continuum calculation?%b. Our results predict the occurrence of small but distinct
E1 peaks located in the low energy tail of the giant dipole resonance and consisting of highly coherent neutron
particle-hole excitations whose energy and strength are found to correspond well to photoneutron and electron
scattering data. This work suggests that the high current interest in the appearance of neutron halos in light
exotic nuclei could constructively be channeled to investigate similar occurrences in heavier systems where
model calculations have already been thoroughly tested.

PACS numbgs): 21.10.Gv, 21.60.Jz, 24.30.Cz, 27.8W

A great deal of attention is now being focused on thethe possibility of applying this technique to lower energies
occurrence of neutron halo resonances in neutron rich nuclevith the goal of locating any dipole strength that was collec-
and their relationship to neutron particle-hdl@h) excita- tive enough in nature but decoupled from the usual giant
tions. However, so far, the question has been nearly totallgipole oscillation.
confined to exotic light nuclei such &4Li although there is Our particular application of the RPA is a coordinate
now ample experimental evidence suggesting that similapPace solution of the RPA equatif,9]
manifestations indeed occur in heavier but stable nuclei with
large neutron excess. There, nuclear structure calculations GRPA=GO(1+(8VI6p)G) 7, N
have already been particularly successful in predicting cor-
rectly other resonances such as the giant dipole resonaneeéhere GR™ is the RPA Green’s function anéV/dp is the
(GDR), the giant quadrupole resonan€&QR), etc. Our aim  effective p-h interaction. The single particle basis states were
is thus to test whether neutron p-h excitations do indeedalculated in the Hartree-Fock approximation using a
occur at low energy in heavy nuclei whelke>Z, to deter-  Skyrme-type interaction that was also used to calculate the
mine their relationship to the so-called pygmy resonancesffective p-h interaction. The parameters of the inter-
observed experimentallyl—3], and to see if their structure action—in this case the SGIlI interaction—are standard and
can cast some useful information on the whole question othus leave our calculation witho adjustable parameters
neutron halo occurrence. An earlier preliminary study of the The spreading of the response function that results from
Ca isotopes in the density functional theory has alreadcattering into the continuum—the escape width—is treated
shown clearly the link between the onset of pygmy reso-in our calculation using the method of continuum RPRA].
nances and the neutron exc¢4$ The present work how- The spreading that results from decays of RPA states through
ever is the first one using the random phase approximatiohigher order modes of excitations—the spreading width—is
(RPA) to focus on a heavy system lik€%Pb and for which  outside the scope of that model, with the result that the cal-
an extensive body of experimental informatipf—7] is  culated spectrum tends to contain more fine structure than
available to test the validity and accuracy of our model pre-could possibly be observed experimentally. As other investi-
dictions. gators have notefd 0] this effect is particularly noticeable in

It is known that for an accurate and reliable microscopicthe case of isovector dipole excitations. To allow a more
description of collective excitations it is crucial to adopt adirect comparison with experiment we have included the ef-
model well suited to excitation modes in which a large num-fect of the spreading width by folding our results with a
ber of p-h states may contribute in a collective manner. Thé.orentzian distribution with a 0.5 MeV width. It is important
RPA has without question proven to be one of the most imto note that this is done merely for display purposes iand
portant of these techniques when it comes to the descriptiono way affects the conclusions to be drawn from our results.
of intermediate energy collective vibrations. Because of its In Fig. 1 we display the calculateH1 spectrum corre-
proven reliability in characterizing the more dominant giantsponding to the low energy part of the GDR dominated, as
resonances like the GDR and GQR we were intrigued withwe had hoped, by the occurrence of two distinct peaks situ-

ated at 8.7 MeV and 9.5 MeV witB(E1;0" —17) values

of 1.2e? fm? and 0.9e? fm?, respectively. These two states,

*Present address: Department of Physics, Queen’s Universitfhe lowest found with anyEl strength, together exhaust
Kingston, ON, Canada K7L 3N6. 2.4% of the totalB(E1;0"—17) strength(89.5 e? fm?).
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the sum rule valueOur results, based on a much more so-

phisticated calculation than the schematic model employed
30 7 by Harvey and Khanna, do indeed support their contention
that the low-energy strength is concentrated in states that are
collective in nature and can therefore be considered as “soft
20 giant resonances.”

Turning now to experiment, it is interesting to note that
three separate experimental investigations of the low lying
10 208 spectrum by elastic photon scatteriffg], photo-

neutron[6], and electron scattering/] all detected sizable
- “fine structure” peaks representing between 3 and 6 % of the
0 , ‘ , | : : : | E1 sum rule and located in the 9 to 11 MeV region without
being able to offer a theoretical context for such a finding at

6 8 10 12 14 - . )

the time. The experimental peaks are characteristically seen
Energy (MeV) about 1 MeV above their predicted position, while the energy

FIG. 1. The results of a continuum-RPA calculation of the is-Of our calculated GDR peak is also underestimated by the
ovector dipole strength if%®Pb. The peaks of interest in our view Same amount. This then must be traced to a slight depen-
are those seen at 8.7 and 9.5 MeV exhausting 2.4% oEtheum  dence of the energy levels on the interaction chosen. More
rule. interestingly, Bellet al.[6], analyzing the photoneutron data,

concluded thaeight neutron p-h amplitudes were predomi-
They agree nicely with experiment as we shall discuss belowant in the fit to the?*®Ph(y,n)?°’Pb branching ratiosadd-
and appear likely candidates to be identified as pygmy resdng thus an experimental validation to our conclusion regard-
nances. As anticipated, neither of these states can be ascribed the collective character of the two pygmy resonances in
as having dominant one-proton—one-proton-hole or oneguestion.
neutron—one-neutron-hole character but rather appear to To conclude, we have presented here, in the context of our
have ahighly coherent structuref small amplitudes of all investigations into the structure of “soft” dipole resonances,
neutron p-h configurations. The best evidence for this colleca microscopic calculation of thE1l 2%%Pb spectrum in the
tive nature stems from an examination of our calculated tranregion below the GDR. Our results demonstrate conclusively
sition densities and energies which differ markedly fromthe existence around 9 MeV of a concentration of dipole
pure Hartree-Fock results. To connect the present work texcitations exhausting 2.4% of ti&l sum rule. The position
that being done in light nuclei liké!Li where the neutron and strength of calculated resonances agree broadly with the
character of the excitations is so important, we expanded oUEl fine structure detected in that region through several scat-
calculations to allow for the simultaneous projection of thetering experiments. In one of them a precise analysis in terms
proton and neutron responses from the total Green’s funmf neutron particle-hole was needed to fit the branching ratio
tion. At the energy of these lowest pygmy statles neutron  data and was consistent with the nature of collective states
response indeed was found to be a factor of 10 laian  assumed for these “softE1 resonances. These states repre-
the proton response whereas at energies corresponding to thent by their predominant neutron p-h character the analog of
GDR this ratio was about 1.6 or roughly/Z. the halo excitation currently investigated in light nuclei. In

The first investigations, performed more than 20 yearsour opinion the high current interest in neutron halo excita-
ago, into the possible existence of low-lying dipole stategions should thus elicit a renewal of experimental investiga-
were not in agreement on the degree of collectivity of thetions in the low energy shoulders of GDR states especially
decoupled states. Laf&l] viewed the low energy state as a now that higher energy and more precise electron scattering
single doorway state whereas in Harvey and Khanna's schéacilities are coming on line.
matic model calculation§12] the pygmy resonance had a  This work was supported in part by the Natural Sciences
truly collective nature involving eight major p-h states with and Engineering Research Council of Canada and the U.S.
no single p-h configuration contributing more than 15% to Department of Energy.
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