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High-resolution €,e’) and (p,p’) spectra for the isoscalar giant quadrupole resonanc®mb are pre-
sented. Fine structure that has been observed hithertpen)(is now also seen ing,p’) 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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The isoscalar giant quadrupole resona(@€,R) is one  subtracted in the excitation region of interg3}. The back-
of the best studied giant resonances. By now its systematiground shape was determined with a fluctuation analysis
are comparable to that of the giant dipole resong@BR), techniqud 6] and its basic correctness is assured by the good
the most prominent collective vibrational mode in nu¢li correspondence of the derived @GR energy-weighted sum
In particular the GQR in 2°%b, which is a most valuable rule (EWSR with results from an ¢,e'n) coincidence ex-
testing ground for theoretical models on heavy nuclei, haperiment[7].
been investigated rather thoroughly, both experimentally and The 2%Pb(p,p’) experiment was performed at the IUCF
theoretically. It has long been shown by many different ex-cyclotron in Bloomington. Protons with incident energies
periments to have some intermediate structure consisting &,=200 MeV scattered to angle8,=8°, 10°, 12°, and
four peaks, each a few hundred keV wide. However, thel5° were detected by the K600 magnetic spectrometer. The
remarkable claim of a fine structure of the @R based on average energy resolution in the region of interest was
high-resolution €,e’) results [2,3] constitutes a long- AE=40 keV. In Fig. 1 theE,=8-12 MeV region of the
standing problem yet unresolvéd]. The resolution of most spectrum taken at 8° is shown. This scattering angle corre-
hadron scattering experiments was not sufficient to examingponds to the maximum of the=2 angular distribution
this question. Proton scattering with a resolution close to thevhere contributions from other multipolarities are signifi-
one achieved in thee(e’) work (for the latest example see cantly suppressed. The underlying continuum background,
Ref. [5]) displays fluctuations of the cross sections, but nowhich is hard to determine precisely, is not subtracted, but
attempts were made to distinguish whether these are of stéhe spectrum is plotted with a constant offset to ease a de-
tistical nature or reflect the fine structure of the resonanceailed comparison. Further experimental details can be found
strength. The purpose of this Brief Report is to show that thén Ref. [9].
fine structure observed in electron scattering is confirmed, in Indeed, an impressive one-to-one correspondence of the
great detail, by high-resolutionp(p’') experiments and is structures observed in both experiments can be established in
also consistent with state-of-the-art microscopic calculationsthe energy range up to 11 MeV. Prominent peaks are found

The 2%%Pb(e,e’) experiments performed at the at about 8.9, 9.4, 9.6, 10.1, and 10.7 MeV. The detailed
DALINAC accelerator in Darmstadt are described in detailcomparison indicates a systematic shift of about 50 keV be-
in Refs. [2,3]. Data were taken for incident energies tween both spectra for the most pronounced levels. This can
Eo=30-50 MeV and scattering angles between 93° angrobably be traced back to an uncertainty of tiep() ab-
165°. Typical energy resolutions wefd==35-50 keV. The solute energy calibration. Above 11 MeV some differences
momentum transfer range was selected such that contribin the gross structure are visible witk,€’) finding the most
tions of multipolarities\>2 to the spectra could be ne- strength at around 11.5 MeV, while the,p’) results peak
glected. Figure 1 displays a spectrum takelEgt 50 MeV  around 11.0 MeV.
and®.=93° whereE2 transitions should be enhanced. The For a microscopic theory of nuclear vibrational motion
backgrounds due to the radiative tail and due to contributionthese high-resolution experiments are quite challenging since
from other low-multipolarity giant resonanceE@,E1) are they reveal very detailed and precise information about the
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—— 40Cca where excellent agreement was obtaife8] with the
B #°Pb (p.p"} T highly fragmentedE2 and EO strength distributions ex-
15 i goj;“ Mev ] tracted from an €,e’x) experiment 14].

Indiana The details of the theoretical approach have been given in
Refs.[11,12 and will only be sketched here. The starting
point is the change of the nuclear densiy=p—po when
applying a local external fiel?°. To linear order,sp satis-

fies an integral equation

10

Sp(r,w)= —J d3r’ A(r,r’,0)[VO(r" )+ F(r")dp(r',w)],
)

wherew denotes the vibrational frequency afds the (lo-

Darmstadt

Counts (arbitrary units)

e~ 0 cal) ph interaction. The coordinate-space propagatoron-
E > 0.6F | tains the RPA-like part, including the particle continuum, as
|2 Ipib + EpEh well as coupling of the particle and hole states to the surface
5| 04r modes. Having solved fobp from Egq. (1), the transition
~— ol strength distributior8(w) ==,/(n|V°0)|?5(w— w,,) is ob-
N L tained as
H | eg
Bmle 0.0—
o 8 9 10 11 12 _ 1 30,0

Excitation Energy (MeV) Svlw)=- ;Imf d*rvi(r)op(r,w) @

FIG. 1. Top: high resolution {E=40 keV) spectrum of the and allows for direct comparison with experiment.
?%%Pb(p,p’) reaction ate,=200 MeV and®,=8° in the excita- The calculations of the electromagnetic quadrupole re-
tion region of the GQR. The momentum transfer is chosen suchsponse Y°=er?Y,,,) have been performed for a standard
that E2 transitions are enhanced. Middle: same for b  gensity-dependent Landau-Migdal interaction with param-
(e,e’) reaction atE,=50 MeV and®,=93°. Bottom: calculation  oiars listed in Ref[11] (except thatf& has been varied
of theB(E2) strength function with the vibrational model described slightly to optimally reproduce the spectrum of the surface
in the text. modes. In evaluating the propagatot we have included the

coherent motion of nucleons in a collective mode, especialljow-lying 2; (4.07 MeV), 3; (2.61 MeV), 5;, (3.2,3.7
through the observation of the fine structure of such a modevieV), 4; (4.34 Me\), and 6 (4.40 Me\) surface modes
It has become clear that the random phase approximatiowhich give the main contribution to the energy region stud-
(RPA), the simplest microscopic theory of collective motion ied in the high-resolution experiments. These modes have
consistent with basic conservation laws, is only able to debeen calculated with the RPA using the same interaction
scribe the mean vibrational frequency of giant resonanceparameters.
and their total ground state transition strength but fails to In principle ground state correlations beyond the RPA are
account for the observed damping width, especially in heavyncluded in this approach with the “backward going” dia-
nuclei[1,8]. The latter originates from two physical effects: grams of the quasiparticle-phonon interaction being most im-
(i) single-nucleon emission into the continuufamiliar ~ portant[15]. However, they are neglected in the present cal-
from ionization in atompsand (i) coupling of the single- culations due to computational limitations. Their main effect
particle motion to more complex degrees of freedom in thds the appearance of sizable strength at lower excitation en-
nuclear many-body wave functidfeading to dissipative en- ergies[13] which is confirmed by experiments on lighter
ergy loss similar to viscous damping in flujdsSince, in  closed-shell nuclei like°Ca[14,16. However, the distribu-
heavy nuclei, particle emission is hindered by the centrifugations near the maximum of the resonance are little affected,
and Coulomb barriers, the contribution 6f) is dominant. and assuming a similar behavior %Pb possible effects
Therefore, giant resonances offer a unique testing ground faghould be small for the region of the main QR peak we
the interplay between simple and complex motion in a smalbre concerned with.
quantum system. The results shown in Fig. 2 indicate the importance of the
In the quantitatively most advanced theories the point oftoupling to the surface modes in the dampjiagvidth of 40
view is taken that the main route to complexity is throughkeV has been folded in to account for the experimental reso-
mixing of the single-particle motion with surface oscillations lution in both the €,e") and (p,p’) experiments shown in
of the nucleud10]. When describing these as RPA modesFig. 1]. The RPA, with inclusion of continuum emission
one obtains a theory which includes one-particle—one-holédashed ling yields a sharp peak near 10 MeV which ex-
(1plh) as well as p1lh®phonon excitations of the nuclear hausts~17% of the EWSRS=(#2/87m)(50e2Z)(r?), as
ground state. Its most complete version, including continuunwell as some clusters of weaker strength at higher energy.
effects, has been recently applied in a study of GDR resoThese results are consistent with previous calculatjaids
nances in***Ca and?%®Pb with satisfactory description of Comparison with the experiments in Fig. 1 clearly demon-
the damping widtf11]. It is also able to describe properties strates the failure of the RPA. Inclusion of the coupling to
of isoscalar resonances as demonstrated for the case sdirface modessolid ling), on the other hand, leads to a dra-
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10 e — located in the interval 99E,<12.5 MeV with an uncer-

> i i1 4.9 ] tainty of about 25%. The calculated strength is also in agree-

= gl i 208pL ] ment with heavy-ion Coulomb excitation data8,19 and

P Tt 1 the latest p,p’) experimentg5,20,21. Our theoretical re-

“ I i ] sults are similar to previous calculatiof®2,23 using sepa-

% 06 ; y rable forces and neglecting coupling to the continuum.

= i 1 To summarize, the presence of fine structure in the

~ 04+ - GQgR first observed in electron scattering, which remained a

= I ] puzzle for many years, is fully confirmed by recent high-

5 02 L il L ] resolution inelastic proton scattering results. In the excitation

| M ; i 1 energy region 8—11 MeV correspondence between the two

a i A‘A/ i . " Lo i experiments can be established on a peak-by-peak basis.
0.0 o A Lo LA

Some differences are visible at higher energies which might
partly be due to admixtures of other multipoles in the data.
We note that the fine structure is also indicated in a recent
2%%pp(p,p’) experiment aE,=65 MeV with very good en-
ergy resolutior{24].

The RPA theory clearly fails to describe the observed

9 10 11 12 13 14
Excitation Energy (MeV)

FIG. 2. Theoretical electromagnetic strength distribution in the
region of the G@R. The dashed line indicates the RPA result while

the solid line includes coupling of the RPA mode to low-lying - L R . )
surface oscillations. A width of 40 keV has been folded in to aC-Spreadmg of the transition strength distribution. After inclu

count for the energy resolution of the experimental spectra shown i|§|0n of COlprlmg to s'urface modes, however, the Calculatllon
Fig. 1 agrees quite well with gross features of the observed fine

structure. A degree of fragmentation much closer to experi-

matic improvement and it can be concluded that a large paff'€nt is attained and prominent peaks can be brought in good
of the fine structure is due to this coupling. The main RPA2greement to the experiment with a slight variation of the
peak is strongly reduced and dispersed over an interval desidual interaction strength. One can conclude from the cal-
about 3 MeV starting from~9 MeV. culation that the interplay of the doorway states and the fine

The corresponding part of the theoretical distribution isStructure compound states is mainly governed by the cou-
shown in Fig. 1 below the experimental data. A reasonabl®ling of the coherent RPA excitations to collective surface
description is achieved, although the data still exhibit amodes. _ .
higher degree of fragmentation. As far as the details of the The results presented here emphasize the importance of
strength distribution are concerned, correspondence witRigh-resolution measurements up to high excitation energies
main experimental maxima at 8.9, 10.1, and 10.7 MeV could@nd underline the benefit arising from the combination of
be reached by an overall downward shift of about 0.5 MeV complementary probes for investigations of the same nuclear
Such a shift could, e.g., be obtained by an approximate 109%tates. An experimental step further could be achieved with
increase of the magnitude of the Landau-Migdal parameteln€ néw generation of-ray facilities of unpredecented sen-
fex. sitivity like the EUROBALL by a measurement of the

The EWSR fraction of-26% of the total EWSHRor 65% def:ay of the fine structure states with thm(’.) reaction.
of the isoscalar EWSRZJA)S] exhausted between 8.5 MeV This should allow a detailed mapping of the hierarchy of the
and 13 MeV is not affected by the mixing, however. Simi- vibrational coupling which can be considered as an example
larly, the mean energy(E)=dwwS,(w)/fdwS/(w), for a nuclear transition from order to chaj®5].

evaluated over an interval 8.5-13.0 MeV, changes only This work was partly supported by the German-Soviet
slightly from 10.1 MeV to 10.2 MeV. The sum rule fraction scientific exchange program, by the German Federal Minis-
is in rather good agreement with the receate() results.  ter of Education, Research and Technold§MBF) under
While Ref. [3] finds 4.07§25 €’b? MeV in the region Contract No. 06DA665I, and by National Science Founda-
8.0<E,<11.5 MeV, theory predicts 5.@°0%> MeV for  tion Grant No. PHY-94-21309. Two of u$.K. and G.T)
8.5<E,=<13.0 MeV which is also consistent with the would like to thank J. Speth for the warm hospitality at the
(e,e’'n) results of Ref[7] where 5.4e?b? MeV have been IKP in Juich, where part of this work was performed.
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