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Different continuum approaches to giant resonances in Pb with 400-MeV protons
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New ' Pb(p, p') measurements at 400 MeV are reported and analyzed using new approaches to
the continuum in the giant resonance region. These approaches include a phenomenological pro-
cedure, and calculations based on the free surface response function of semi-infinite nuclear matter.
These methods are found to lead to giant resonance parameters which are consistent and in agree-
ment with established results. We interpret this to mean that both approaches provide empirically
consistent representations of the continuum underlying the giant resonances. In addition to the
well-known resonances, evidence of possible 3%co L =5 resonance strength is observed at 18-MeV
excitation accounting for 10+3 %%uo of the energy-weighted sum rule.

I. INTRODUCTION

During the past few years several studies' have
demonstrated the usefulness of inelastic proton scattering
at medium energies for the study of giant resonances.
Features that make these investigations so successful in-
clude clean spectra with large peak-to-continuum ratios
and selectivity to angular momentum transfer. Good
peak-to-continuum ratios and a reliable method of deter-
mining the underlying continuum or background are
necessary to properly extract giant resonance parameters
such as excitation energy, width, and energy-weighted
sum rule (EWSR) fractions. Additionally, medium-
energy inelastic-proton scattering has the advantage that
angular distributions for various L transfers peak at con-
siderably diA'erent angles. This latter feature allows more
certain identification of resonance multipolarity than for
many other probes. ' Collective model distorted-wave
Born approximation (DWBA) calculations on which
these angular distributions are based have recently been
shown to correctly describe the excitation of both the
known giant resonances in Pb, and the well-known
low-lying collective states. "

While the parameters of the lower-lying isoscalar giant
quadrupole (ISGQR), giant monopole (ISGMR), and iso-
vector giant dipole (IVGDR) resonances have been estab-
lished with a variety of hadronic and electromagnetic
probes, the exact multipolarity composition of resonances
in the excitation region above the IVGDR (14 MeV) in

Pb is still uncertain. Measurements' ' made with
172-MeV alpha particles were interpreted as showing evi-
dence of an isoscalar giant octupole (ISGOR) resonance

at 17.5 —18.7 MeV and measurements made with 340- and
480-MeV alpha particles find L = 3 strength in the
18—23-MeV region. ' The 3Acu ISGOR is, however, often
partially obscured in low-energy (a, a') experiments be-
cause of breakup following neutron and proton pickup
reactions. Support for a ISGOR at 17.5. MeV is also
given by a (p,p') experiment performed with 201-MeV
protons. Our own recent (p,p') experiment at 200 MeV
shows a preference for locating the ISGOR at 20.9 MeV.
An experiment with 800-MeV protons reported that the
ISGOR is located near 19.1 MeV, while a 120-MeV
( He, He') measurement' favored an excitation energy
of 20.5 MeV. Evidence for L =—5, 3%co strength in a
broad region around 21 MeV excitation has also been re-
ported' in (a, u') experiments at 340 and 480 MeV. In
this same region evidence for isoscalar giant dipole
(ISGDR) strength, a compressional mode of excitation,
has been reported at 21.3 MeV in 172 MeV alpha-particle
experiments. ' In addition, the isovector quadrupole
(IVGQR) is expected in the same region' of excitation.
The ISGDR and IVGQR cannot be distinguished in

(p,p') measurements at forward angles. The combination
has been observed at 21.5 MeV with 201-MeV protons
and at 22.6-MeV excitation with 800-MeV protons.

The broader resonances in this region, 16—24 MeV in
Pb, are more difficult to recognize, and extraction of

their EWSR strength depends upon the assumed or cal-
culated underlying background. Current progress in
determining the parameters of these interesting giant res-
onances is closely coupled with progress in modeling the
nuclear continuum. The empirical procedure often used
in the past consists of representing the continuum shape

40 246



DIFFERENT CONTINUUM APPROACHES TO GIANT. . . 247

with straight lines or smooth polynomial curves incor-
porating a criterion of "reasonableness. " Difterent
choices of background can, however, lead to quite
difterent resonance parameters, especially the EWSR
fraction. Clearly there is a need for a consistent descrip-
tion of the continuum based on some assumption about
the underlying reaction mechanism.

As a starting point in formulating a model for the con-
tinuum, quasielastic scattering may be assumed to be the
dominant contributing process. The observed kinematics
and analyzing power of the continuum support this view.
From (p,p') measurements' at 200 MeV on Ni, Zr,
and Pb the broad structure underlying the giant reso-
nances is observed to move in excitation energy in accor-
dance with nucleon-nucleon (NN) scattering kinematics,
modified to include a small energy shift. For scattering
angles less than 20', the analyzing power for the continu-
um at the quasifree peak location was observed to be
somewhat less than the free NN values at 200 MeV (Ref.
17), a little larger at 334 MeV (Ref. 18), and nearly the
full NN value at 800 MeV. '- Thus, observations of both
kinematics and analyzing power support the view that
the continuum is dominated by quasifree scattering, at
least for moderate excitation energies and momentum
transfer.

The above interpretation of a single step process in the
continuum led us to develop an improved phenomenolog-
ical procedure. In this procedure the continuum in the
giant resonance region at excitation energies at and below
the quasielastic peak was described by a Gaussian func-
tion, connected smoothly to a fourth-order polynomial
for excitation energies above the quasielastic peak. This
procedure was used successfully in analyzing our 200-
MeV data leading to a value for the ISGQR EWSR
strength in agreement with previous measurements.

Recently, significant progress has been made in analyti-
cally describing the nuclear continuum. Esbensen and
Bertsch have formulated a model for the surface
response of semi-infinite nuclear matter to represent the
smoothed behavior of inclusive (p,p') scattering. Their
calculation is based on a single-step scattering process
that utilizes free NN scattering amplitudes. A detailed
comparison with (p, p') data was made recently by the
same authors ' using both the total response and free
response predictions calculated in slab geometry. A rel-
ativistic model of the continuum has been developed by
Horowitz and Iqbal based on quasielastic scattering and
takes account of medium eAects through the use of the
Dirac equation.

The focus of this paper is to compare the predictions of
these continuum descriptions with inclusive spectra mea-
sured with 400-MeV protons scattered from Pb. The
resulting giant resonance parameters obtained will be
compared along with results from other experiments.
Our objective is to see if these continuum models give an
accurate and consistent description of the background
continuum in the giant resonance region, and if the ex-
tracted giant resonances are also appropriately accounted
for in terms of their known excitation energies, widths,
and EWSR fractions. Additionally, with these continu-
um models we seek a more reliable multipole decornposi-

tion and EWSR fraction determinati. on for less well es-
tablished resonances in the 16—24 MeV region for Pb.

The experimental details of the present measurements
are described in the next section. In Sec. III the surface
response model is outlined. This section also contains a
brief description of the relativistic impulse approximation
approach and a phenomenological procedure for describ-
ing the continuum. The important results are summa-
rized in Sec. IV, while the last section contains our dis-
cussion and conclusions.

II. EXPKRIMKNTAI.

All measurements were performed at TRIUMF (Tri-
Universities Meson Physics Facility). Protons of 400
MeV were extracted from the cyclotron with a beam
current varying between 0.1 —2.0 nA. Particles scattered
from Pb were detected with the upgraded Medium
Resolution Spectrometer (MRS). The MRS has been de-
scribed elsewhere and only a few important features will
be mentioned here.

At the entrance to the spectrometer the scattered parti-
cles pass through a low pressure wire chamber. One im-
portant function of this front-end chamber is to define the
solid angle acceptance of the spectrometer which is of
great value in making reliable cross section determina-
tions. Along with the focal-plane vertical drift chambers
the front-end chamber provides the capability of com-
plete ray tracing back to the target, and consequently
background free event selection. As a result "clean"
spectra free of instrumental background were obtained.
The resolution obtained for this experiment was 230 KeV
(full width at half maximum, FWHF) for a 50 mg/cm Pb
target.

Another important feature of the MRS is its large
momentum acceptance of +10%. The large acceptance
feature is particularly important for studying higher mul-
tipole resonances. For 400-MeV protons, excitation ener-
gies of up to 80 MeV can be studied with one magnet set-
ting. During this experiment emphasis was placed on in-
elastic scattering to low-lying states and to the giant reso-
nance region up to 40 MeV. No analysis was done on the
data above 40 MeV of excitation because of poor statis-
tics.

In all (p,p') experiments elastic scattering measure-
ments play an important role. Elastic data are required
in order to obtain the necessary optical-model parameters
for collective model DWBA calculations. It has been
shown that the transition strengths obtained with the col-
lective model are rather sensitive to the optical-model pa-
rameters used in the DWBA calculations. Fortunately,
at 400 MeV ah extensive set of Pb elastic scattering
cross section and analyzing power data already exists.
This elastic data along with 200 and 300 MeV data were
used in a global search for optical-model parameters. In
the present work we have used the 400-MeV average
geometry potentials of Ref. 9. In order to obtain reliable
cross-section normalizations and as a check of the
scattering angle calibration, the elastic scattering cross
sections measured in the present experiment were com-
pared to those of D. A. Hutcheon et al. This has prov-
en to be the most reliable check of our absolute cross-
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surface response model the double differential cross
section for inelastic proton-nucleus scattering is given in
factorized form by the relation

d~NN

dAdE '
T s dA

-=X,~ T
T, S

S(q, F) .

A detailed description of the three factors contained in
Eq. (1) is given Refs. 20—22. We mention here only some
of the more important features.

The effective number of target nucleons X,& is deter-
mined by Glauber theory for single scattering,

(2)

0 0 ( 2
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FIG. 1. Spectrum of 400-MeV protons scattered from a 'Pb
target at the laboratory angle 10 . The contaminant peak near 1

MeV of excitation was due to scattering from the target frame.
The elastic peak has been prescaled by a factor of 256.

section determinations.
To accumulate inelastic scattering data efficiently it is

necessary to suppress the elastic scattering, especially at
forward angles. This was accomplished by placing an
elastic veto scintillation counter at the appropriate posi-
tion in the focal plane so that it intercepted only elastic
events. As a result an extraneous peak in the 0—2-MeV
range of excitation energy often appears in the spectra,
which corresponds to events in the low-energy tail of the
elastic peak, which sometimes miss the edge of the elastic
veto counter. Beam scattered from the target frame con-
tributes to the low-energy tail. This contribution present-
ed no difficulty for the analysis of the data. Good, clean
inelastic scattering peaks for the resolved low-lying col-
lective states 3 (2.614), 5 (3.198), and 5 (3.709) were
always obtained as exhibited in Fig. 1. In order to check
the spectra for target related problems, runs were oc-
casionally made with only a blank frame in place. The
contaminant was only observed in the 0—2-MeV range.

III. CONTINUUM MODELS

As noted in the Introduction, the continuum back-
ground under giant resonances appears to be dominated
by quasifree scattering. In this study we take the ap-
proach of analyzing the data using three different models
for the continuum, each based on the dominance of
quasifree scattering. The first to be described will be the
surface response model. The second is a relativistic mod-
el and the third a phenomenological approach to the con-
tinuum.

Recently significant progress has been made in the
theoretical description of the nuclear continuum in model
calculations by Bertsch, Scholten, Esbensen, and
Smith. ' ' The calculations are based on the sur-
face response of semi-infinite nuclear rnatter, the free NN
elastic scattering amplitude, and Glauber theory. In the

V(z)=F(z)e (4)

The function F(z) contains the effect of absorption in the
nuclear interior.

The response function has been shown ' to be relative-
ly insensitive to the target or beam energy via the field
F(z). The target dependence is mainly contained in the
factor N,z, whereas the energy dependence is contained
in the differentia1 NN cross section and in X,z though the
total NN cross section.

The value of the total cross section o.
NN that enters

into the Glauber calculation has usually been taken from
the free scattering. However, oN& should be modified to
account for medium effects such as Pauli blocking and re-

where o NN is the total NN cross section and

n(b)= j™dx p„(x +b )' (3)

i e., the number of target nucleons per fm along a
straight-line trajectory at an impact parameter b with
respect to the center of the target nucleus of density pz.
The term in the exponential of Eq. (2) serves as a damp-
ing factor and is related to the mean-free path of a nu-
cleon in the nucleus. Distortions in the scattering are
simulated in this manner. As pointed out in Ref. 21 the
factor n (b ) assumes a straight line trajectory through the
nucleus and hence may not be appropriate for large
scattering angles. In the present application at 400 MeV
we take o NN =27 mb, which gives X,&=15 for a11 angles.
This factor is to be regarded as an overall scaling factor
in the model.

In Eq. (1) dcrNN/dQ represents the free differential
nucleon-nucleon cross section. The representation of
Wallace was utilized, which pertains to free NN scatter-
ing as was the case in Ref. 20.

The surface response function S(q, F. ), which is a func-
tion of the momentum transfer q and the excitation ener-

gy E, is obtained from the Green's function for particle-
hole excitations in semi-infinite nuclear matter. The sur-
face response is generated by an external field chosen to
be consistent with Glauber theory. Detai1s of the
response function calculation can be found in Ref. 20.
The external field contains a plane wave associated with
the z component (perpendicular to the surface of the
semi-infinite slab in the model of Ref. 22) of the momen-
tum transfer q to the incoming proton. It has the form
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sidual particle-hole interactions. The free surface
response corresponds to neglecting the residual interac-
tions, and has been shown to be a reasonable approxima-
tion for the study of the nuclear continuum with
300—800-MeV protons. '

A relativistic version of the continuum calculations has
been developed by Horowitz and Iqbal based on the
Dirac equation. In those calculations o NN(8) is modified
to include the enhancement of the lower components of
the Dirac wave function in the nuclear medium which
may be characterized by the introduction of an effective
mass M' which depends on the nuclear density. For

Pb, those authors calculated M* to be about 0.83M.
The nuclear response was calculated using a Fermi gas
approximation.

A phenomenological approach to the continuum has
been developed from our previous experience analyzing
the 200-MeV data on Pb. In this analysis the low-
energy portion of the continuum was described by a
Gaussian whose centroid excitation energy is given by
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The term in brackets corresponds to the energy of the
outgoing proton. In the above equation To is the kinetic
energy of the incident proton, Vo is the average nuclear
well depth, 20 MeV in this case, and 8 is a nuclear bind-
ing term, 9 MeV in this case. In the present analysis a
slightly modified Gaussian formula

—(E—F. ) /A,

was used which includes a low excitation energy cutoff
factor. The cutoff factor simulates the effects of Pauli
blocking and Fermi averaging. The parameter 0:=—„'

MeV in the cutoff factor was chosen to give a reasonable
fall off at low excitation energy. The width of the Gauss-
ian was chosen to give a reasonable fit for the continuum
in the giant resonance region, and, as was observed at
200 MeV, it increases with scattering angle. The back-
ground at excitations above the centroid was described by
a fourth-order polynomial drawn smoothly through the
data. The quantity Xo is the value of the polynomial fit
at the quasielastic centroid. We emphasize that the pro-
cedure of using a Gaussian connected to a polynomial
does not depend solely upon the quasielastic scattering
hypothesis, but is simply an empirical approach to fitting
the observed spectra.

IV. RESULTS AND ANALYSIS

0 P4 I I I I I I I I I I ) I I l I I l

0 10 20 50
EXCITATION ENERGY (MeV)

40

FIG. 2. Spectra of 400-MeV protons scattered from a 'Pb
target at laboratory angles 6' and 10'. The background curve
corresponds to a Gaussian plus polynomial approach to the
continuum. A multipole decomposition of the giant resonance
region has been made and the position and multipolarity of the
various components labeled. The composite curve of all com-
ponents was constrained to fit the data.

MeV (Ref. 7) and 334 MeV (Ref. 9) is again seen at 12.0
MeV. As was the case at 200 MeV the width of the
Gaussian is slightly broader for larger angles. In fitting
the excitation region below 15 MeV it was assumed that
only the four modes mentioned contribute significantly.
Their resonance energies Fz and widths I z were then
chosen to be consistent with previous studies ' and the
strength of the various modes were allowed to vary to
give the best overall fit to the measured spectra. The res-
onance parameters are summarized in Table I. From Fig.
2 it is seen that the giant resonance region up to about 15
MeV is adequately described with the above-mentioned
resonant components.

The angular distribution for the ISGQR is shown in
Fig. 3. The theoretical angular distribution curve shown

Representative fits of the measured 400-MeV spectra at
6' and 10 using the Gaussian plus polynomial back-
ground prescription of Eq. (6) are shown in Fig. 2. The
fits show the multipolarity decomposition of the giant
resonance region. The 6 spectrum is dominated by the
well-studied ISGQR at 10.6 MeV and the unresolved
ISGMR and IVGDR at 14.0 MeV. The 2%co hexade-
capole resonance (ISGHR) previously observed at 200

2
4
3
5

Z, (MeV) I & (Mev) EWSR I%%uo)

ISGQR
ISGHR
ISGOR

10.6
12.0
20.9
18.0

2.2
2.4
6.0
S.O

60+ 12
12+3
17+4
10+3

TABLE I. Values of the 400-Mev resonance parameters.
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here, and for all subsequent figures were obtained using
EcES79. A first-order vibrational model was used in the
collective DWBA calculations, the same as in our previ-
ous work. ' '" The transition potential comes from the
distortion of the five separate terms of the optical poten-
tial (real, imaginary, real spin-orbit, imaginary spin-orbit,
and Coulomb). The magnitude of the cross section is
determined by the square of the deformation length, 13R,
used in the calculation. Each of the five terms of the op-

tical potential has a deformation length associated with
it: (&LRR PLRI ~L RSO i3L Rtso l4Rc)
R =r„A' with r being the appropriate radius for
each of the five terms. In our calculations all of the de-
formation lengths were set to the same value. The sum
rule limit (100% of the EWSR fraction) for giant reso-
nances of angular momentum transfer L, ~ 2 corre-
sponds to

2II1 m L(2L+1)
3m AE„

(7)
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t
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The ratio of the experimental cross section to the 100%
D%'BA cross section, obtained using the deformation
length of Eq. (7) gives the sum-rule fraction.

An EWSR fraction of (60+12%) is found for the
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FICx. 3. Angular distributions of the ISCxQR at 10.6-MeV,
ISGHR at 12.0-MeV, and L =5 resonance at 18.0-MeV excita-
tion for 400-MeV protons. The Gaussian plus polynomial ap-
proach was used for the background. The solid curves are
DWBA predictions for the percent of EWSR strengths as la-
beled.

FIG. 4. Spectra of 200-MeV protons scattered from a Pb
target at laboratory angles of 5', 11', and 15 . The background
curve corresponds to a Gaussian plus polynomial approach to
the continuum. A multiple decomposition of the giant reso-
nance region has been made and the position of the various mul-
tipole components labeled. The composite curve of all com-
ponents was constrained to fit the data.
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ISGQR using the Gaussian plus polynomial background
subtraction method. This agrees well with our previous
results at 200 MeV (65+15%) and 334 MeV (70+14%).
The result at 200 MeV was obtained using the Gaussian
plus polynomial model to describe the continuum, while
the high resolution data obtained at 334 MeV were ana-
lyzed by drawing in a reasonable estimate of the back-
ground.

Figure 3 also shows the angular distribution for the
ISGHR resonance. An EWSR fraction of (12+3%) is
found, again in excellent agreement with the 200-MeV re-
sult of 8+3% and the 334-MeV result of 10+3%.

As outlined in the introduction the exact multipolarity
composition of the resonance structure in the excitation
region from 15 to 25 MeV is more controversial and re-
quires careful study. Contributions to this region may
arise from the previously suggested ISGOR, 3A~ L =5
resonance, ISGDR, IVGQR as well as other high mul-
tipole resonance strength. Our earlier analysis of the
200-MeV data places the ISGOR at 20.9 MeV with a
width of 5.9 MeV. The ISGDR and IVGQR would only
be expected to be observed at very forward angles be-
cause they are only weakly excited by the nuclear poten-
tial, but are much more strongly excited by Coulomb ex-
citation. In the present experiment the 15—25-MeV re-
gion of the spectra in Fig. 2 were best fit by including a
peak at 18 MeV, with a width of 5 MeV, in addition to
the ISGOR. The fits to the spectra are improved at all
angles with the inclusion of this peak. In the fitting pro-
cedure the parameters E~ =20.9 MeV and I ~ =6.0 MeV
for the ISGOR were taken from previous studies. The
resonance location of E~ =18.0 MeV is assumed and all

other quantities are allowed to vary to obtain the best
overall fit to the measured spectra. The angular distribu-
tion of the 18-MeV resonance is shown in Fig. 3. The
data are best fit by an L =5 angular distribution which
accounts for 10+3% of the EWSR.

The 200-MeV data have been reanalyzed with the in-
clusion of the 18-MeV resonance and the ISGDR or
IVGQR at 22 MeV. Representative spectra and the giant
resonance multipolarity decompositions are shown in
Fig. 4. The Gaussian plus polynomial approach was uti-
lized to represent the continuum and the same fitting pro-
cedure followed as described above. The ISGDR (or
IVGQR) is observed prominently only in the most for-
ward 5 degree spectrum. The sum-rule fraction based on
this one angle is 80+20%. The L =5 and L =3 ISGOR
angular distributions are shown in Fig. 5. The EWSR
fractions shown for these resonances are consistent with
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10 I
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FIG. 5. Angular distributions of the L =5 at 18.0 MeV and
L =3 ISGOR at 20.9-MeV excitation for 200-MeV protons. The
Gaussian plus polynomial approach was used for the back-
ground. The solid curves are DWBA predictions for the per-
cent of EWSR strengths as labeled.

L=1 L=5 L= 5
I l I I I i I l I l I l I l I I I I I
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FIG. 6. Composite angular distribution of the 15—25-MeV
excitation energy region for two experiments at 200-MeV. The
open-square data points refer to Ref. 4 and the crosses refer to
Ref. 7. The solid curve is the DWBA prediction for a weighted
mixture of L values. The angles at which the various L-value
components have their maxima are indicated by arrows in the
figure.
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Angle

6
80

10'
12'
14'

Normalization

.80
1.13
1.03
.95

1.3

TABLE II. Values by which the free-surface response calcu-
lations are renormalized.

between the earlier analysis (based on L =3 only) of the
200-MeV data and the analysis (based on L=1 plus
L =3) of an experiment at 201 MeV is removed. The
agreement is illustrated in the composite plot of Fig. 6,
which shows the angular distribution of the integrated
15—25-MeV strength (as discussed in Ref. 7, Table III).
The results of the 201-MeV experiment (renormalized),
including both 17.5 and 21.5 structures, are shown to-
gether with the 200-MeV data. The calculated 0%'BA
cross section shown corresponds to the combination of I.

those observed at 400 MeV. By including the 18-MeV
resonance in our analysis an EWSR strength of 20+7%
is found for the ISGOR, which is to be compared with
36+12%%uo reported in our earlier analysis.

With the inclusion of three multipole components
I =1, 3, and 5 in the 15—25-MeV region the ambiguity
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FIG. 7. Spectra of 400-MeV protons scattered from a 'Pb
target at laboratory angles 6', 8, and 10'. The background
curve corresponds to the semi-infinite slab model [Bertsch,
Scholten, and Esbensen (BSE)]approach to the continuum. The
same multipole decomposition of the giant resonance region
was made as in Fig. 1.

FICx. 8. Angular distributions of the ISGQR at 10.6-MeV,
ISGHR at 12.0-MeV, L =5 at 18.0-MeV and ISGOR at 20.9-
MeV excitation for 400-MeV protons. The semi-infinite slab
model approach (BSE) was used for the background. The solid
curves are DWBA predictions for the percent of EWSR
strengths as labeled.
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values and EWSR weighting determined from the new
200- and 400-MeV analyses presented above. It may be
seen that the data in the 15—25-MeV region from the two
experiments are now in agreement within uncertainty as
well as with the combined DWBA prediction.

Our 400-MeV data have also been analyzed using the
predictions of the surface response model for the con-
tinuum. The actual calculations were done with a pro-
gram using the nuclear free response approximation in a
slab geometry. The continuum predictions and the ex-
tracted resonance peaks are presented in Fig. 7. The con-
tinuum predictions were adjusted to the actual data to
give a reasonable representation of the high excitation re-
gion. The required normalization factors are presented in
Table II. With these empirical renormalizations the
shape and magnitude of the continuum are well-described
by the model for 400-MeV incident protons.

The same fitting procedure and multipole decomposi-
tion of the noncontinuum component are utilized in Fig.
7 for the giant resonance region as was used in Fig. 2.
The resonance parameter summary of Table I is again ap-
propriate. Figure 8 shows the resulting angular distribu-
tions. For the ISCxgR, an EWSR fraction of 60+12% is

found, exactly the same as obtained from the Gaussian
plus polynomial continuum analysis. The ISGHR
strength of 12+3 % of the EWSR is also the same as was
found from the phenomenological analysis. As with the
phenomenological approach the 12' and 14' points of the
ISGHR angular distribution are higher than the calcula-
tion for an L =4 transfer. This may suggest the presence
of 2Aco L =6 strength near 12 MeV excitation as has been
mentioned by Morsch et al. ' For 400-MeV protons an
L =6 resonance has its first maximum near 12 . Howev-
er, larger angle data with good statistics are needed in or-
der to confirm this suggestion.

Figure 8 also shows the angular distribution for the
resonance at 18 MeV which is most prominent in the 10'
spectra of Fig. 7. This resonance is again described well
by an L=5 angular momentum transfer. The corre-
sponding EWSR agrees within uncertainty with the value
found from the phenomenological approach. Figure 8
also shows the angular distribution for the 3Acu ISGOR
resonance at 20.9 MeV which accounts for 17+4% of
the EWSR.

Relativistic impulse approximation predictions for
the continuum are compared to those of the free-surface
response and to representative 400-MeV Pb data in
Fig. 9. The two continuum calculations agree with each
other and with the data only at large scattering angles.
At smaller angles the relativistic predictions are not in
such good agreement with the data, which is probably
due to the approximation of using a Fermi-gas response
function in the relativistic calculations. Improvements in
the Dirac calculation may be expected by explicitly tak-
ing the nuclear surface into account.

V. DISCUSSION AND CONCLUSIONS
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FIG. 9. Spectra of 400-MeV protons scattered from Pb at
laboratory angles 6' and 14 compared to calculated continuum
cross sections. The solid curve corresponds to the semi-infinite
slab model (BSE) of Bertsch, Scholten, and Esbensen and the
solid-square points are the predictions of the Dirac based model
of Horowitz and Iqbal.

Two diferent methods have been used to model the un-
derlying continuum in the giant resonance region. One
empirical method uses a Gaussian shape to describe the
excitation energy region at and below the empirically
determined maximum in the data. ' This method has
previously been employed successfully in a Pb(p, p')
study with 200-MeV protons. Analysis of our 400-MeV
data using the phenomenological continuum description
resulted in EWSR depletions for the established giant res-
onances which are in substantial agreement with our ear-
lier results measured at 200 and 334 MeV.

The second method used to describe the continuum is
based on the free-surface response of semi-infinite nuclear
matter as developed by Bertsch, Esbensen, Scholten,
and Smith. Good fits were obtained for the new 400-
MeV continuum spectra. The giant resonance parame-
ters obtained using the semi-infinite slab model are essen-
tially the same as those obtained with the empirical
Gaussian plus polynomial background approach. Hence,
both methods work equally well in modeling the continu-
um at least so far as studies of the giant resonance region
are concerned.

The results obtained here for the giant resonance pa-
rameters using both background procedures agree very
well with published values from other experiments.
Specifically, both methods find an EWSR fraction of
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60+12% for the ISGQR. This value is to be compared
with 65+15% obtained at 200 MeV, 70+14% at 334
MeV, and 47+7% at 800 MeV.

Since both approaches to the background continuum
lead to the same EWSR fractions for the prominent giant
resonances, which are in good agreement with previous
work at other energies, the results justify confidence in
these methods of describing the underlying continuum in
the giant resonance region. The theoretical approach
based on the surface response might be preferred since it
is a model calculation based on fundamental NN scatter-
ing and is less subject to individual subjective preferences.
The good agreement for resulting EWSR fractions also
reinforces some earlier work demonstrating the reliability
of the DWBA collective model formalism for describing
inelastic proton scattering to low-lying collective states at
intermediate energies. "' ' '

As noted above the calculated continuum spectra of
Fig. 7 have been renormalized to obtain the best fit to the
data at high excitations above the giant resonances. It
was found that it is not possible to fit the spectra at all
angles with the same renormalization factor. The need
for such a renormalization has been suggested by the
work of Esbensen and Bertsch ' in fitting inclusive (p,p')
spectra in the 300—500-Me V range. Several factors
which have not been completely incorporated into the
free-surface response model may contribute to this need
for renormalization. Medium modifications of Pauli
blocking and residual particle-hole interactions can modi-
fy the total cross section oNN in Eq. (2) and the elastic
differential cross section dcrNN/dO in Eq. (1). For all of
the angles studied here, only Pauli blocking effects on
o.~~ have been included, otherwise the free values have
been used. The effect of Pauli blocking on o.

NN has been
investigated by Esbensen and Bertsch ' ' in a local Fermi
gas model. It was found to decrease the value of o.&N
from the free value, thereby enhancing the calculated
continuum cross section of Eq. (1) by about 20% when
residual interactions are neglected. The effect of includ-
ing residual interactions is to increase o.

NN and decrease
the prediction of Eq. (1) by a smaller amount. The es-
timated effect of including residual interactions would
thus be opposite to Pauli blocking effects at 400 MeV and
hence partially offsetting. These conclusions are based on
the use of a local Fermi gas approximation for the surface
response function in calculating o.N~. These medium
corrections should also be made to the interaction
do. NN/dB between the projectile and the nucleons in the
target nucleus. The yield from Eq. (1) is expected ' ' to

decrease only slightly at large momentum transfers as a
result.

An additional likely explanation for the need to renor-
malize Eq. (1) lies in the approximations made in calcu-
lating X,tr, since it scales d o jdQ dE. The straight line
trajectory assumption may not be valid for larger angles.
Also, the quantity n(b )o NN in the exponential of Eq. (2),
which is related to the mean-free path, could also depend
on the momentum transfer. Above all, the parametriza-
tion of the number of target nucleons per unit volume in
the slab as independent of momentum transfer may also
not be completely reliable. These considerations imply
that X,z may change with angle, and that it should in
fact be considered a variable parameter.

The present application of the model uses only single-
step scattering. For the higher excitation energies, and
especially for the larger angles, multistep scattering be-
comes important. Esbensen and Bertsch have estimated
that the contributions of double scattering, for the
momentum transfers and excitation energies we have
studied, give a 10—20%%uo enhancement to the cross sec-
tion. All the renormalization factors listed in Table II
fall within the range of the above mentioned possible
corrections.

Finally, we find the interesting possibility of a
3Acu, L =5 resonance located at 18 MeV with a width of
5 MeV which exhausts 10+3% of the EWSR. The cal-
culation of Serr, Bortignon, and Broglia, based on
theoretical strength functions, indicate that a 3Aco L =5
resonance exhausting 12% of the EQSR should be ex-
pected near 20-MeV excitation. Experimental evidence
for an L =5 resonance between 16- and 26-MeV excita-
tion has also been observed by Bonin et al. ' in (a, a')
scattering. The EWSR fraction found in the alpha-
particle experiments was 26+20 % for 340-MeV and
16+9 % for 480-MeV alpha particles.
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