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The structure of giant resogances in 2%Pb has been studied using inelastic scattering of 334-MeV
polarized protons. Data were obtained with 70-keV energy resolution over an angular range from
2—13 deg and the spectra were measured over an excitation energy range from 0—25 MeV. The re-
sults show that the quadrupole resonance strength is divided into two main components, one cen-
tered at 10.6 MeV containing 70% of the energy-weighted sum rule in a 2-MeV wide peak and a
second component composed of several discrete peaks located between 7 and 9 MeV which deplete a
total of approximately 20% of the energy-weighted sum rule. The giant monopole and dipole reso-
nances as well as a hexadecapole resonance are observed. Measurements of differential cross sec-
tions for elastic scattering and inelastic scattering to low-lying 37, 2%, and 47 levels are presented.
Comparison of these data with collective model direct reaction calculations shows the calculations to
correctly describe the shape and magnitude of the cross sections when normalized to the known

transition rates for each level.

I. INTRODUCTION

Over the past ten years giant multipole resonances in
28ph have been studied' with a wide variety of hadronic
and electromagnetic probes. A large number of giant res-
onances, including the isoscalar and isovector giant quad-
rupole resonance (GQR), the isoscalar and isovector giant
monopole resonance (GMR), a 2fiw giant hexadecapole
resonance (GHR), and the 3#w isoscalar giant octupole
resonance (GOR) have been located. There is generally
excellent agreement among the various hadron reactions
as to the location, angular momentum, and strength (sum
rule depletion) of the resonances in 2°®Pb. However, there
exist substantial differences between hadron and electron
scattering measurements. In particular, high energy reso-
lution electron scattering measurements® using 30-, 40-,
and 50-MeV electrons indicate that the quadrupole reso-
nance is fragmented into a very large number of peaks
(>60) with a total cross section which depletes 29%
(+ 11, —8%) of the L =2, energy weighted sum rule
(EWSR). Hadron measurements show the existence of a
concentration of quadrupole strength near 11 MeV which
depletes most of the EWSR.

There are two features of the electron scattering work
of Ref. 2 that may contribute to the differences with had-
ron measurements. First, the energy resolution of the
electron measurements is better than that commonly ob-
tained in hadron inelastic scattering. Second, the energy
of the electrons used in the work of Ref. 2 is low enough
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to exclude the excitation of L >2 giant resonances. Such
exclusion is generally not the case in the hadron measure-
ments. For example, in the case of the (a,a’) reaction the
angular distribution for L =4, and L =2 momentum
transfers are, except at very small angles, nearly identical
leading to the possibility that any hexadecapole strength
in the GQR region could obscure the quadrupole reso-
nance fine structure reported in Ref. 2.

In order to provide a careful study of the hadron excita-
tion of giant resonance structure near the GQR region in
208pp and in particular to provide a comparison with re-
sults from the electron scattering work we have measured
the reaction 2%®Pb(p,p’) using 334-MeV polarized protons.
Earlier giant resonance studies using the 2**Pb(p,p’) reac-
tion included measurements with a 45 MeV beam® and
with a 201 MeV beam.* The measurements reported in
the present work were performed with an energy resolu-
tion of 70 keV, comparable to that in the electron scatter-
ing measurements of Ref. 2 and in the medium energy
proton scattering measurements of Ref. 4, and consider-
ably better than that obtained in most previous hadron ex-
periments. Although the 45 MeV (p,p’) data were mea-
sured with even better energy resolution, that experiment
was performed at an incident energy too low to provide
clear excitation of the giant resonance states. An impor-
tant feature relevant to the use of medium-energy proton
inelastic scattering is the good selectivity to momentum
transfer. This feature is illustrated in Fig. 1 which shows
distorted-wave Born approximation (DWBA) calculations
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FIG. 1. Calculated angular distributions for 200-MeV proton
inelastic scattering to 2%, 4%, and 6% states at 10.9 MeV in
208pp, The calculations are normalized to 100% depletion of the
respective energy weighted sum rules.

for 200-MeV proton inelastic scattering on 2°*Pb for states
at 109 MeV that exhaust 100% of their respective
EWSR’s. The angular distributions for the various L
transfers peak at considerably different angles. This
feature of medium energy proton inelastic scattering al-
lows more certain identification of resonance multipolari-
ty. Furthermore, it provides confidence that spectra mea-
sured at an angle of maximum quadrupole strength will
contain little contribution from resonances with neighbor-
ing angular momentum.

An experiment by Djalali e al.* has utilized these
features of medium energy proton inelastic scattering to
study the giant resonance structure in 2®Pb with 201 MeV
protons. That experiment reported an energy weighted
sum rule depletion of 24+3% for the isoscalar giant
quadrupole resonance. As mentioned above this value is
about three times smaller than has been reported' in near-
ly every other hadron inelastic scattering study of giant
resonances. It is important to note that the authors of
Ref. 4 point out that their analysis of the excitation of the
well-known low-lying states in 2°®Pb yields values for the
transition rates to those states that are a factor of 2 lower
than accepted values.

The present data provide a very high resolution mea-
surement of giant resonance structure in 2®Pb using a
probe that strongly excites the resonances and that pro-
vides momentum transfer selectivity over a wide angle
range. We believe that our data remove the objections to
comparisons of previous hadron data with the electron

scattering results. Furthermore, we believe it is important
to independently determine whether the low EWSR values
reported in Ref. 4 using 201 MeV protons are correct.

Our data also provide high resolution measurements of
the differential cross sections and analyzing powers for
elastic scattering and for inelastic excitation of some low-
lying states in 2%®Pb. To obtain optical model parameters
for the DWBA calculations used to analyze the inelastic
scattering angular distributions, we have performed an ex-
tensive analysis of previously reported® 2%°Pb elastic
scattering data for 200-, 300-, and 400-MeV polarized
protons including both differential cross sections and
analyzing powers.

II. EXPERIMENT

Giant resonance spectra were obtained by measuring in-
elastic scattering of 334-MeV polarized protons from the
Clinton P. Anderson Meson Physics Facility (LAMPF) of
the Los Alamos National Laboratory from a 2%Pb target.
The polarization direction of the proton beam was perpen-
dicular to the reaction plane. The beam polarization was
periodically determined by measuring the proton scatter-
ing from a hydrogenous target located upstream from the
scattering chamber. The average beam polarization dur-
ing the course of the experiment was measured to be
|0.83£0.02|.

Inelastically scattered protons were detected with the
high resolution spectrograph (HRS) using the standard fo-
cal plane detector system. The angular acceptance of the
spectrograph was about 1.8 deg and the usable energy ac-
ceptance was approximately four percent. Since no beam
current integration is available at small angles, absolute
cross sections were determined by normalization of our
measurement of proton-proton scattering on a CH, target
to accepted cross section values.® Relative beam intensity
was monitored by two ion chambers placed in the beam
near the exit of the scattering chamber. At the smallest
scattering angle, 2.75 deg, it was not possible to use the
in-beam ion chambers because they produced scattering
into the focal plane of the magnetic spectrometer. Abso-
lute cross sections were obtained for the 2.75-deg data by
overlapping the data with a run taken at 3.75 deg where
the ion chambers could be used without affecting the
spectra. We estimate the uncertainty in the absolute nor-
malization to be +8%.

Considerable care was taken to ensure that the spectra,
particularly at small angles and at high-excitation ener-
gies, were not compromised by background. Measure-
ments were made at all angles using a blank target frame,
and the beam could always be tuned so as to eliminate all
background. We have also checked the beam quality (i.e.,
lower energy components) by measuring the spectrum
form *8Ca at the smallest angles. At 2—4 deg, the *®Ca
spectrum is so dominated by excitation of the 10.28-MeV,
1+ state that any “bogus” background near 10 MeV
should be easily observable at the level of a few parts in
10°. In our measurements we observe this state with very
little background which indicates the “cleanliness” of our
208ph spectra in the same excitation energy region. The
achievement of this spectral “cleanliness” was facilitated
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by the use of the many available “cuts” on the focal plane
data from the HRS. The same cuts used for the small an-
gle giant resonance spectra were also used for the normali-
zation runs.

Due to the small momentum acceptance of the HRS,
spectra were obtained for two settings of the magnetic
field for each angle. In this way data covering an excita-
tion energy range of 0—25 MeV were obtained. Measure-
ments were made at central angles of 2.75, 3.75, 5.75,
7.75, 9.75, and 12.75 deg. The data were then analyzed in
two 0.8 deg angle bins for each run. The efficiency of the
HRS detector system as a function of focal plane position
was determined by moving a peak from elastic scattering
from a lead target across the focal plane at a fixed angle.
The efficiency of the detector system decreased at the
high and low excitation energy extremes by less than 6%
for the focal plane region utilized in these measurements.
During the latter part of the experiment a wire in the fo-
cal plane detector became faulty so that the focal plane ef-
ficiency at the position of this wire was greatly reduced
resulting in an approximately 400 keV wide gap or
“glitch” near 16 and 22 MeV in the excitation energy
spectra of the larger angle data. The data at angles
<5.25° were obtained prior to breakdown of the wire in
the detector system. The peak-fitting program used to
analyze the spectra includes an option to omit one or
more groups of data channels within the fitting region
from the chi-squared minimization search. Peaks in the
large angle spectra were fitted using the omit feature of
the peak-fitting program to minimize the effect of the
faulty wires on the spectrum analysis. The spectra shown
in the paper have not been corrected for the glitch caused
by the faulty wire or for the loss of focal plane efficiency
of ~6% at each end of the focal plane region used in this
experiment. The cross sections have, however, been
corrected for both of these problems. The 2%Pb target
was a self-supporting rolled foil of isotopically enriched
material having a thickness of 56 mg/cm*. The CH, tar-
get had a thickness of 23.1 mg/cm?.

III. EXPERIMENTAL RESULTS

A typical spectrum for 2%®Pb is shown in Fig. 2. The
peaks from elastic scattering and from excitation of the
2.61 MeV, 3~ state are not shown. The spectrum is for
7.25 deg and is plotted using two different vertical scales.
The energy resolution in this, and all other spectra, is ap-
proximately 70 keV. There are several interesting features
to point out at excitation energies above 7 MeV. It is
clear that a broad peak is seen near 10.5 MeV, in agree-
ment with other hadron measurements for the GQR.'
However, at lower excitation energies (7—10 MeV) we
find several discrete states having widths of about 400
keV that are observed at all angles. There is a very prom-
inent peak located at ~13.6 MeV. The well-known giant
dipole resonance (GDR) and the giant monopole reso-
nance (GMR) are located near this excitation energy. The
dip in some of the spectra near 16 and 22 MeV of excita-
tion energy was caused by a faulty wire in the focal plane
detector system and was discussed above.

Figure 3 shows spectra form 2%®Pb at 7.25 deg for spin
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FIG. 2. Inelastic scattering spectrum from 2%Pb at 7.25 deg.
Note the scale change near 7 MeV.

up and spin down incident protons. The two spectra are
plotted on the same relative cross section scale. For all of
the inelastic excitations we have studied in this work, the
spin-down cross sections are smaller than or equal to the
spin-up cross sections. Although we later show the quan-
titative analyzing power for these peaks, we find the mea-
surement of the analyzing power for the giant resonances
does not add greatly to our knowledge of these resonances.

Figure 4 shows inelastic spectra at several angles for an
excitation energy range of 6—25 MeV and also indicates
the manner in which the spectra were analyzed. The vert-
ical scale for the plots does not begin at zero in all cases.
The smooth solid curves are fits to the observed peaks.
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FIG. 3. Inelastic scattering spectra from 2®Pb at 7.25 deg.
The dark curve is the spectrum from inelastic scattering of spin
up protons and the lighter curve is from scattering of spin down
protons. The two spectra are plotted on the same relative cross
section scale.



48

We have fitted the “GDR” peak with energy and width
taken from photonuclear measurements.” We have used a
Gaussian peak shape for all the other analyzed peaks.
Due to the inherently high uncertainty associated with the
extraction of giant resonance peak shapes, there is no real
evidence to suggest that a Lorentzian shape is to be pre-
ferred over a Gaussian shape. Within the large uncertain-
ties in the cross sections we do not believe that the choice
of the two shapes matters. The generally flat horizontal
curve is the assumed shape of the nuclear continuum
underlying the giant resonance peaks. This “background”
was established by connecting a smooth curve to the spec-
tra at high excitation energy where no resonance peaks are
visible to a point at the low excitation end of the spectra
where discrete states can be seen. The points in between
these two extremes are drawn by the authors to follow
their concept of the continuum shape. We have also
analyzed the data by using a procedure in which the con-
tinuum background is described as a Gaussian at excita-
tion energies below quasifree scattering and above that
point the continuum is described by a fourth order poly-
nomial drawn through the data. From the effect of these
two different techniques on the resonance cross sections
and from our past experience we assign a minimum un-
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certainty of +20% to the giant resonance cross sections.
The uncertainty in this process is, of course, rather large
and is the dominant uncertainty associated with the pro-
cess of extracting giant resonance cross sections. No
theoretical calculation is available that adequately de-
scribes both the shape and magnitude of the inelastic con-
tinuum over the angle range covered in this experiment.

At the smallest angles, the spectra are dominated by the
peak at ~13.6 meV of excitation energy. Since the GDR
is located at 13.6 meV in 2%®Pb, and as we discuss later,
the GDR is strongly Coulomb excited at small angles, we
assume the peak we observe for 6}, <5 deg arises from
GDR excitation. We do not believe that we can separate
the peak in our spectra near 13.6 MeV into separate GMR
and GDR contributions. Our calculations indicate that
for angles larger than ~5 deg the excitation of the GMR
located at 13.9 MeV becomes dominant over the GDR ex-
citation. For this reason, for angles larger than five de-
grees we fit the spectra with a peak having the known'®
energy, 13.9 MeV, and width, 2.8 MeV, of the GMR.
There is some evidence in the spectra that the ~13.6
MeV peak shifts toward higher excitation energies for
larger angles of observation.

By 4.25 deg, the spectra are dominated by a peak locat-
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FIG. 4. Inelastic proton scattering spectra for several angles of observation. The data are plotted beginning at 7 meV of excitation
energy. The vertical scale is usually not plotted from zero. The data are the histogram curve. The solid curves on the plots for each
angle are the fits to the data. The generally horizontal solid curve on each spectrum is the author’s estimate of the shape and magni-
tude of the nuclear continuum underlying the giant resonance peaks. The Gaussian curves are peak fits to the various giant reso-
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ed at 10.6 MeV and by several narrow peaks at lower exci-
tation energies. The narrow peaks have excitation ener-
gies of 7.36, 7.84, 8.11, 8.35, 8.86, and 9.34 MeV. It
should be noted that the spectrum decomposition shown
in Fig. 4 seems to show only five narrow peaks at some
angles. This is due to the fact that the cross section for
the 8.11 meV peak is very small at forward angles com-
pared to the cross section for the nearby 8.35 MeV peak.
Because of this the 8.11 meV peak is not always visible in
the figures although the peak is always included in the
drawing. On the other hand, both the 8.11 and 8.35 MeV
peaks are visible at the larger angles where the cross sec-
tions for the two peaks are more comparable.

For 6, >8.25 deg our spectra show the existence of a
broad peak centered at about 19 MeV of excitation energy,
the energy! of the 3%iw component of the giant octupole
resonance (GOR). We cannot establish an accurate cross
section for the GOR since the resonance is very broad
(~6 MeV) and our data do not extend to high enough ex-
citation energy. For the purpose of this paper we assume
the existence of the GOR from previous data.

The 9.25- and the 10.25-deg spectra (Fig. 4) no longer
show two peaks located at 10.6 and 13.6 MeV. Rather,
the larger angle spectra show a single broad peak located
at ~12 MeV. As shown in Fig. 5(a), this broad peak can-
not be fitted using only the parameters for GQR and
GMR peaks that provided fits to the smaller angle spec-
tra. However, as shown in Fig. 5(b), if, as we have previ-
ously reported,® we assume there is another peak located
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FIG. 5. Inelastic proton spectrum from Pb at 10.25 deg.
(a) Spectrum is fitted with an assumed continuum shape (hor-
izontal solid curve) and with the same giant resonance peaks
(and same parameters for those peaks) as used at smaller angles.
The fit to the spectrum is noticeably poor in the region of 12
MeV of excitation energy. (b) Spectrum is fitted with the same
continuum as in (a) and with the same peaks except that a peak
is included at 12.0 MeV having a width of 2.4 MeV.

TABLE 1. Properties of observed continuum peaks.

Excitation Width EWSR
energy FWHM fraction
(MeV) (MeV) L (%)
7.36(0.05) 0.4(0.05) 2 6.5 (1)
7.84(0.05) 0.4(0.05) 2 4.2 (0.6)
8.11(0.05) 0.4(0.05) 4 3 (L)
8.35(0.05) 0.4(0.05) 3 4 (1.2)
8.86(0.05) 0.4(0.05) 2 7 )
9.34(0.05) 0.4(0.05) 2 5 (0.8
10.6 (0.2) 2.0(0.20) 2 70 (14)
12.0 (0.3) 2.4(0.2) 4 10 (3)
13.6° 40 1 100

12.9% 29 0 100

*Parameters assumed from previous measurements. GDR pa-
rameters used for 6,,, < 5°, GMR parameters used for 0),, > 5°.
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at 12 MeV, we are able to fit the large angle spectra. The
results of this fit indicate the existence of a peak at 12.0
MeV having width of 2.4 MeV. This peak is certainly the
same peak we previously assigned® as a 27w, hexadecapole
resonance.

Table I provides a list of the peaks we have fitted to the
spectra for excitation energies above 7 MeV. The energies
and widths for the GDR and GMR are those deduced
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FIG. 7. Measured and calculated differential cross sections
for excitation of three low-lying states in *®Pb by inelastic
scattering of 334-MeV polarized protons. The solid curve is
from the DWBA calculation using the real potential deforma-
tion length equal to the spin-orbit potential deformation length.
The dashed curve is the same calculation using the spin-orbit
potential deformation length equal to 0.75 of the real potential
deformation length.

from other work since in the present work we could not
separate the two resonances.

Cross sections and analyzing powers for elastic scatter-
ing and for inelastic scattering to the 2.613-MeV, 37,
4.086-MeV, 27, and 4.324-MeV, 4%, levels in 2°Pb are
shown in Figs. 6, 7, and 8. Figure 9 shows the measured
angular distribution and anlayzing power for the 10.6-
MeV peak. The differential cross sections for the narrow
peaks located between 7 and 10 MeV are in Fig. 10, while
Figs. 11 and 12 show the differential cross sections for the
13.6-MeV peak and the 12.0-MeV peak, respectively. The
uncertainties in the giant resonance cross sections are
dominated by the uncertainty in the shape and magnitude
assumed for the nuclear continuum underlying the giant
resonance peaks. In general, the uncertainties in the reso-
nance cross sections are not less than 20%. The uncer-
tainties in the values of the analyzing powers are usually
dominated by statistics and not by uncertainty in the
value of the beam polarization. The solid and dashed
curves in Figs. 6—12 are from calculations that are
described in the following sections.

IV. ANALYSIS

A. Elastic scattering

The elastic scattering differential cross sections and
analyzing powers measured at 334 MeV (Fig. 6) were not
extensive enough to determine the 12 parameters of the

T T
208py (3, p’)

E =33; MeV R
0.8 |- — (BRlgp=(
—=- (BRIso=0.75(AR)p §

!//
/

-0.2 1
10 T T T T T T
4

0.8 |~

0.6 -

0.2 -

(b)

(o] 25 5.0 7.5 100 125 150 175
8. m. (deg)

FIG. 8. Measured and calculated analyzing powers for exci-
tation of the 2.613-MeV, 3~ state and the 4.086-MeV, 2% state
in 2°Pb by 334-MeV polarized protons. The solid and dashed
curves have the same meaning as in Fig. 7.
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optical potential. Use of potentials developed from lower
energy data was believed to be unreliable. Therefore, we
analyzed very extensive cross section and polarization
data for 200-, 300-, and 400-MeV proton elastic scattering
from 2%8Pb reported by Hutcheon.® As a starting point
for the analysis, we used the optical potential systematics

1
e* 41

V(r)=V.(r)=V, —iw

e 041

In this expression V.(r) is the Coulomb g)otential for a
uniformly charged sphere of radius 1.24!/° fm, ¥V, is the
real potential, W is the imaginary volume potential, and
V; and W; are the real and imaginary strengths of the
spin orbit potential. The remaining factors contain the
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FIG. 9. Measured and calculated differential cross sections
for the giant resonance peak located at 13.6 MeV in 2®Pb. The
peak is interpreted as arising from excitation of both the GDR
and the GMR. The solid curve is a calculation for excitation of
the GDR using both nuclear and Coulomb potentials. The
dashed curve is the calculated cross section for excitation of the
GMR. The calculations for both of the giant resonances are
normalized to 100% depletion of the respective EWSR’s.
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of Nadasenet al.’ for proton energies <180 MeV and
searched on each set of data using the automatic search
routine in the computer program ECIS (Ref. 10) which
provides for relativistic effects in the scattering.

A 12 parameter optical potential was employed of the
following form:
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10.6 MeV which is interpreted as the GQR.
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Woods-Saxon radius and diffusivity parameters: x,
=(r —Rg)/ay, x'=(r—R')/a’, x,=(r —R )/a,,
x.=(r—R})/a., Ro=rod'?, R'=r'A'3, R,=r,A'",
R.=r;A ‘/3, m,, is the pion rest mass.

The best fit parameters are summarized in Table II and
the fits to the 200-, 300-, and 400-MeV elastic cross sec-
tions and polarizations are shown in Figs. 13 and 14,
respectively. The fits to the differential cross sections are
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FIG. 13. Measured and calculated differential cross sections
for elastic scattering of 200-, 300-, and 400-MeV protons by
28Ppb. The data are from Ref. 5 and the calculations performed
by the present authors are discussed in the text.

generally excellent for 200 <E, <400 MeV, but the rep-
resentation of polarization becomes increasingly unsatis-
factory as the energy increases, especially at forward an-
gles. The increasing importance of meson production and
relativistic effects may account for the change in conven-
tional optical model systematics in the 400—500 MeV
range. Using the fits to the 200-, 300-, and 400-MeV
data, we derived an average geometry potential shown in
Table II. With the average geometry systematics, the data
were again fitted by varying the potential strengths. Re-
sults are shown in Table II and graphically in Figs. 15 and
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FIG. 14. Measured and calculated analyzing powers for elas-
tic scattering of 200-, 300-, and 400-MeV polarized protons for
208pp. The data are from Ref. 5.
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16. Parameters at 334 meV were obtained from a best fit
to the data and by using the average geometry parameters
deduced form the 200, 300, and 400 MeV fits and allow-
ing the potentials to vary to provide a fit to the data. The
334 MeV data set is much smaller than those at 200—400
meV and therefore the parameters obtained at 334 MeV
are more uncertain than the others. An indication of this
is the fact that the average geometry value (Table I) of W
at 334 MeV is slightly lower than it is at 300 MeV.

Nevertheless, as will be discussed below, DWBA calcula-
tions using the 334 meV average geometry parameters
provide good agreement with the data for well-known low
lying states in 2%%Pb.

Prior to the present analysis, the only optical model pa-
rameters available for this energy region were those de-
duced from a study of elastic scattering of 80—185 meV
protons.’ As is shown in Figs. 17 and 18, use of the pa-
rameters we have deduced from the higher energy data
provides a better description of the elastic scattering of
200-meV protons than the parameters extrapolated from
the work of Ref. 8.
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FIG. 16. Same as Fig. 14 except the calculations shown are
those using the average geometry potential described in the text.
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FIG. 17. Measured and calculated differential cross sections

for elastic scattering of 200-MeV protons from *®Pb. The data
are from Ref. 5. The solid curve is from the DWBA calculation
as described in the text using the average geometry potential de-
duced in the present work. The dashed curve is from the same
calculation but using optical model potentials from Ref. 9.

B. Inelastic scattering

Analysis of the inelastic scattering cross sections and
analyzing powers was made using the program ECIS.!0
Calculations were performed using first order vibrational
model couplings to 2%, 37, and 4% excited states.

For normal-parity excitations having L > 2, the result-
ing transition potentials have the radial form

dU(r)
dr ’ 2)

Uu(r)=BLR
where B, R is the deformation parameter to be determined
from the data. All potential strengths in Table II ( Vg,
Vi, Vso» Viso» and V) were allowed to be deformed but
deformation lengths, B;R;, were generally taken to be
equal except for the spin-orbit deformation lengths as dis-
cussed below.

Following the usual procedure, we extract the value of
BLR by normalization of the calculated angular distribu-
tion to that measured:

(BLR)?=(d0/dQ) measurea/(d0 /d Q) pwpa - 3)

If B, is assumed to be proportional to the mass multipole
moment for a uniform distribution, then
2

(ﬁLRL)Z-B(EL) @)

SZ

It has to be recognized that B; in Eq. (3) refers to the
deformation of the optical potential, while that in Eq. (4)
is the deformation of the nuclear charge distribution.
These two are not necessarily the same, which gives rise to
uncertainties in comparing excitation strengths obtained
by electromagnetic interactions and inelastic scattering of
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FIG. 18. Same as Fig. 17 except for analyzing powers.

nuclear projectiles. For giant resonances it is customary
to express the deformation length in terms of the EWSR
strength as

2‘11-ﬁ2 LQ2L+1) 1
A E’
Thus, for 100% of the EWSR located at energy E (MeV),

(BLR)?*=

(5)

(BLR)2~-—L(2L +1) 6)

V. RESULTS AND DISCUSSION

A. Low-lying states

The calculated angular distributions for the 2%, 3—, and
4% low-lying states shown in Fig. 7 are in agreement with
the measured cross sections. The values of 5, R shown in
the figure were determined by normalization of the calcu-
lation to the data. Table III gives the value of the B(EL)
extracted from the best fit to the data (following the pro-
cedure described in Sec. IV) and the value of B(EL) from
the Nuclear Data Sheets.!! Also shown is the 8; R value
obtained!? for the same states through inelastic scattering
of 800-MeV protons. The agreement of our results with
those at 800 MeV and with the adopted values for the
transition rate is excellent. The calculation for the L =4
transfer does not fit the data for the 4.323-MeV state near
5 deg. We believe that the data are too high in this region
due to the fact that the cross section for the much
stronger 4.086-MeV, 2% state reaches a maximum at
~5—6 deg; and even with 70-keV energy resolution, we
could not completely separate the two peaks. We there-
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TABLE III. Transition rates for low-lying states.

Ele:ve]ﬂ B (EL ){his expt. B (EL );daoptcd
(MeV) JT BL R this expr. BLR® (e?b?) (e?b?)
2.614 3~ 0.83% 0.825 0.67% 0.6112
4.0854 2+ 0.42% 0.466 0.33 0.3181¢
4.3232 4+ 0.48% 0.546 0.12¢ 0.1554

2Reference 11.
YReference 12.

fore discount the poor calculational agreement to the
4.323-MeV state near 5—6 deg.

The excellent agreement between the calculations and
our data shows that when adequate elastic scattering data
are available and a careful and systematic analysis of that
data is performed, the DWBA provides an excellent
description of both the shape and magnitude of the inelas-
tic scattering to collective states by medium energy pro-
tons. There is little difference between the calculations
using BR spin orbit equal to that for the real potential or
for the case where SR spin orbit equals 0.75 of that for
the real potential. There is a slight improvement in the
comparison to the data in the valley of the angular distri-
bution for the 3~ state and in the second maximum for
the 2% state when the reduced BR spin-orbit value is used.

The use of the optical model parameters deduced in the
present work in DWBA calculations for low-lying states
also provides much better results than obtained with the
use of the parameters suggested in Ref. 9. This is illus-
trated in Fig. 19 which shows the measured angular distri-
bution for excitation of the 2.613 MeV, 3~ level in 2°Pb
using 200-MeV protons.'3 Using the same value of SR as
deduced from the fit to our 334-MeV data, the calculation
using the parameters from Ref. 9 overestimates the data
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Ep =200 Mev
Sr E, =2.613 Mev b
o
~dJ =3
7 \g,R=0.83
\
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FIG. 19. Measured and calculated differential cross sections
for excitation of the 2.613-MeV, 3~ state in **Pb by inelastic
scattering of 200-MeV protons. The solid and dashed calculated
curves have the same meaning as in Fig. 17. The data are from
Ref. 13.

by ~50%. However, use of the optical model parameters
deduced in this work provides excellent agreement with
the 200-MeV data.

As noted earlier, the B(EL) values reported in Ref. 4
for the states listed in Table III are all low by a factor of
about 2 when compared to the values from the present
work, the 800 MeV work of Ref. 12, and the accepted
values. As is shown in Ref. 13, the measured cross sec-
tions in Ref. 4 are low by a factor of 2 for the elastic
scattering and inelastic scattering to the 2.613 MeV state.

The DWBA calculation provides a reasonable reproduc-
tion of the measured analyzing power for both the 2.613-
MeV, 37, and 4.086-MeV, 27 states as seen in Fig. 8.
The statistics for the 4.323-MeV, 4% state are too poor to
allow extraction of the analyzing power. The DWBA cal-
culation of the analyzing power agrees better with the
data when the value of the spin-orbit deformation length
is set equal to three-fourths of the real potential value
rather than equal to the real potential value. However, we
do not believe our analyzing power results are of suffi-
cient accuracy to allow a firm conclusion to be reached.

B. Giant resonances

The change in the character of the giant resonance peak
structure with changing angle as seen in the spectra of
Fig. 4, agrees well with the calculated inelastic angular
distributions for various angular momentum transfers as
shown in Figs. 9—12. As noted previously, the 2.25-deg
spectrum is dominated by excitation of the GDR located
at 13.6 MeV. At forward angles excitation of the GDR
proceeds almost entirely via Coulomb excitation, so that
the cross section drops rapidly as the angle of observation
is increased. One can see in Fig. 4 that with increasing
angle the 13.6-MeV peak becomes smaller relative to the
size of the 10.6-MeV GQR peak. The differential cross
sections for the 13.6-MeV peak are plotted in Fig. 11
along with calculations of the cross section for excitation
of the GDR and GMR. The calculation for the isovector
dipole resonance includes both Coulomb and nuclear exci-
tation, however, Coulomb excitation is dominant for an-
gles smaller than about 7 deg. The monopole calculation
follows version II of the prescription of Satchler.!* The
computer code DWUCK was used for the calculations of
the GMR and GDR angular distributions. While calcula-
tion of the Coulomb excitation cross section is well under-
stood, the magnitude of the calculated nuclear excitation
for the isovector GDR is dependent upon the value of the
(t-t) term in the proton-nucleus optical potential.'* This
term is very poorly determined for medium energy pro-
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tons. We have used a value of —2.71 MeV based on the
relation ¥;=59[1-0.18In(E;)] suggested by Nadasen
et al.® from studies at lower energies. In addition, we
cannot test the validity of the GMR cross section calcula-
tion outside of using the monopole data itself. The best
test of the model has come from GMR cross sections ex-
tracted from small angle inelastic scattering of alpha par-
ticles'® and helium-3’s where the GMR cross section is
maximized. In these cases, the monopole model provided
a good description of the cross section.

It is with these qualifications that we interpret the an-
gular distribution of the 13.6-MeV peak shown in Fig. 11.
At the four most forward angles of measurement, the
cross section agrees very well with the calculation for
Coulomb excitation of the GDR under the assumption
that 100% of the GDR EWSR is depleted in the peak.
However, the measured cross section does not continue to
fall as would be expected from the L =1 calculation (solid
curve), but rises to a maximum at ~6 deg then falls off
smoothly. This behavior indicates the existence of a
second excitation at the same energy, in good agreement
with the known existence! of the GMR at 13.9 MeV. The
maximum in the experimental angular distribution at ~6
deg occurs at the same angle as is calculated for the max-
imum of the L =0 angular distribution. The sum of the
L =0 and L =1 calculations does not provide enough
cross section to agree with the data. Considering the un-
certainties in the calculations, particularly in the nuclear
part of the GDR calculation, such a discrepancy is not
surprising. We conclude that the 13.6-MeV peak consists
of nearly all GDR excitation (via Coulomb excitation) at
the smallest angles and becomes a mixture in undeter-
mined ratio of the GDR and GMR at larger angles.

The 2.25- and 3.24-deg spectra do not show the pres-
ence of any peaks above the GDR to an excitation energy
of 25 MeV. This observation is in disagreement with a
previous measurement* of 2Pb giant resonance spectra
using 201-MeV protons. In that measurement, for 6,,,=5
deg, a compact peak was observed at 21.5 MeV of excita-
tion energy. The authors of Ref. 4 interpret the 21.5-MeV
peak as arising from the excitation of both an isovector
quadrupole resonance and an isoscalar dipole resonance.
The data from other inelastic proton scattering measure-
ments'® on 2%8Pb at 200 MeV which cover an excitation
energy range from O to 40 MeV do not exhibit such a
peak, but the smallest angle of observation in those mea-
surements was 6 deg.

For angles of observation between 4.25 and 8.25 deg the
spectra in Fig. 4 are dominated by a peak located at 10.6
MeV and by several narrower states located between the
energies of 7 and 10 MeV. Within the accuracy of our
measurements the narrow states all have a width of ~400
keV. Fitting the narrow peaks as shown in Fig. 4 and
constraining the peak at 13.6 MeV to have a width deter-
mined by previous measurements of the GDR and GMR
resonances leads to a width of 2.0 MeV for the 10.6-MeV
peak.

The measured cross sections for the 10.6-MeV peak and
for the six narrow peaks are plotted in Figs. 9 and 10,
respectively, along with the calculated angular distribu-
tion for the L transfer that best fits the experimental data.

To deduce a value for the deformation length, SR, from
which a value for the EWSR depletion is obtained, the
calculations were normalized to the data at the first max-
imum of the angular distribution. The calculated curve in
Fig. 9 is for an L =2 transfer, and agrees very well with
the shape of the experimental angular distribution. It is
clear that the 10.6-MeV, 2.0-MeV wide peak arises from
excitation of the GQR. Our results show that 70% +14%
of the L =2, T =0, EWSR is depleted in the peak. This
result is in clear disagreement with the value of 24+3 %
reported in Ref. 4 for the 201 MeV (p,p’) reaction in
208pb. The excellent agreement between our measured
cross sections for low-lying states having known spin, par-
ity, and transition rate and the DWBA calculation pro-
vide confidence that our measurements of the EWSR de-
pletions in the L >0 isoscalar resonances are accurate.
The DWBA calculation also provides a generally good
description of the analyzing power of the GQR, although,
the large minimum in the calculation at about 10 deg is
not observed in the data.

Figure 10 shows the measured cross sections for the
narrow peaks observed in the spectra between about 7 and
10 MeV. In several previous inelastic hadron scattering
measurements, peaks have been observed at ~8.9 and 9.4
MeV. For example, the authors of Ref. 4 report the ob-
servation of a 1-MeV wide peak at 9.0 MeV which has an
L =2 angular distribution and a peak at 9.3 MeV which
has an L =3 distribution. The angular distribution of the
9.34-MeV peak in our data has a very clear L =2 angular
distribution in disagreement with the work of Ref. 4. Ad-
ditional peaks in this excitation energy range have been re-
ported!” in some previous hadron experiments. The nar-
row peaks observed in the present data were clearly seen
at all angles of observation and their kinematic behavior
rules out light contaminants on the target as the source of
the peaks. It is to be noted that the width of the peaks is
considerably broader than our 70-keV resolution.

The solid curves in Fig. 10 are from the DWBA calcu-
lation for the L transfer that best fits the data and agree-
ment is excellent with the experimental angular distribu-
tions. From these comparisons we find that four of the
states have spin and parity 2%, one has 37, and one has
4%, The sum of the L =2 strength found in these states
is ~20%. This strength when added to the 70% found in
the major GQR peak at 10.6 MeV, accounts for
90%+15% of the L =2, T=0 EWSR. From previous
measurements, !® and from our own results, we know that
~15% of the isoscalar quadrupole strength is found in
states located below 7 MeV. Thus, within uncertainties
we can account for all of the L =2, T=0, EWSR in
ZOSPb.

From Fig. 4 it is seen that the character of the giant
resonance spectra changes rather dramatically at ~9 deg.
While the spectra at 4.25—8.25 deg can be well repro-
duced by use of the GQR and GDR or GMR peaks, such
is not the case at the larger angles. As shown in Fig. 5,
we have introduced a third peak located at 12.0 MeV,
with a width of 2.4 MeV to fit the spectra. The measured
cross sections for the 12-MeV peak are shown in Fig. 12.
The uncertainties are large and include the considerable
uncertainty of the peak stripping process. The solid and
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dashed curves are DWBA calculations for L =4 and
L =2 transfer, respectively, where the calculated cross
section is normalized to the data. In spite of the large un-
certainties in the data, the measured cross sections are
clearly better described by the L =4 calculation than by
that for L =2. We deduce from the data that ~9% of
the T=0, L =4, EWSR is depleted in the 12.0-MeV
peak. These results are in agreement with our previous
observation® of hexadecapole strength at the same position
using 200-MeV protons.

A summary of the energy and widths of peaks extracted
from our data between 7 and 25 MeV and the deduced an-
gular momentum transfer and EWSR depletion for each
peak are given in Table I.

VI. CONCLUSIONS

We have presented the results of measurements of the
excitation of giant resonances in 2%Pb using inelastic
scattering of 334-MeV protons. The data were obtained
with an energy resolution of ~70 keV. We have also
presented results for elastic scattering and for inelastic
scattering to several well-known low-lying states.

We have used previously measured elastic scattering
data® for 200-, 300-, and 400-MeV protons on 2°*Pb to
provide input for a systematic optical model analysis.
From this analysis we deduced an average geometry po-
tential which provides an excellent fit to the elastic data at
each of the three energies. Using that average potential
we were able to obtain a good fit to our 334-MeV elastic
scattering data.

Calculations of the inelastic scattering to low-lying
states using the parameters (as listed in Table II) from our
elastic scattering analysis provide good agreement with
the measured angular distributions for three low-lying
states in 2%Pb. The B(EL) values deduced from compar-
ison of the measured and calculated angular distributions
agree with accepted values.!! This fact establishes credi-
bility in the use of the DWBA collective model calcula-
tion for extraction of the sum rule strength in giant reso-
nances excited by medium energy protons. From our
comparisons with the DWBA calculations we conclude
that the DWBA collective model approach provides
agreement with medium energy proton inelastic scattering
data and can be used confidently to extract transition
rates and EWSR values. Furthermore, we have shown
elsewhere!® that the DWBA provides agreement with in-
elastic proton scattering excitation of the 2.613-MeV, 3~
state in 2%°Pb at energies from ~60—800 MeV. These re-
sults are in disagreement with the measurements of Ref.
4.

The spectra in the giant resonance region (E, > 7 MeV)
show the presence of a variety of giant resonance multipo-
larities. At the smallest angles the spectra are dominated
by Coulomb excitation of the giant dipole resonance and
we find no evidence for excitation at small angles of

higher-lying giant resonances.

Contrary to results from inelastic electron scattering in
which no localized giant quadrupole resonance strength
was found, our results clearly show the existence of a
GQR peak located at 10.6 MeV having a width of 2.0
MeV. We find several narrow peaks located at excitation
energies below the GQR. While most of these peaks arise
from excitation of 2% states, one peak comes from a 3~
excitation and one from a 4* excitation. We cannot pro-
vide a reason why the (e,e’) measurements of Ref. 2 fail to
observe a compact GQR peak. The energy resolution in
our present measurements is comparable to that in the
electron work. Furthermore, the angular distributions in
the present measurements provide a very high degree of
angular momentum selectivity, thus eliminating the possi-
bility that the compact peak arises from nonquadrupole
excitations. Our angular distribution for the 10.6-MeV
peak agrees with both the DWBA calculated L =2 angu-
lar distribution and with the shape of the experimental an-
gular distribution for the 4.086-MeV, 2% state. We find
70% of the L =2 EWSR strength to be depleted in the
10.6-MeV peak in contrast with the observation of
20—40 % in the same region in the electron scattering ex-
periment and in the measurement of Ref. 4 with 201 MeV
protons. Our results for the EWSR depleted in the GQR
peak are consistent with those recently reported'® from
the measurement of inelastic scattering of 200 MeV pro-
tons on 2%Pb. Including the five 27 states in the 7—9-
MeV region of excitation and the known low-lying 2+
states, we account for 100% of the L =2, T =0, EWSR
strength in 2%%Pb.

For scattering angles larger than approximately 9 deg
we find clear evidence for the excitation of hexadecapole
strength in the form of a peak located at 12.0 MeV having
a width of 2.4 MeV. The angular distribution for the 12-
MeV peak agrees very well with the calculated angular
distribution for an L =4 excitation depleting ~10% of
the EWSR. This result is in agreement with our earlier
observation® using 200-MeV proton inelastic scattering.
The L =4 strength is interpreted as arising from excita-
tion of the 2#iw portion of the hexadecapole giant reso-
nance. An indication of the excitation of the now well-
established giant octupole (3%iw) resonance was seen.
However, we cannot provide a proper measurement for
this resonance because our spectra are limited to 25 MeV
of excitation energy.
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