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The giant resonance region in 2%Pb has been studied using inelastic scattering of 200-MeV polar-
ized and unpolarized protons. Both differential cross sections o(6) and analyzing power A4,(6) mea-
surements were made. The isoscalar giant quadrupole resonance at 10.6+0.5 MeV, and the com-
bined isovector giant dipole resonance and isoscalar giant monopole resonance at 14.0+0.6 MeV are
clearly observed. Within uncertainties all three giant resonances are in accord with full energy-
weighted sum rule depletions, based on comparisons with macroscopic distorted wave Born approxi-
mation calculations. Data for a peak at 20.9+1.0 MeV are found to be consistent with an isoscalar
giant octupole resonance exhausting 36+12 % of the energy-weighted sum rule strength. A peak lo-
cated at an excitation energy of 12.0+£0.7 MeV is shown to be a 2#iw, L =4 transition depleting
813 % of the hexadecapole energy-weighted sum rule strength. The measured reduced transition
probability for the 3~ state at 2.614 MeV is consistent both with the accepted value and with results
measured at 334 and 800 MeV. Our results for the 3~ state at 2.614 MeV and for the giant quadru-
pole resonance do not support the anomalous behavior found in earlier studies at 104, 156, and 201
MeV. This shows that the macroscopic distorted wave Born approximation can be used to extract
deformation lengths providing meaningful comparison with electromagnetic energy-weighted sum
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rules for proton inelastic scattering to at least 800 MeV incident proton energy.

I. INTRODUCTION

Now that the systematics of giant resonances have be-
come better established, studies of this type are moving
toward a phase in which the various giant resonances can
be used as a tool to understand other basic aspects of this
and related phenomena. This is exemplified by the use of
the giant Gammow-Teller resonance to elucidate funda-
mental questions about beta decay,' astrophysics,? and the
role of isobar-hole processes® in various nuclear reactions.
Another example is the use of the newly found M1 states*
to study the energy dependence of the spin-isospin portion
of the effective interaction. Measurements of the excita-
tion energy for the giant monopole resonance’ (GMR)
have provided an experimental determination of the
compression modulus of nuclear matter. This in turn is
valuable in investigating new phenomena such as super-
dense matter and in providing a constraint on the hy-
pothesized form of the nuclear force.

Because it is a doubly closed shell nucleus, 2%Pb is espe-
cially amenable to theoretical analysis. Good wave func-
tions and transition densities exist and microscopic analy-
ses of the excitation of giant resonances by inelastic had-
ron scattering have proven useful. An essential ingredient
of the theoretical studies is knowledge of the location,
width, multipolarity, and strength of each giant reso-
nance. The use of a variety of probes is important for this
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type of study because the relative strength of excitation of
giant resonances through inelastic scattering by electrons,
alpha particles, deuterons, and protons may be quite dif-
ferent.

Although the parameters of the isoscalar giant quadru-
pole resonance (GQR) and the GMR are well established®
in 208Pb, the exact location of the 3#iw isoscalar giant oc-
tupole resonance (GOR) strength is still controversial.
Measurements”® made with 172-MeV alphas were inter-
preted as showing excitation of an L =3 resonance at
17.5—18.7 MeV. The GOR peak is often partially ob-
scured in (a,a’) experiments because of breakup following
neutron and proton pickup reactions. Support for a GOR
at 17.5 MeV is also given by a recent (p,p’) experiment’
performed with 201-MeV protons. An experiment with
800-MeV protons'® reported that the GOR is located near
19.1 MeV, while a 120-MeV (°He,’He’) measurement'!
favored an excitation energy of 20.5 MeV. Clarification
of the position of the GOR is essential to the theoretical
explanation of isoscalar E3 distributions in nuclei, as has
beenlzemphasized in a recent schematic model calcula-
tion.

A further point of interest concerns the location of iso-
scalar L =4 giant hexadecapole resonance (GHR)
strength. For L =4 excitations strength is expected in
Ofiw, 2%w, and 4%iw transitions. Random phase approxi-
mation (RPA) calculations'>~!° indicate that the 2% hex-
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adecapole strength should be located near the same energy
as the 2fio GQR with an energy-weighted sum rule
(EWSR) depletion of 15—40% of the T =0, L =4
strength in the 2% transitions. Inelastic scattering of
medium-energy protons provides an excellent approach to
search for L =4 strength mixed in with the GQR. This
ability derives largely from the fact that the angular dis-
tributions for L =2 and L =4 excitations are very dif-
ferent,'®!” quite unlike the situation for (a,a’) studies.
Previous estimates of the 2#iw, L =4 strength have been
obtained by fitting the GQR resonance angular distribu-
tions with combined L =2 and L =4 multipolarities. In
the present work evidence is presented for the direct ob-
servation of the L =4 peak. This study has been reported
elsewhere;'® the emphasis in the present paper is on ob-
taining a more reliable value of the EWSR.

Theoretical calculations also predict the existence of an
isoscalar giant dipole resonance (ISGDR) and an isovector
giant quadrupole resonance (IVGQR) in the high excita-
tion region near 25 MeV. The 201-MeV proton data from
Orsay’ were interpreted as exciting a combined ISGDR
and IVGQR at 21.5 MeV, whereas the studies”® with
172-MeV a particles suggested that a peak found at 21.3
MeV was an ISGDR. A more recent experiment with
340- and 480-MeV alpha particles'® claims that the T =0,
L =1 strength is concentrated between 26 and 31 MeV of
excitation.

It has been reported that a serious problem exists with
medium energy proton studies of giant resonances involv-
ing the determination of EWSR strengths. The status of
EWSR strength determinations for the GQR was summa-
rized recently.?’ For proton studies, the GQR sum-rule
strength appears to vary from about 80%, obtained from
low-energy proton work, to about 30% at 200 MeV. The
authors of Ref. 20 conclude that in general EWSR
strengths obtained using strongly absorbing particles like
3He, a, d, and low-energy protons are considerably higher
than those obtained employing deeply penetrating parti-
cles such as intermediate energy protons. There have been
several  theoretical suggestions to explain this
behavior.2?? It is our belief, however, that this anomaly
in the EWSR strengths found for the GQR with medium
energy protons is of experimental origin. These experi-
mental difficulties are elaborated upon in the next two
sections. Particularly careful attention has been given to
the proper evaluation of the continuum background®
under the giant resonance. To further test the validity of
the macroscopic DWBA approach in extracting EWSR
strengths, the reduced transition probability for the well-
resolved 3~ state at 2.61 MeV has been evaluated and
compared with other results at both lower and higher in-
cident proton energies.

Differential cross sections for the excitations of giant
resonances in 2%Pb by 200-MeV protons were measured at
TRIUMEF (the variable energy cyclotron facility at the
University of British Columbia) as part of our overall pro-
gram to show the feasibility and utility of medium energy
protons as a probe for giant resonance investigations.’*
Our measurements cover a large angle range, 6° to 20°,
and a large excitation energy range, about 40 MeV. At
some angles the cross section data have been supplement-

ed with analyzing power [4,(6)] measurements at 200
MeV. The A4,(6) data have proven useful in studying the
continuum background.??

II. EXPERIMENTAL PROCEDURE

All measurements were performed at TRIUMF. The
incident proton energy was 200 MeV, with typical beam
intensities of 0.1—1.5 nA. The absolute beam intensity
was determined by integrating the charge collected on a
Faraday cup located downstream from the target position.
This charge measurement was checked using a calibrated
monitor consisting of proton-proton (p-p) scattering from
a thin CH, target located well upstream of the target
chamber arrangement. The incident protons were scat-
tered inelastically from 2%8Pb targets that were typically
80 mg/cm? thick.

Scattered protons were detected in the TRIUMF
broad-range medium-resolution spectrograph (MRS) facil-
ity. The spectrograph, which consists of a quadrupole
and dipole magnet, bends scattered particles vertically out
of the scattering plane. Since the spectrograph has a very
large acceptance of +10% in momentum, most of our
spectra cover an excitation energy range of about 40 MeV
for a single magnetic field setting. The spectrograph can
be rotated to measure angular distributions over the range
of 2.5—135 deg.

During the course of this experiment the MRS was
operated in two very different configurations. Initially,
the cyclotron beam was focused to a small area on the tar-
gets located in the scattering chamber. The scattered par-
ticles then passed through a thin plastic scintillator
mounted in front of the spectrograph and a thicker plastic
scintillator located well beyond the focal plane. The fast
scintillator pulses were used in a time-of-flight identifica-
tion system. The trajectory of the scattered particles was
determined by signals from a 12.5-cm by 12.5-cm wire
chamber located in front of the magnets and two large
multiwire proportional chambers after the magnets. The
front wire chamber also determined the angular accep-
tance of the spectrograph, allowing determination of abso-
lute cross sections. The combined energy resolution of the
cyclotron, beam transport system, and spectrograph was
usually about 1 MeV full-width at half maximum
(FWHM). Most of our data were obtained in this config-
uration.

A typical spectrum obtained with this configuration is
presented in Fig. 1. Because of poor resolution, the low
lying states, with the exception of the state at 2.614 MeV,
were not well resolved so that determination of the best
continuum background to subtract out was difficult. The
background subtraction procedure used is described in
more detail below. The scattering chamber used in this
operating mode limited our maximum scattering angle to
20°. True zero in scattering angle was found by compar-
ing our elastic-scattering angular distributions with the re-
sults of a precise experiment on 2°*Pb.?

Recently the MRS facility was upgraded to high resolu-
tion operation. In order to reduce the contribution of the
cyclotron beam energy spread to the resolution, a six-
quadrupole beam phase-space twister was installed
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FIG. 1. Spectrum of 200-MeV unpolarized protons scattered
from a 2®Pb target at a laboratory angle of 8°. Decomposition
of spectra into peaks was done with the least squares fitting pro-
gram MINUIT. This spectrum was obtained with the MRS in a
low resolution configuration so that FWHM for the elastic peak
was of the order of 1000 keV.

upstream of the spectrograph target location. This system
rotates the beam momentum dispersion from the horizon-
tal to the vertical plane to allow matching to the disper-
sion of the spectrograph. A new target chamber was also
constructed which provides a continuous vacuum from
the beam line through the spectrograph. The only device
now located in front of the MRS is a low pressure wire
chamber, specially designed to minimize the amount of
material through which the scattered beam must pass. Fi-
nally, two new vertical drift focal plane chambers with a
spatial resolution of 100 um were installed. The improve-
ment in the spectra obtained with the new MRS configu-
ration is strikingly illustrated in Fig. 2. The effective
resolution for these data was 160 keV.

A feature of both MRS configurations is that each par-
ticle is traced back to the point of origin on the target.
Placing cuts on the target then allowed us to eliminate
events arising from such things as pole face scattering,
etc. This is a particularly important feature for the new
MRS configuration. The much improved resolution ob-
tained with the new MRS configuration made it easier to
establish the continuum background under the giant reso-
nance peaks.

Elimination of spurious backgrounds due to scattering
from beam pipes, magnet frame, etc., is a major concern.
In our case this background was eliminated in the region
of interest by carefully tuning the beam line transport
magnets and by properly centering the beam on the target.
Checks were made for bogus background at forward an-
gles using empty target frames. Spectra measured at zero
degrees to study the cleanness of the beam also allowed us
to determine the response of the spectrograph across the
entire focal plane.

Absolute differential cross sections were determined
from the integrated beam current, target thickness, and
spectrograph acceptance solid angle. As a check on our
cross section determination, the elastic scattering of 200-
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FIG. 2. High-resolution spectrum for 200-MeV unpolarized
protons scattered from a 2%Pb target at 9°. The FWHM for
low-lying peaks is about 160 keV. See the text for details of the
MRS in this dispersed mode configuration.

MeV protons on a CH, target was measured and com-
pared with the accepted cross section values.?® On the
average our measured p-p cross sections were within +6%
of the standard values obtained from the phase-shift cal-
culations. In addition, the values of the 2%%Pb elastic-
scattering cross sections measured in this experiment were
compared with the precise TRIUMF values?’ at 200 MeV;
agreement to within +7% was obtained.

It is extremely important to have good measurements of
the angular distributions of the differential cross sections
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FIG. 3. Elastic scattering data used to obtain our optical
model parameters. The solid circles are points from Ref. 25.
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TABLE L. Optical model parameters for 2®Pb (RSO denotes real spin orbit).

Ve =11.17 MeV V;=21.17 MeV
rr=1.32 fm rr=1.15 fm
ar=0.60 fm a;=0.80 fm
rC=1.20 fm

VRSO =2.20 MeV
rrso = 1.10 fm
dRrso =0.69 fm

VISO=_2-86 MeV
r150=1.06 fm
a|50=0.80 fm

and polarization for elastic scattering at 200 MeV. It was
found that cross sections calculated in the DWBA approx-
imation?’ using collective form factors were quite sensi-
tive to the optical model parameters used to generate the
distorted waves. The forward angle elastic scattering
data®® used to determine our optical model parameters are
shown in Fig. 3. The optical model parameters are sum-
marized in Table I. Also shown in Fig. 3 are the elastic
scattering data from the Orsay experiment.” Their elastic
scattering results are lower than the TRIUMF measure-
ments.

The availability of a high-quality polarized beam al-
lowed us to supplement the differential cross section data
with analyzing power measurements. In terms of the po-
larization (Pt and P|) of the incident beam, the analyz-
ing power can be written as

A4,(0)= 0,(60)—0,(0) . n

Pto(6)—Plo,(6)

Beam polarization, as obtained with an in-beam polarime-
ter, varied from 0.72 to 0.75 from one measurement to the
next. The uncertainty of an individual determination was
+0.005, whereas the larger variation between runs was
due to changing ion source conditions. Data with unpo-
larized beam incident on a °®Pb target in the low resolu-
tion MRS mode were taken for angles between 6° and 20°
in 2° steps, whereas those with polarized beam ranged be-
tween 6° and 14° in 2° steps. High resolution data were
taken at 5, 7,9, 11, 13, and 15 deg.

Decomposition of the measured spectra into individual
giant resonance peaks is an important and subjective pro-
cedure. The major problem involves the estimation of the
background under the resonances. We have adopted a
procedure in which the continuum background is
described as a Gaussian for inelastic protons with energies
higher than that corresponding to the peak associated
with quasifree NN scattering.”> The background above
this point (lower energy protons) was described by a
fourth order polynomial drawn smoothly through the
data.

The final decomposition of the giant resonance peaks
was done with the aid of the peak fitting program
MINUIT.”® The stripping procedure consisted of first
determining a reasonable fit to the underlying continuum
for excitation energies above the energy associated with
quasifree kinematics using a fourth order polynomial.
The background for excitation energies below the energy
associated with quasifree scattering was determined
empirically using the Gaussian form

AF — 2
N=Nye (E—Eg) /A’ @)

with N, being the value of the polynomial fit at the quasi-

free centroid. The width parameter A was established
from analysis of our high resolution spectra for 2*Pb and
®Ni. The experimental width values are plotted in Fig. 4.
The straight line on this figure is the result of Monte Car-
lo calculations®® for a Fermi momentum equal to 230
MeV. We observe that the width of the Gaussian in-
creases with angle. Once the background was established
the individual giant resonance peaks were fitted in a least
squares sense using a Gaussian shape for all peaks. Loca-
tions and widths of the different giant resonance peaks
were determined at angles where the various multipolarity
peaks were maximized in cross section. These peak pa-
rameters were then fixed for analysis at all other angles.

It must be emphasized that our background subtraction
procedure does not rest solely upon the quasifree scatter-
ing hypothesis. We do believe that for low excitation en-
ergies this is the dominant background process based®® on
the observed kinematical shifting of the continuum peak
with scattering angle and of the approximate equality of
A4,(0) in the region of the continuum peak and 4,(6)
values for free NN scattering. However, our background
was not determined from any theoretical calculation as-
suming the quasifree hypothesis.

Instead our background procedure is an empirical one
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FIG. 4. The measured width parameters for our assumed
Gaussian background distribution are plotted as a function of
laboratory angle. The solid circles were obtained from our high
resolution spectra. The dashed line was obtained from a Monte
Carlo calculation with a Fermi gas momentum distribution.
The ordinate is explained in the text.
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based on a criterion of reasonableness. Our high resolu-
tion spectra (see Fig. 2) show an approximate Gaussian
falloff as the excitation energy decreases from the energy
associated with a quasifree process. Further justification
for this comes from the calculated shape of the Monte
Carlo spectra at high proton energies. These calculations
were done using measured NN cross sections that include
all physical processes. While we believe that the back-
ground scattering processes in this low excitation region
are dominated by the quasifree process, our assumed
Gaussian shape is based primarily on the appearance of
the background in our high resolution spectra.

Cross section obtained from the high resolution mea-
surements are not dependent upon using a Gaussian back-
ground in the low excitation region. The more customary
procedure of drawing in the most reasonable shape for the
background yields almost identical results. The low reso-
lution data are naturally quite sensitive to the choice of
background. Using the Gaussian shape and measured
width parameters (see Fig. 4), the giant resonance cross
sections deduced from the low resolution work are in
essential agreement with those deduced from the high
resolution measurements. Cross sections measured for the
low lying excited state at 2.614 MeV where the back-
ground contribution was almost negligible are not affected
by the above considerations as all data were acquired in
either the high resolution (160 keV) or medium resolution
(450 keV) mode.

III. RESULTS

A measurement of the angular distribution of the 2.614
MeV, 3~ state of 2°8Pb serves as a useful check on the va-
lidity of the macroscopic DWBA calculations. Good data
were obtained from the giant resonance measurement with
160 keV resolution and also from an earlier special mea-
surement with the older MRS configuration and.a dedi-
cated cyclotron. Both sets of data agreed within uncer-
tainties, and the combined data are shown in Fig. 5 along
with the results of a DWBA calculation using a deforma-
tion length of B;R =0.75. Our estimate of the uncertain-
ty in B3R is £0.03. The DWBA calculations were made
with the code ECIS 79 which utilizes a full Thomas form*
for the spin orbit part of the optical potential. The defor-
mation length (8;R;) was kept constant’! throughout all
terms of the optical potential (and the collective interac-
tion) including the spin orbit terms. The measured defor-
mation length required to fit the data was then converted
to a reduced transition probability using the relation

2
B(EL)= [z [ putrirt +2dr]
_ [+

2
(BLR)(rE—1) ] . (3)
41

The transition density is assumed to be proportional to
(BLR) and the derivative of the density, which holds for
surface vibrational models. The factor Z is included,
rather than A, in order to ensure approximate equality?
of the hadronic and electromagnetic matrix elements. For
a uniform distribution the above simplifies to
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FIG. 5. Angular distribution for the 3~ state at 2.614 MeV.
The best DWBA fit corresponds to a deformation length of
BR =0.75 for all parts of the optical potential.

2

32 (BLR)*R* 2, (4)

T

B(EL)=

All of our reduced transition probabilities were calculated
using this result. For 2%Pb, the uniform distribution re-
duced transition probabilities agree quite well with values
calculated using a more precise evaluation of the radial
moments.>

For our 200-MeV data, B(E3)=(5.5+0.4)x10°
e? fm®, using B3R =0.75+0.03 and R =1.204'73. This
compares well with the presently accepted value of
(6.1140.13) X 10° €2 fm® obtained primarily from elec-
tromagnetic (e,e’) measurements.>* Thus, the macroscopic
collective model DWBA calculations appear to satisfac-
torily describe the results for the scattering of 200-MeV
protons to the low-lying 2.614-MeV state of 2°Pb. This
point is elaborated upon below in the discussion section
where the present results for 200-MeV protons are com-
pared with B(E3) values for incident protons at other en-
ergies.

As shown in Figs. 1 and 2, the most prominent feature
observed in the inelastic 2Pb spectra measured with
200-MeV protons is a broad distribution rising above the
continuum and centered near 11 MeV. At 8° the peak fit-
ting procedure was most consistent with a decomposition
of this broad feature into peaks at 7.9, 8.9, 10.6, and 14.0
MeV. At larger angles it was necessary to include an ad-
ditional peak at 12.0 MeV. This is quite clearly seen in
Fig. 6, which shows the spectrum at 13°, where the peak
at 12.0 MeV is identified as L =4 strength.

Giant resonance cross sections for the various peaks
were extracted following the procedure outlined in the
preceding section. The results for the giant quadrupole
peak (GQR) at 10.6 MeV are presented in Fig. 7. The
points at the odd angles represent results obtained from
the high resolution measurements. Within uncertainty the
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All of the DWBA calculations for L > 1 were made with
a collective form for the transition potential,

U, (r0)=—PLR_ AU ) (6)
EEUTVAL AL ar T

involving the derivative of the optical potential, Uy(r).
The experimental value for 3; R was obtained by compar-
ing the data with the results of the DWBA calculation us-
ing a BLR corresponding to 100% depletion of the
EWSR. Explicitly we have that

(BLR )gxpt _ O measured
(BLR)To0%

This value of B; R was then used to obtain the solid curve
shown in Fig. 7. In our DWBA calculations, BR was kept
constant in each of the individual terms in the transition
potential (Bg Rg =B;R; =B .Rs,), just as for the 3~ state.
It can be seen from Fig. 7 that the GQR data are con-

(7)
OpwWBA

MeV of excitation. The solid circles are the absolute cross sec-
tions measured with the TRIUMF spectrograph. The solid
curve is the DWBA prediction for L =2 excited with a strength
of 65% of the EWSR. The inset shows our measured A4,(0)
data along with the DWBA calculation.

sistent with the DWBA calculation within the uncertain-
ties of the data. These uncertainties come from the back-
ground subtraction. A4,(6) data for the GQR peak at 10.6
MeV are shown in the inset to Fig. 7. Agreement with the
L =2 DWBA predictions is satisfactory, but the data
quality is insufficient to allow any study of the sensitivity
to spin-orbit parameters.’! The results from the present
measurements for the GQR are summarized in Table II.
The values for the centroid and width compare well with
other (p,p’) measurements.”?%3* Our observed EWSR de-
pletion of 65115 % agrees generally with both the low en-
ergy proton results® and the (a,a) strengths,”® is in sharp
disagreement with other proton results at 104 MeV (Ref.
20) and at 201 MeV (Ref. 9), but agrees with another mea-
surement by our group made with incident protons of 334
MeV.36

TABLE II. Comparison of giant resonance parameters.

Present results Ref. 9 (p,p’) (a,a')?
JT T E, (MeV) ' (MeV) EWSR (%) E, (MeV) EWSR (%) E, (MeV) EWSR (%)
2,3) 0 8.940.6 1.240.6 8+5 9.0 71
2+ 0 10.6+0.5 2.41+0.6 65+15 10.6 24+3 10.9+0.3 60110
4+ 0 12.0£0.7 2.5+1.0 8+3 =11 6 12.5 14
1- 1 13.5 100
0+ 0 14.0+0.6 3.410.8 100+30 13.9 25+10 13.8 90
3= 0 20.9+1.0 59+1.0 36+12 17.6 17.5+0.8 60

2See Refs. 7 and 8.
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Consistently visible in the low excitation portion of the
spectra are two peaks at 7.8+0.5 and 8.9+0.6 MeV. The
peak at 7.9 MeV was too poorly resolved to analyze at all
angles, but its angular distribution was consistent with a
multipolarity of either L =2 or 3. Similarly, the cross
section data for the 8.9 MeV state are consistent with ei-
ther L =2 or 3. Our cross section values are in accord
with the value of 7% EWSR (L =2) for the 8.9-MeV
peak found in the 201-MeV studies.” This study also re-
ported on peaks at 8.9 and 9.3 MeV with multipolarities
of L =2 and L =3, respectively. Earlier (a,a’) studies’
reported L =4 peaks at 7.4 and 8.1 MeV. More recent al-
pha particle inelastic scattering studies® found no evidence
for a peak at 8.9 MeV, but reported on an L =3 peak at
9.3 MeV. Our results at 334 MeV are consistent with the
excitation of 27 states at 7.36, 7.84, 8.86, and 9.34 MeV.
The sum of the L =2 strength found in these states is
about 20%. Coupled with the 9% of the L =2 strength
for the excitation of the 27 state at 4.086 MeV, it is seen
that almost 30% of the L =2 strength is found in states
below 10 MeV.

Another feature of our spectra involves the excitation
of the GDR and GMR giant resonances. In the analysis
of our spectra the GDR and GMR excitations were
analyzed together as one peak centered at 14.0 MeV. Ex-
traction of cross sections was done using the analysis pro-
gram MINUIT and a Gaussian shape for the combined
peaks. The cross section results are shown in Fig. 8.

In the DWBA calculation for the GDR the transition
potential was taken as proportional to the derivative of
the isovector part of the optical potential, along with a
term accounting for Coulomb excitation.!” Calculations
were performed with two different values of ¥, as shown
in Fig. 8. The value of 25 MeV corresponds to the result
obtained from optical model analyses of low energy
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L\ Ep =200 MeV n
Y i GDR + GMR i
‘\ E, =14.0 MeV
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FIG. 8. Measured angular distribution for the,peak located at
the excitation energy of 14.0 MeV, assumed to be a combined
T=1GDR and T =0 GMR. The curves show DWBA predic-
tions for the combined peak assuming 100% EWSR for the
GMR and two different values of V.

nucleon-nucleus scattering.’’ A more recent analysis*® of
proton elastic scattering over the range of 60—180 MeV
yields ¥, =59(1—0.181InE,), giving V,=2.73 MeV for
our case. For the GMR the transition potential used is
shown as’

dUo(r)
xUy(r)+R , (8)
dr

where x =(3+y2)/(14+y2), with y, =ma,, /R,,. Nor-
malization for 100% depletion of the EWSR was done us-
ing

2t

3m

5
—_—. 9
AE, 9)

(BoR)*= [

The GDR and GMR calculations assuming full EWSR
depletions were then added together and plotted as shown
in Fig. 8. It would appear that a value for ¥V, of about-15
MeV would best fit the data for angles less than 12—14
deg. For larger angles the data appear to require more
than just L =0 and L =1 strength. It has been suggest-
ed'S that the cross section behavior at larger angles could
be improved through the admixture of some L =4
strength. Our results are in agreement with these micro-
scopic predictions.

In addition to the well-known 3~ state at 2.614 MeV,
the existence of other localized octupole strength has been
confirmed.® The 1% low-energy octupole resonance
(LEOR) has been found to occur systematically at roughly
304 '3 MeV.* Evidence for a higher energy 3%o GOR
with strength concentrated at about 1204 ~!/* MeV
comes from inelastic-scattering experiments with elec-
trons,*! alpha garticl&s,7 3He particles,!! and protons.® %24
In the case of “*8Pb, although all of the experiments are in
rough agreement that the T =0, L =3 giant resonance is
localized near 20 MeV of excitation energy (in agreement
with RPA calculations),*? there is no consistent agreement
about the precise location. The values span the region of
16—21 MeV in excitation.

Our analysis indicates the existence of a broad peak
centered at about 20.9+1.0 MeV with a width of about
5.9+1.0 MeV. This peak stands out very clearly in the 8°
and 9° spectra, as shown in Figs. 1 and 2. The angular
distribution measured for this peak is shown in Fig. 9,
with A4,(6) data presented in the inset on this figure. The
data for the 20.9-MeV peak are reasonably well described
by the DWBA calculations as an isoscalar GOR, with an
EWSR depletion of 36%. Also shown is a DWBA calcu-
lation for L =2. Our spectra and cross section results
support the L =3 strength being located in the region
near 21 MeV, rather than at a lower excitation energy as
reported in some alpha particles”® and proton’ inelastic
scattering studies.

An important advantage of working with 200-MeV
protons is the strong differentiation between the angular
distributions for neighboring multipoles. These angular
distribution differences provide the sensitivity needed to
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FIG. 9. Angular distribution for the giant resonance peak lo-
cated at 20.9 MeV of excitation. The solid curve is the predic-
tion of the collective DWBA theory for an L =3 transition.
The inset shows our measured A,(0) data along with a DWBA
calculation for a multipolarity of L =3.

search for the presence of possible L =4 strength in the
region of the GQR peak. Theoretical calculations'®!*
show a concentration of 2%w, L =4 strength in this re-
gion. Some indirect experimental evidence for this
strength has been suggested by (a,a’) measurements®* as

T T T T T T 7]
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FIG. 10. Experimental angular distribution for the peak at
12.0 MeV. The solid curve is the DWBA prediction for an
L =4 excitation depleting 8% of the EWSR. Also shown is the
DWBA prediction for an assumed L =3 excitation of 12.0 MeV
(dotted curve).

well as proton inelastic scattering experiments.® %24

However, all of these studies estimated the L =4 strength
by determining the amount of 27w, L =4 strength needed
to optimize the agreement between the GQR angular dis-
tributions and the DWBA predictions.

As is shown in Fig. 6, we have found it necessary to in-
clude a peak at 12.0 MeV to satisfactorily describe the ob-
served spectra for 6; > 12°. The GQR peak at 10.6 MeV
is weakly excited at this scattering angle, and inclusion of
a peak centered near 12.0 MeV of excitation is needed to
fit the observed data. Whenever possible we have extract-
ed cross sections for the L =4 candidate peak. The mea-
sured angular distribution for this peak is shown in Fig.
10 along with DWBA predictions for L =4 and L =3
strength. The solid curve corresponds to the L =4 pre-
diction with an EWSR depletion of 8%. At angles less
than 10° the strength of the L =4 peak is too weak com-
pared to the GQR for cross sections to be extracted. Fur-
ther details about this L =4 strength are given else-
where.!® Similar results were obtained with 334-MeV pro-
tons.>¢

IV. DISCUSSION

In agreement with earlier studies, we found a strong
isoscalar quadrupole transition concentrated at an excita-
tion energy of 10.6+0.5 MeV. The L =2 character of the
strong GQR was corroborated by our A4,(6) measure-
ments. Our values for the excitation energy and width,
tabulated in Table II, are in good accord with other stud-
ies. As is the case in other hadronic experiments, we find
no evidence for the fine structure evident in (e,e’) stud-
ies.*! Our value for the EWSR of 65+15 % is in general
agreement with low energy (p,p’) and (a,a’) results,”® and
with our results®® obtained with 334-MeV protons. This
value would be expected, since about 30% of the L =2
strength is to be found in the lower-lying states.’® The
present value for the EWSR for the peak at 10.6 MeV
disagrees with the low results obtained for the GQR in
other (p,p’) studies®?*2*3% at medium energies. These
studies might have had difficulties with background sub-
traction and normalization. For example, the background
subtraction procedure for the 156-MeV experiment®® and
for the experiment?* on *°Zr and '*°Sn at 200 MeV con-
sisted of drawing a straight line for the continuum under
the giant resonances. The measurements’ at 201 MeV
may have had difficulties with absolute normalization
inasmuch as their elastic scattering data were also low.
We have also found that our results are quite sensitive to
the choice of optical parameters. Great care has been tak-
en to adjust the optical parameters so that good agreement
with the precise data?® at 200 MeV was obtained.

Our cross section data for the 20.9-MeV peak are con-
sistent with an interpretation as an isoscalar GOR. The
A,(0) results suffer from large uncertainties in the data.
A,(6) measurements, while of considerable usefulness for
studies of the continuum background,?® appear to be of
limited utility for the giant resonance investigations unless
extremely good statistics are obtained. A GOR with a
width of about 5.3 MeV was found at 19.1+1.0 MeV in
an inelastic proton-scattering experiment!® at 800 MeV
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and at 20.5 MeV in *He-scattering studies.!! RPA calcu-
lations'*!>* predict an L =3 resonance of 20.1 MeV
with a width of 5.9 MeV, in good agreement with the
present result. Our result, putting the location of the
GOR peak at about 21 MeV, is in disagreement with the
proton experiment’ at 201 MeV and with the 172-MeV
alpha-scattering results.”® The EWSR depletion of
36+12 % found in the present experiment agrees very well
with the value predicted by RPA calculations.!** The
recent high statistics (a,a’) study'® observes 3~ strength
rather uniformly distributed from about 17 to 35 MeV of
excitation.

Evidence is found for resonance strength at 12.0+0.3
MeV in 2%®Pb. The angular distribution for this peak is
consistent with an L =4 2fiw excitation, with an EWSR
depletion of 8+3%. We have previously used?* the in-
elastic scattering of 200-MeV protons to get an upper lim-
it on the amount of L =4 strength present in the GQR re-
gion of *Zr and '°Sn. The sensitivity of these measure-
ments arises from the fact that where the cross section for
L =2 excitations is at minimum, the cross section for
L =4 excitations is at maximum. Additional inferred evi-
dence for L =4 strength has been obtained from (a,a’)
inelastic scattering”®* and from 115-MeV proton inelas-
tic scattering by **Zr.*®¢ The present result is distinct from
earlier studies in that a definite peak was observed at 12.0
MeV, near the location of the GQR. The location, width,
and strength of this 2#io GHR for 2Pb are in excellent
agreement with recent calculations.'*'® Observation of
the 2#io GHR in nuclei lighter than 2°®Pb will be more
difficult because the width is smallest for the case of lead
and increases as 4 ~2/>. Based only on the present results
for 2°®Pb and on the observation of a similar excitation'®
of the 2%w in 2%Pb, the resonance may be expected to be
located at the systematic energy of 704 ~!/* MeV.

Microscopic calculations predict the existence of a 3fiw
isoscalar dipole mode. According to RPA calculations*’
this T=0, L =1 strength [3#w» compression mode excit-
ed by an operator proportional to 73Y,(2)] should lie be-
tween 23 and 29 MeV of excitation. It was claimed from
the studies with 201-MeV protons® that their data at small
angles were consistent with Coulomb excitation of an
IVGQR mode while their data at larger angles were con-
sistent with an additional ISGDR component. The Saclay
(a,a’) data' were interpreted to support 1~ strength at
higher energies between 26 and 35 MeV of excitation.
Our large angle data are most consistent with the excita-
tion of 3~ strength. We do not rule out the possibility of
other multipole strength being excited at small angles.

Measurements with low energy probes show that for
heavier nuclei the GQR is excited with a strength® suffi-
cient to deplete the corresponding theoretical energy-
weighted sum rule. Similar results were obtained with
higher energy, strongly absorbing probes such as alpha
particles.”® The most important finding of the present
study is that the EWSR depletion for the GQR is in ac-
cord with the lower energy results. This is in sharp
disagreement with the results of other studies with medi-
um energy protons. An anomalous behavior was first re-
ported in a survey experiment in which 156-MeV pro-
tons?S were inelastically scattered by targets from 2’Al to

209Bj. Using a collective DWBA analysis of the GQR
cross sections, the authors of this study reported EWSR
strengths for the heavier targets which were less than
one-half of the low energy values. Our own early experi-
ment?* at TRIUMF with 200-MeV protons reported low
EWSR depletions for the excitation of the GQR in *°Zr
and 'Sn. A similar anomalously low EWSR depletion
for the GQR in 2®Pb was found in the proton scattering
experiments at 104 (Ref. 20) and 201 (Ref. 9) MeV. It
was noted?® that the EWSR strength for excitation of the
GQR in 2®Pb goes from about 70% at low incident pro-
ton energies to about 30% at 200 MeV. It was their ob-
servation that this anomalous behavior was due to the fact
that the more penetrating higher energy protons were not
being properly described by the surface peaked collective
DWBA formalism. The present results, coupled with that
for the GQR at 334 MeV,* lead us to believe that this
anomalous behavior for medium energy protons has
disappeared. The problems with the earlier measurements
were probably due to some combination of difficulties
with absolute normalization, background subtraction, and
inappropriate optical model parameters.

Early on, this purported anomalous behavior of the
EWSR depletion for the GQR stimulated theoretical in-
terest. It was stressed by Madsen et al.*® at the 1982
conference on giant resonance phenomena at Oak Ridge
National Laboratory that the most likely resolution of the
problem was that deformation lengths extracted from a
collective DWBA analysis of higher energy inelastic pro-
ton scattering could no longer be compared directly with a
theoretical sum rule derived assuming a transition opera-
tor of the form rXY5(Q,).

A detailed microscopic calculation of medium energy
proton inelastic scattering was made by Osterfeld et al.’!
As a test of the hadronic transition operator in the collec-
tive DWBA approach, Osterfeld et al. analyzed “data”
with a standard DWBA program for several incident pro-
ton energies up to 156 MeV. The data for this compar-
ison consisted of inelastic cross sections for the excitation
of the 2.614-MeV 3~ state in 28Pb at the various proton
energies calculated using RPA transition densities. Confi-
dence in the validity of this approach using RPA wave
functions stems from the fact that the excitation of giant
resonances arises mainly from a one-body transition
operator. The giant resonance states themselves are
comprised dominantly of 1p-1h components*’ which have
large transition amplitudes for transitions to the ground
state. More complicated 2p-2h components are not ex-
pected®® to contribute much to the reduced transition
probability for the excitation of giant resonances, contri-
buting rather to the spreading width of the state.

Results from the above calculation showed a striking
dependence of B(E3) for the 2.61-MeV state as a function
of incident proton energy. The E3 reduced transition
probability extracted from their “data” with the collective
DWBA program was found to decrease with energy. At
156 MeV B(E3) was down by roughly a factor of 2 from
the low-energy EM value® of 6.11X 10° e? fmS. The con-
clusion was drawn that this shows the impropriety of us-
ing the collective DWBA formalism to extract deforma-
tion parameters for reactions involving deeply penetrating
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TABLE III. Reduced transition probabilities for the 2.614 MeV 3~ state in *%*Pb.

Incident proton energy Deformation length B(E3) BE3)
2 6 5 EM

(MeV) (BR) e’ fm°x 10 B(E3)uy, Ref.
EM 0.790+0.008 6.11+£0.13 1.00 Ref. 34
104 0.67 +0.02¢ 44 0.2 1.401£0.07 Ref. 20
135 0.77 +0.06 5.8 +0.8 1.05+0.15 Ref. 52
156 0.77 +0.06° 5.8 £0.9 1.06+0.17 Ref. 53
200 0.75 £0.03 5.5 £0.4 1.11+0.08 Present work
201 0.57 +0.02¢ 3.2 +0.2¢ 1.89+0.14 Ref. 9
334 0.83 +0.04 6.8 +£0.7 0.91+0.10 Ref. 36
800 0.75510.064 56 £1.0 1.09+0.19 Ref. 10
800 0.825+0.025 6.7 +0.4° 0.92+0.06 Ref. 33

2The variance of the three different results obtained using the different sets of optical parameters was
computed. The uncertainty stated above is equal to this variance.
®An uncertainty is BR of 3% was assumed, corresponding to the authors statement about searches on

optical parameters.

°BR extracted from the author’s fit using a B (E3) equal to 32 W.u.

9BR extracted from the author’s stated B(E3) of 24.1+1.2 W.u.

°The deformation length tabulated was extracted using the average B(E3) from Ref. 9 and Eq. (4).
However, we have also reanalyzed the 201-MeV data by renormalizing the 3~ data by the ratio of our
200-MeV elastic scattering cross sections to those measured at 201 MeV. When this is done and a
DWBA analysis made using our optical parameters, a value of SR =0.77 is obtained.

probes such as medium energy protons.

The present 3~ result at 200 MeV is in disagreement
with the above theoretical analysis. Our value of
(5.5+0.4) X 10° e? fm? calculated from Eq. (4) is in agree-
ment with the EM value of (6.11+0.13)x10° e* fm®
within uncertainty. A more comprehensive discussion of
this topic has been presented elsewhere.’!

In Table III results from a number of medium energy
proton experiments are tabulated. It is seen that, with the
exception of the 104- and 201-MeV results (but see foot-
note e to Table III), deformation lengths extracted with
the DWBA are apparently constant in energy within an
uncertainty of about +5%. The average deformation
length extracted is 0.783+0.15, as compared with the EM
value of 0.790+0.008. We conclude that the collective
DWBA formalism is appropriate for intermediate energy
proton scattering.
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