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High-resolution (e,e8) and (p,p8) spectra for the isoscalar giant quadrupole resonance in208Pb are pre-
sented. Fine structure that has been observed hitherto in (e,e8) is now also seen in (p,p8) and found to be very
similar in both experiments. Comparison with results from model calculations reveals the coupling of the
random phase approximation modes to surface vibrations as a main source of this fine structure.
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PACS number~s!: 24.30.Cz, 21.10.Re, 21.60.Jz, 27.80.1w
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The isoscalar giant quadrupole resonance~GQ0R! is one
of the best studied giant resonances. By now its systema
are comparable to that of the giant dipole resonance~GDR!,
the most prominent collective vibrational mode in nuclei@1#.
In particular the GQ0R in 208Pb, which is a most valuable
testing ground for theoretical models on heavy nuclei,
been investigated rather thoroughly, both experimentally
theoretically. It has long been shown by many different e
periments to have some intermediate structure consistin
four peaks, each a few hundred keV wide. However,
remarkable claim of a fine structure of the GQ0R based on
high-resolution (e,e8) results @2,3# constitutes a long-
standing problem yet unresolved@4#. The resolution of most
hadron scattering experiments was not sufficient to exam
this question. Proton scattering with a resolution close to
one achieved in the (e,e8) work ~for the latest example se
Ref. @5#! displays fluctuations of the cross sections, but
attempts were made to distinguish whether these are of
tistical nature or reflect the fine structure of the resona
strength. The purpose of this Brief Report is to show that
fine structure observed in electron scattering is confirmed
great detail, by high-resolution (p,p8) experiments and is
also consistent with state-of-the-art microscopic calculatio

The 208Pb(e,e8) experiments performed at th
DALINAC accelerator in Darmstadt are described in det
in Refs. @2,3#. Data were taken for incident energie
E0530–50 MeV and scattering angles between 93° a
165°. Typical energy resolutions wereDE535–50 keV. The
momentum transfer range was selected such that cont
tions of multipolaritiesl.2 to the spectra could be ne
glected. Figure 1 displays a spectrum taken atE0550 MeV
andQe593° whereE2 transitions should be enhanced. T
backgrounds due to the radiative tail and due to contributi
from other low-multipolarity giant resonances (E0,E1) are
550556-2813/97/55~4!/2101~4!/$10.00
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subtracted in the excitation region of interest@3#. The back-
ground shape was determined with a fluctuation analy
technique@6# and its basic correctness is assured by the g
correspondence of the derived GQ0R energy-weighted sum
rule ~EWSR! with results from an (e,e8n! coincidence ex-
periment@7#.

The 208Pb(p,p8) experiment was performed at the IUC
cyclotron in Bloomington. Protons with incident energi
E05200 MeV scattered to anglesup58°, 10°, 12°, and
15° were detected by the K600 magnetic spectrometer.
average energy resolution in the region of interest w
DE540 keV. In Fig. 1 theEx58–12 MeV region of the
spectrum taken at 8° is shown. This scattering angle co
sponds to the maximum of theL52 angular distribution
where contributions from other multipolarities are signi
cantly suppressed. The underlying continuum backgrou
which is hard to determine precisely, is not subtracted,
the spectrum is plotted with a constant offset to ease a
tailed comparison. Further experimental details can be fo
in Ref. @9#.

Indeed, an impressive one-to-one correspondence of
structures observed in both experiments can be establish
the energy range up to 11 MeV. Prominent peaks are fo
at about 8.9, 9.4, 9.6, 10.1, and 10.7 MeV. The detai
comparison indicates a systematic shift of about 50 keV
tween both spectra for the most pronounced levels. This
probably be traced back to an uncertainty of the (p,p8) ab-
solute energy calibration. Above 11 MeV some differenc
in the gross structure are visible with (e,e8) finding the most
strength at around 11.5 MeV, while the (p,p8) results peak
around 11.0 MeV.

For a microscopic theory of nuclear vibrational motio
these high-resolution experiments are quite challenging s
they reveal very detailed and precise information about
2101 © 1997 The American Physical Society
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coherent motion of nucleons in a collective mode, especi
through the observation of the fine structure of such a mo
It has become clear that the random phase approxima
~RPA!, the simplest microscopic theory of collective motio
consistent with basic conservation laws, is only able to
scribe the mean vibrational frequency of giant resonan
and their total ground state transition strength but fails
account for the observed damping width, especially in he
nuclei @1,8#. The latter originates from two physical effect
~i! single-nucleon emission into the continuum~familiar
from ionization in atoms! and ~ii ! coupling of the single-
particle motion to more complex degrees of freedom in
nuclear many-body wave function~leading to dissipative en
ergy loss similar to viscous damping in fluids!. Since, in
heavy nuclei, particle emission is hindered by the centrifu
and Coulomb barriers, the contribution of~ii ! is dominant.
Therefore, giant resonances offer a unique testing ground
the interplay between simple and complex motion in a sm
quantum system.

In the quantitatively most advanced theories the point
view is taken that the main route to complexity is throu
mixing of the single-particle motion with surface oscillatio
of the nucleus@10#. When describing these as RPA mod
one obtains a theory which includes one-particle–one-h
(1p1h! as well as 1p1h^phonon excitations of the nuclea
ground state. Its most complete version, including continu
effects, has been recently applied in a study of GDR re
nances in40,48Ca and208Pb with satisfactory description o
the damping width@11#. It is also able to describe propertie
of isoscalar resonances as demonstrated for the cas

FIG. 1. Top: high resolution (DE540 keV! spectrum of the
208Pb(p,p8) reaction atEp5200 MeV andQp58° in the excita-
tion region of the GQ0R. The momentum transfer is chosen su
that E2 transitions are enhanced. Middle: same for the208Pb
(e,e8) reaction atEe550 MeV andQe593°. Bottom: calculation
of theB(E2) strength function with the vibrational model describ
in the text.
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40Ca where excellent agreement was obtained@13# with the
highly fragmentedE2 and E0 strength distributions ex
tracted from an (e,e8x! experiment@14#.

The details of the theoretical approach have been give
Refs. @11,12# and will only be sketched here. The startin
point is the change of the nuclear densitydr5r2r0 when
applying a local external fieldV0. To linear order,dr satis-
fies an integral equation

dr~r ,v!52E d3r 8A~r ,r 8,v!@V0~r 8!1F~r 8!dr~r 8,v!#,

~1!

wherev denotes the vibrational frequency andF is the ~lo-
cal! ph interaction. The coordinate-space propagatorA con-
tains the RPA-like part, including the particle continuum,
well as coupling of the particle and hole states to the surf
modes. Having solved fordr from Eq. ~1!, the transition
strength distributionSV(v)5(nu^nuV0u0&u2d(v2vn) is ob-
tained as

SV~v!52
1

p
ImE d3rV0~r !dr~r ,v! ~2!

and allows for direct comparison with experiment.
The calculations of the electromagnetic quadrupole

sponse (V05er2Y2m) have been performed for a standa
density-dependent Landau-Migdal interaction with para
eters listed in Ref.@11# ~except thatf 0

ex has been varied
slightly to optimally reproduce the spectrum of the surfa
modes!. In evaluating the propagatorA we have included the
low-lying 21

1 ~4.07 MeV!, 31
2 ~2.61 MeV!, 51,2

2 ~3.2,3.7
MeV!, 41

1 ~4.34 MeV!, and 61
1 ~4.40 MeV! surface modes

which give the main contribution to the energy region stu
ied in the high-resolution experiments. These modes h
been calculated with the RPA using the same interac
parameters.

In principle ground state correlations beyond the RPA
included in this approach with the ‘‘backward going’’ dia
grams of the quasiparticle-phonon interaction being most
portant@15#. However, they are neglected in the present c
culations due to computational limitations. Their main effe
is the appearance of sizable strength at lower excitation
ergies @13# which is confirmed by experiments on lighte
closed-shell nuclei like40Ca @14,16#. However, the distribu-
tions near the maximum of the resonance are little affec
and assuming a similar behavior in208Pb possible effects
should be small for the region of the main GQ0R peak we
are concerned with.

The results shown in Fig. 2 indicate the importance of
coupling to the surface modes in the damping@a width of 40
keV has been folded in to account for the experimental re
lution in both the (e,e8) and (p,p8) experiments shown in
Fig. 1#. The RPA, with inclusion of continuum emissio
~dashed line!, yields a sharp peak near 10 MeV which e
hausts;17% of the EWSR,S5(\2/8pm)(50e2Z)^r 2&, as
well as some clusters of weaker strength at higher ene
These results are consistent with previous calculations@17#.
Comparison with the experiments in Fig. 1 clearly demo
strates the failure of the RPA. Inclusion of the coupling
surface modes~solid line!, on the other hand, leads to a dr
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matic improvement and it can be concluded that a large
of the fine structure is due to this coupling. The main RP
peak is strongly reduced and dispersed over an interva
about 3 MeV starting from;9 MeV.

The corresponding part of the theoretical distribution
shown in Fig. 1 below the experimental data. A reasona
description is achieved, although the data still exhibit
higher degree of fragmentation. As far as the details of
strength distribution are concerned, correspondence
main experimental maxima at 8.9, 10.1, and 10.7 MeV co
be reached by an overall downward shift of about 0.5 Me
Such a shift could, e.g., be obtained by an approximate 1
increase of the magnitude of the Landau-Migdal param
f 0
ex.
The EWSR fraction of;26% of the total EWSR@or 65%

of the isoscalar EWSR (Z/A)S# exhausted between 8.5 Me
and 13 MeV is not affected by the mixing, however. Sim
larly, the mean energy^E&5*dvvSV(v)/*dvSV(v),
evaluated over an interval 8.5–13.0 MeV, changes o
slightly from 10.1 MeV to 10.2 MeV. The sum rule fractio
is in rather good agreement with the recent (e,e8) results.
While Ref. @3# finds 4.0720.57

11.22 e2b2 MeV in the region
8.0<Ex<11.5 MeV, theory predicts 5.0e2b2 MeV for
8.5<Ex<13.0 MeV which is also consistent with th
(e,e8n! results of Ref.@7# where 5.4e2b2 MeV have been

FIG. 2. Theoretical electromagnetic strength distribution in
region of the GQ0R. The dashed line indicates the RPA result wh
the solid line includes coupling of the RPA mode to low-lyin
surface oscillations. A width of 40 keV has been folded in to
count for the energy resolution of the experimental spectra show
Fig. 1.
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located in the interval 9.0<Ex<12.5 MeV with an uncer-
tainty of about 25%. The calculated strength is also in agr
ment with heavy-ion Coulomb excitation data@18,19# and
the latest (p,p8) experiments@5,20,21#. Our theoretical re-
sults are similar to previous calculations@22,23# using sepa-
rable forces and neglecting coupling to the continuum.

To summarize, the presence of fine structure in
GQ0R first observed in electron scattering, which remaine
puzzle for many years, is fully confirmed by recent hig
resolution inelastic proton scattering results. In the excitat
energy region 8–11 MeV correspondence between the
experiments can be established on a peak-by-peak b
Some differences are visible at higher energies which m
partly be due to admixtures of other multipoles in the da
We note that the fine structure is also indicated in a rec
208Pb(p,p8) experiment atEp565 MeV with very good en-
ergy resolution@24#.

The RPA theory clearly fails to describe the observ
spreading of the transition strength distribution. After incl
sion of coupling to surface modes, however, the calculat
agrees quite well with gross features of the observed
structure. A degree of fragmentation much closer to exp
ment is attained and prominent peaks can be brought in g
agreement to the experiment with a slight variation of t
residual interaction strength. One can conclude from the
culation that the interplay of the doorway states and the
structure compound states is mainly governed by the c
pling of the coherent RPA excitations to collective surfa
modes.

The results presented here emphasize the importanc
high-resolution measurements up to high excitation ener
and underline the benefit arising from the combination
complementary probes for investigations of the same nuc
states. An experimental step further could be achieved w
the new generation ofg-ray facilities of unpredecented sen
sitivity like the EUROBALL by a measurement of theg
decay of the fine structure states with the (g,g8) reaction.
This should allow a detailed mapping of the hierarchy of t
vibrational coupling which can be considered as an exam
for a nuclear transition from order to chaos@25#.

This work was partly supported by the German-Sov
scientific exchange program, by the German Federal Min
ter of Education, Research and Technology~BMBF! under
Contract No. 06DA665I, and by National Science Found
tion Grant No. PHY-94-21309. Two of us~S.K. and G.T.!
would like to thank J. Speth for the warm hospitality at t
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@25# S. Drożdż, S. Nishizaki, and J. Wambach, Phys. Rev. Lett.72,
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