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Differential cross section measurements have been made for 250 MeV proton inelastic scattering
from 2%Si. Hadronic deformation lengths for the states at 1.78 (27), 4.62 (4%), 6.8 (3 and 4%), 9.70
(57), and 10.2 MeV (37) have been extracted using a first-order vibration model distorted-wave
Born approximation description. Deformation lengths for the 2% and 4* states are found to be in-
dependent of proton energy from 40 to 500 MeV. Cross sections for the excitation of the giant reso-
nance region are found to be highly fragmented between 16 to 25 MeV. This region of excitation is
found to contain an energy weighted sum rule depletion of 70% for the isovector giant dipole reso-
nance, 26% for the isoscalar giant quadrupole resonance, and 5% for the isoscalar hexadecapole
resonance. No structure was observed in the inelastic continuum region of 25 to 45 MeV of excita-

tion energy.

I. INTRODUCTION

Giant resonance studies with intermediate energy pro-
tons have mainly concentrated on nuclei with
A >40."71° In such nuclei the excitation energy region
near 63 A ~!/> MeV is generally dominated by a single
large structure, containing the isoscalar (AT =0) giant
quadrupole resonance (ISGQR), the isoscalar giant hexa-
decapole resonance (ISGHR), and the isovector (AT =1)
giant dipole resonance (IVGDR) which is nearly degen-
erate in energy with the isoscalar giant monopole reso-
nance (ISGMR). In order to understand this region of
excitation energy, it is necessary to utilize results from
the investigations with several different probes in order to
decompose the complicated giant resonance (GR) spec-
trum. Photonuclear measurements clearly define the ex-
citation energy, width, and sum rule depletion of the
IVGDR, while inelastic alpha scattering selectively ex-
cites the ISGQR and ISGMR. For the higher multipole
GR'’s the selectivity of intermediate energy protons to
identify the various angular momentum transfers is need-
ed.*~!! Utilization of such a variety of probes has led to a
good understanding of the GR region in heavier nuclei.

In lighter nuclei the giant resonance strength is found
to be highly fragmented. Consequently, identifying the
various GR’s in lighter nuclei is much more difficult.
This has resulted in substantial disagreement between
various studies.
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Early inelastic scattering studies of the GR region in
288i with incident protons of 61 MeV suggested that no
more than 30% of the ISGQR energy weighted sum rule
(EWSR) was depleted, with the IVGDR exhausting
~40% of its sum rule.'”> A reanalysis!> of this data
which included a comparison with 120 MeV (a,a’) data
concluded that the GR region contained little IVGDR
strength excited by (p,p’) but instead contained ISGMR
strength. This conclusion was based upon the premise
that the (p,p’) data should contain both isovector and
isoscalar strength while the (a,a’) data should only con-
tain isoscalar strength. Differences between the spectra
would then be attributable to isovector excitations. The
fact that there was essentially no difference between the
(p,p’) and the (a,a’) spectra led to authors of Ref. 13 to
conclude that the region contained little IVGDR
strength which was excited by inelastic proton scattering.

A study of the (n,p) reaction!* performed at 59.6 MeV
reported a broad structure in the continuum near 20
MeV of excitation energy. The angular distribution for
this peak could be described by an L =1 angular momen-
tum transfer. Hence, it was identified as the analog of the
IVGDR in 88i, which exhausted 88+18 % of the EWSR.

A study using 129 MeV alpha particle inelastic scatter-
ing on targets ranging from '2C to 2%®Pb and angles of
0°< 6, <8, showed no evidence for the excitation of the
ISGMR in nuclei with 4 <58.' Another group using
120 MeV alpha particles reported'® a sum rule depletion
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of 4.5% for the ISGMR in 23Si, in the region of 14-25
MeV. In the latter experiment the smallest scattering an-
gle attainable was 6°, which severely limited their ability
to distinguish between the ISGMR and ISGQR. In a re-
cent (a,a’) study at 129 MeV it was reported'’ that
66120 % of the EWSR for the ISGMR was depleted in a
region centered at 17.9 MeV with a width of 4.8 MeV.

An experiment using 115 MeV protons’ reported that
the GR region contained both IVGDR and ISGMR
strength. In this analysis, the IVGDR strength was fixed
at 60% of the EWSR in accordance with photonuclear
studies. In fitting the cross section for the region of
15.7-24.1 MeV a sum of angular momentum transfers of
L =0, 1,2, and 4 was used. This work reported 34113 %
of the EWSR for the ISGMR in the region noted. In
summary, the relative strengths of the ISGMR and
IVGDR in 2Si are not well established.

The magnitude and, to a lesser extent, the shape of the
angular distribution for the IVGDR excited in the (p,p’)
reaction are sensitive to the strength of the isovector po-
tential V. The correct value of V' to be used is not well
established. Values ranging from 2 to 25 MeV have been
used in the analysis® of the excitation of the IVGDR in
inelastic proton scattering.

There is considerably better agreement on the location
and strength of the ISGQR. The strength is found to be
distributed over an excitation region of 16—-24 MeV.
Different experiments> %17 yield an EWSR depletion be-
tween 19 and 34 %. Variations of the reported strength
of the ISGQR may arise from difficulties in establishing
the strengths of the ISGMR and IVGDR excitations.

There is little information pertaining to giant reso-
nance strength with multipolarity higher than two in sd-
shell nuclei. The 3#iw L =3 giant octupole resonance
(ISGOR) has been observed in many nuclei for
A >40.236810 Ag js the case for the ISGQR in 2Si the
ISGOR may also be fragmented. However, being a 3fiw
excitation the ISGOR would likely be located at a higher
excitation energy than the IVGDR, ISGMR, and
ISGQR. No evidence for this higher lying L =3 reso-
nance in 28Si was found in the previous (a,a’) and (p,p")
experiments. The excitation of the 2#iw isoscalar giant
hexadecapole resonance (ISGHR) has been directly ob-
served in 2%%2%Pb (Refs. 6, 8, and 10) and is expected to
be present in other nuclei. Being a 27w excitation, the
ISGHR is expected to be nearly degenerate in energy
with the ISGQR. Intermediate energy protons with their
excellent selectivity to angular momentum transfer have
proven to be good probes in also searching for high mul-
tipolarity giant resonances. This can be seen from Fig. 1
which shows the angular distributions for L =0-5 natu-
ral parity states in 2%Si which exhaust 100% of their
EWSR. Except for L =0, the first maximum for each
distribution provides a unique signature for each momen-
tum transfer. This is not the case for most other probes.
An interesting feature to be noted in Fig. 1 is the magni-
tude of the cross section for the ISGMR. Like the
IVGDR, the angular distribution of the ISGMR (as cal-
culated in “version I of Satchler) is peaked at smaller
scattering angles. However, its cross section at small an-
gles is only about 15% of the IVGDR, hence, with com-
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FIG. 1. Angular distribution for the L =0-5 giant reso-
nances exhausting 100% of their EWSR in 28Si excited by 250
MeV protons.

parable EWSR depletions, it would be difficult to distin-
guish the ISGMR from the IVGDR. Furthermore, the
second diffraction maximum for the ISGMR occurs at
the same angle as the first maximum of the ISGQR and
in this angle range the L =2 cross section is nearly a fac-
tor of ten larger than that for L =0 (both for 100%
EWSR depletion). For these reasons inelastic scattering
of intermediate energy protons is not an appropriate re-
action to use to uniquely identify the ISGMR strength
distribution.

We also report on elastic scattering and the inelastic
excitation of low-lying collective states, an extension of
work we have previously reported for 2°Pb (Refs. 18 and
19) and *°Ca.?° In our previous works it was shown that
the hadronic deformation length 8, =/, R extracted in a
collective model - distorted-wave Born approximation
(DWBA) analysis was independent of the incident proton
energy up to 800 MeV, in agreement with results for
12¢,2! and ''%1248n.22 The fact that deformation lengths
are constant with energy allows the extraction of precise
ratios of neutron to proton multipole matrix elements
M, /M, using the average deformation length. Accurate

values of M, /M, are important for nuclear structure cal-
culations.?*

II. EXPERIMENT

The experiment was performed at TRIUMF (Tri-
Universities Meson Facility) using the upgraded Medium
Resolution Spectrometer Facility (MRS). The incident
proton beam had an energy of 250 MeV and the intensity
varied from 0.1 to 2 nA depending upon the spectrometer
angle setting. The beam current was measured using a
Faraday cup located inside the scattering chamber. The
target was made of natural silicon and had a thickness of
36.3 mg/cm?. The MRS has been described in detail else-
where.51?
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Measurements for the excitation of the giant resonance
region were made at laboratory angles of 6, 10, 13, 17, 21,
and 25 degrees. An overall energy resolution of ~150
keV (FWHM) was obtained at all angles.

Two checks of the absolute cross section normaliza-
tions were made. The elastic scattering cross sections
were compared with those from another recent study of
elastic scattering on 28Si at 200, 250, and 400 MeV.?* Re-
sults from the two measurements were found to agree
within +10%, after applying an angle shift correction of
0.25° to the present experiment. We have also measured
elastic proton scattering from a CH, target at angles of
10, 13, 17, and 21 deg. Our measured cross sections for
elastic scattering from hydrogen agree with calculations
using a phase shift parametrization®® to within +8%. We
assign an uncertainty of 10% to our absolute normaliza-
tion.

III. DATA AND RESULTS

A. Elastic and low-lying collective states

Hadronic deformation lengths obtained in the collec-
tive model DWBA analysis are sensitive to the values of
the optical model parameters (OMP) that are used.!°
Thus, precise and extensive elastic scattering cross sec-
tions and analyzing power [ 4,(6)] data are needed. In
the present experiment, elastic cross sections data to 42°
were obtained. Since the data of Ref. 24 are more exten-
sive than ours in that they also contain analyzing powers,
they were fitted in order to deduce optical model parame-
ters. These parameters were then used as a starting point
in fitting our data. Only minor changes to the imaginary
and real spin-orbit radii were needed in order to fit our
elastic scattering data. Figure 2 shows the fit to our elas-
tic scattering angular distribution obtained using the
code ECIS79 (Ref. 26) and the deduced parameters are list-
ed in Table I.

Measured angular distributions for some of the well
known low-lying collective states in 28Si are shown in Fig.
3. The solid curves show calculations using the OMP
tabulated in Table I. Good comparisons between the
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FIG. 2. Differential cross section for the elastic scattering of
250 MeV protons from 2*Si. The curve is an optical model fit
using ECIS79 with parameters from Table I.
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TABLE 1. Optical model parameters for 250 MeV 2Si(p,p)
elastic scattering.

Vg =8.081 MeV

rg=1.373 fm
agp=0.741 fm
V;=26.853 MeV
r;=1.05 fm
a;=0.664 fm
Vrso=3.668 MeV
rrso =0.900 fm

dRrso =0.595 fm

Viso = —3.660 MeV
riso= 0.929 fm
a0 = 0.623 fm

r.=12 fm

data and calculations are obtained for the five angular
distributions shown.

In a collective vibrational model the only normaliza-
tion parameter is the hadronic deformation length; the
cross sections scale as (8,)%. A first order vibrational
model was used to analyze these states since it will be the
model applied in the analysis of the giant resonances. All
calculations were performed with ECIS79, and the five de-
formation lengths of the transition potential (B, R,
BLR;, BLRgso» BLR1so» BLR¢, where RSO and ISO are
the real and imaginary spin orbit terms) were set equal to
each other. For each calculated angular distribution on
Fig. 3 the hadronic deformation length &5 =B, R used to
normalize the calculation is given.

In the analysis of the peak observed at 6.8 MeV we uti-
lized the fact that there is a well known 37, 4% doublet at
6.878 and 6.888 MeV, respectively. Since these states
could not be resolved experimentally, their calculated
cross sections were added incoherently and the deforma-
tion lengths adjusted to give a “best fit” to the data.

In our collective model analysis, the reduced transition
probabilities B(EL)1’s were calculated from the extract-
ed hadronic deformation lengths, 8. For a transition
which is of a “pure” isoscalar character one can relate
the B(EL)1 to the 64 by the relation
2

3Z | (5, 2RL -2 )

B(EL)t= o

where a uniform charge distribution is assumed. We take
the radius R to be R =1.24'/3, This B(EL)1 can then
be compared with values from electromagnetic data.

For the 2%, 1.78 MeV state we obtain 65 =1.18%+0.12
fm which corresponds to B(E2)1 =206+45 e’ fm*. This
can be compared with the value from electron scattering
of B(E2)1=337%30 e’fm*.?” We have done an indepen-
dent fit to the angular distributions for the 27 state at
proton energies of 135, 250, and 500 MeV using ECIS79 in
order to ensure a consistent analysis across this energy
range. Plotted on Fig. 4 are values of the hadronic defor-
mation lengths determined from proton inelastic scatter-
ing measurements for the 2%, 1.78 MeV, and 4%, 4.62
MeV states.?®. Within the uncertainties, the data suggest
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that the deformation lengths for the 21 and 4% states are
independent of incident proton energy except for the 115
MeV point for the 2% state. This is in good agreement
with similar findings reported in earlier works.'3~22 The
average for the 27 state excluding the 115 MeV point is
8,;=1.26+0.08 fm which yields B(E2)1=235%31
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FIG. 3. Differential cross sections for various states in 2*Si.

The deformation lengths extracted are shown for each state, the
dimensions are in fermis.
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e’fm®. This is significantly lower than the B(E2)1 value
reported from electron scattering.

The deformation lengths can be related to multipole
matrix elements.”*> The multipole matrix element is
defined as

)= J et dr )

where p{’,’"(r) is the transition density for protons, neu-

trons, and A is the angular momentum transfer. In the
collective model the transition density is given by
U,
p{’;“(r)=8p,n—a:p— , (3)
which leads to!®
M, N || 6a
M, Z S,
) 8
| Mi|oe, __Z On @)
Z |8, " busbEN |5,

where (b} /bP) is the ratio of the neutron to proton
force.”* The parameter 8, is the electromagnetic defor-
mation length deduced from the expression:

2

B(EL)Tﬁ , (5)
where the moments (r*~!) come from charge distribu-
tions?® and the B(EL)! is from electron scattering.
From Eq. (4), it is seen that SH;ASP implies M, /M, does
not equal the collective value (N /Z) which means that
8,78,. Using Eq. (4) with a neutron to proton force ratio
of one, we find for the 2% state that M,/M =0.85
+0.09(N /2Z), for 65=1.261+0.08 fm, and
8,=1.3610.05 fm. This implies that for the 27 state the
transition densities for the neutrons and protons are
different. However, 71 /7~ inelastic scattering data
which can also be used to determine M,/M, leads to
quite a different conclusion. With 162 MeV pions Olmer

41T

2
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20 | T w T T
2% 178 MeV
1.6 — _
IR TR S T
I
&
0.8 ]
¢
oal ¥ ¢ 3 v
4% 4.62 Mev
0 | | | | |
0 100 200 300 400 500 600

FROTON ENERGY (MeV)
FIG. 4. Values for the deformation lengths extracted for the
2% 1.78 and 471 4.62 MeV states as a function of incident proton
energy. The references for each energy is given in Ref. 28.
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8,;=1.47£0.06 fm (7~) for the 2% 1.78 MeV state,
when the data were analyzed using an impulse approxi-
mation with the same transition density as used here in
the  proton  analysis. Their  result implies
M, /M,=(N/Z). In taking into account the uncertainty
in both 7% and 7~ measurements there is a marginal
agreement between the proton data and the results of
Ref. 30. From scattering with 50 MeV pions, Wienands
et al.’' found M,/M_,=1.13+0.09. Clearly there is a
discrepancy between the proton and the lower energy
pion results. Experiments with other probes, ranging
from alphas to '°0,'%32 yield deformation lengths which
are in excellent agreement with that found in proton
scattering.

B. Giant resonance region

Data shown in Fig. 5 were obtained on 2%Si at six an-
gles covering an excitation energy up to 45 MeV. In pre-
vious studies® %1617 of this nucleus the giant resonance
region has been defined as starting near 15 MeV and con-
tinuing upward in excitation energy. All of the previous
experiments covered an excitation region extending up to
30-35 MeV. Our results confirm earlier studies which
found no significant structure beyond 25 MeV. Figure 5
shows that the GR region exhibits considerable structure
which changes from angle to angle indicating the pres-
ence of several multipolarities. Similar structure of the
GR region has been observed in all nuclei studied with
A <40.%

A particular concern in all giant resonance studies is
how to define the continuum which underlies the reso-
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FIG. 5. Spectra for all of the angles studied which used the
full momentum acceptance of the MRS. The curve drawn for
each angle comes from the phenomenological model for quasi-
free scattering as mentioned in the text.
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nance region. Considerable progress has been made in
trying to understand the reaction mechanisms that are re-
sponsible for the inelastic continuum. One suggestion is
that the continuum arises from quasifree single step
nucleon-nucleon scattering.®3#3° In Refs. 8 and 34 a
completely phenomenological approach was used in or-
der to describe this quasifree process. The continuum
was fitted with a function of the form
2

N(E)=Nge F7F M _e-aky 6)
for excitations at and below that of the quasifree peak.
The parameter N is the maximum height in cross sec-
tion for a Gaussian whose centroid E is determined as
that point where the slope of the continuum is zero. The
parameter A which is used to simulate the Fermi motion
of the struck nucleons? is interpreted as the width of the
Gaussian and is determined so that the curve fits the data
at each angle. The parameter « is a cutoff factor applied
so that the continuum curve will go to zero at a predeter-
mined excitation energy, usually the neutron separation
energy. For excitation energies above that for quasifree
scattering Eq. (6) is connected to a fourth order polyno-
mial. The use of this formalism to simulate the continu-
um shape and magnitude has been supported by recent
Monte Carlo calculations.*®

The above phenomenological procedure was used to
draw the curves through the data in Fig. 5. Attempts
were also made to fit the continuum using the free
response of a semi-infinite slab approach of Bertsch,
Scholten, and Esbensen.’”3® This model was unable to
reproduce the continuum part of the spectra especially
for the 6 and 10 deg data. The calculated continuum
shape was shifted to lower excitation energies than the
data. A similar lack of agreement was also found with
the relativistic continuum model of Horowitz and Igbal®
which uses a Fermi gas model for the nuclear response.

The phenomenological curve for the nuclear continu-
um as shown in Fig. 5, was subtracted from the data,
leaving what we define as the giant resonance cross sec-
tion. Spectra resulting from the subtraction are shown in
Fig. 6 for the excitation energies of 16—26 MeV.

The spectra in Fig. 6 have been integrated over excita-
tion energy bins of varying widths that contain various
structures. Cross sections were obtained for nine
different excitation energy regions as shown in Fig. 6.
These regions are 16.0-16.87, 16.87-17.46, 17.46-
18.48, 18.48-19.44, 19.44-20.30, 20.30-21.0, 21.0-
22.64, 22.64-23.52, and 23.52-25.0 MeV. Also, the re-
gion of 16.0-25.0 MeV was integrated in order to help
deduce the multipolarities and sum rule strengths con-
tained in the entire GR region. The angular distribution
for the entire GR region is shown in Fig. 7. The back-
ground subtraction procedure is mainly responsible for
the uncertainty of 20-30 %. In fitting the data of Fig. 7
a minimum number of multipoles was used. In all
searches L =1 and L =2 were included. This was done
since all previous studies have found a sum rule fraction
of at least 19% for the ISGQR and results of photonu-
clear measurements*® clearly show IVGDR strength in
this excitation energy region of 28Si. As previously noted,
the ISGMR strength is predicted to be considerably less
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FIG. 6. Spectra in which the continuum curves of Fig. 4 have
been subtracted from the data. Note the change of scale for the
21° and 25° spectra.

than that for the IVGDR and ISGQR. For this reason
we have chosen not to include any L =0 strength in our
analysis.

Various combinations of L=1+2+4and L=1+2+3
were tried with a reasonable fit for the entire GR region
obtained with L =1 (70%)+2 (26%)+4 (5%) where the
L =1 EWSR is fixed from photonuclear work.** The
lack of agreement for the 6 deg point is discussed later in
this section. From Figs. 6 and 7 it can be seen that
higher multipoles of either L =3 or 4 are needed since
there is considerable cross section in both the 21 and 25
degree data, and Fig. 1 shows that only the higher mul-
tipoles can contribute at the larger angles. Our best fit
favors the L =4 over the L =3 assignment. This is con-
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FIG. 7. Differential cross section for the summed region of
16.0-25 MeV, along with sum rule depletions for L =1, 2, and

4.
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sistent with results from the 120 MeV (a,a’) measure-
ments of Ref. 16 where negligible L =3 strength was ob-
served in the GR region. Inelastic alpha scattering
should be sensitive to this L =3 strength since the
differential cross sections for even and odd multipolarities
oscillate out of phase with one another.

Since the best fit to the angular distribution for the re-
gion of 16-25 MeV was obtained with a combination of
L =1, 2, and 4, these three multipoles were then used in
fitting the various integrated regions. These results are
shown in Fig. 8. As a starting point in fitting the nine re-
gions the EWSR strength of the IVGDR was fixed from
the photonuclear work of Ref. 40. The ISGQR and
ISGHR strengths were then allowed to vary in order to
achieve the best fit. This gives a result for the sum of the
EWSR depletion for the ISGQR that is slightly different
than that given in Fig. 7. As Fig. 7 shows, for the region
of 16—25 MeV the percent EWSR for the ISGQR is 26%,
and from the addition of the nine regions it is 30%.
These differences indicate the uncertainties in determin-
ing EWSR strengths from (p,p’) data. From the shape of
the angular distributions for the various multipoles it can
be seen that for each of the nine angular distributions of
Fig. 8 no one multipolarity would fit the data. Instead
various strength combinations of L =1, 2, and 4 are
needed. Each angular distribution shows the EWSR de-
pletion associated with each multipolarity required to fit
the data. These values are also tabulated in Table II.

In Fig. 9 the 6 deg spectrum from our measurements is
plotted and compared with the photonuclear measure-
ments of Ref. 40. The 6 deg data were chosen since in
the (p,p’) reaction the cross section from Coulomb exci-
tation causes the IVGDR to peak at small angles, and
therefore, there should be minimal contributions from
higher multipoles. To illustrate this, the cross section for
the ISGQR is histogrammed on Fig. 9. The photonu-
clear spectrum was normalized to match the (p,p’) spec-
trum at 19.5 MeV. For the region of 19.5 MeV and
above, the sum of the photonuclear and the ISGQR is
slightly above the data implying that the normalization of
the photonuclear cross section to match the data at 19.5
MeV is a reasonable approximation, and at worst would
serve as an upper limit for the IVGDR cross section. As-
suming a sum rule depletion of 10.5% for the IVGDR for
the 19.44-20.30 MeV region the value of the isovector
potential ¥V was adjust so that the IVGDR calculation
reproduced the 6 deg cross section along with a small
contribution from the ISGQR. A value of 4.5 MeV for
V., gave the best fit to the data. As was mentioned above,
this may represent an upper limit on V,. We use this
value of ¥, along with the sum rule depletions found
from the photonuclear work for all further IVGDR cal-
culations. Reasonable variations of the value of V_ do
not affect the sum rules found for the ISGQR or ISGHR
since the angular distribution of the IVGDR falls off rap-
idly with angle.

Figure 9 shows an interesting result for the excitation
energies below 19.5 MeV. The sum of the photonuclear
cross section and the ISGQR cross section yields a value
that is much lower than the data. Recent analysis*' of gi-
ant resonance data on “°Ca using 500 MeV protons shows
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that the region of excitation energy below the IVGDR
contains excitation of the isovector spin-flip giant dipole
resonance (AL=1,AS=1,J"=0", 17,27 ). One indica-
tion of this resonance is that for the angles studied in
40Ca the spin-flip giant dipole has a flat angular distribu-
tion in (p,p’) scattering at 500 MeV for angles from ap-
proximately 3-8 deg. Spin-flip strength can also be
identified by measurement of the spin-flip cross section
oSny in (7,7 ') studies. Sawafta et al.*? have done such
a study at 250 MeV on 2*Mg at scattering angles of 2.9
and 6.6 degrees. They consistently observed structure in
the oSN spectra in the region of 15-25 MeV, implying

J. LISANTTI et al.

the existence of spin-flip strength in our region of in-
terest.

IV. DISCUSSION

Data have been obtained in 28Si covering the region of
the ground state up to 45 MeV of excitation energy for
proton scattering from 6—41 deg in the lab. Optical mod-
el parameters were derived from fits to elastic scattering
data, which were then used in first order vibrational mod-
el calculations for low lying collective states and for exci-
tations in the giant resonance region.
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FIG. 8. Differential cross sections for the nine regions of 16.06-25 MeV, along with the sum rule depletions.
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TABLE II. Energy weighted sum rule (EWSR) depletions for
the IVGDR, ISGQR, and ISGHR for the nine spectra regions.

EWSR (%) EWSR (%) EWSR (%)
E, (MeV) IVGDR ISGQR ISGHR
16.00~ 1.05 40 0.4
16.87
16.87- 1.55 2.5 0.4
17.46
17.46- 7.65 6.5 0.8
18.48
18.48~ 8.93 6.5 0.8
19.44
19.44- 10.49 3.0 0.6
20.30
20.30- 7.8 2.3 0.3
21.0
21.0- 15.17 3.5 0.7
22.64
22.64~ 5.63 0.9 0.4
23.52
23.52- 7.99 0.9 0.5
25.0

The DWBA calculations for known low lying states,
shown in Fig. 3, reproduce the shapes of the angular dis-
tributions for angular momenta and parities of 2%, 37,
4%, and 5. The hadronic deformation lengths, 8, =R,
extracted for the 1.78 2%, and 4.62 MeV 47 states agree
with other proton results for incident beam energies of
40-500 MeV, thus supporting other recent results'®—2?
which show that the collective model DWBA provides a
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FIG. 9. Photonuclear cross section from Ref. 40 compared to
a 250 MeV (p,p’) spectra taken at 6 deg. The photonuclear data
were normalized to match the (p,p’) data at 19.5 MeV. Note
that the photonuclear data are a total cross section. The
hatched histogram is the cross section for the ISGQR.

good description of inelastic scattering of intermediate
energy protons from states with surface peaked transition
densities over a wide range of target masses and incident
proton energies. At the present time it is not known why
the low energy pion measurements®! yield hadronic de-
formation lengths which for the 1.78 MeV 27 state are
higher than the average of the proton results.

The giant resonance region which extends from about
16—25 MeV of excitation energy was found to be highly

TABLE III. Sum rule depletion for the ISGQR in Si.

EWSR (%) EWSR (%) EWSR (%) EWSR (%) EWSR (%)
E, (MeV) 250 MeV p 115 MeV p* 120 MeV a® 129 MeV a* 155 MeV o

16.0~ 4.0 2.2 2.98

16.87

16.87- 2.5 2.2 2.90

17.46

17.46 6.5 33 3.44

18.48

18.48~ 6.5 3 6.5 9.7

19.44

19.44 3.0 1.9 3.84

20.30

20.3- 2.3 3.9 5.9

21.0

21.06~ 3.5 32 3.1

22.64

22.64~ 0.9 0.8 1.63

23.52

23.52~ 0.9 2.7

25.0

16.06~ 26 19¢ 24.0' 34.12¢ 3ih

25.0

#Reference 5.

"Reference 16.
‘Reference 17.
dReference 43.

‘Summed region 15.7-24.1 MeV.
'Summed region 15.9-22.8 MeV.
ESummed region 15.3-24.7 MeV.
"Summed region 16.9-24.8 MeV.
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FIG. 10. Energy weighted sum rule depletions as measured
in the present experiment (histogram) compared to the calcula-
tions (vertical lines) of Ref. 42 for the giant resonance region of
16-25 MeV. Part (a) is for the isoscalar giant quadrupole reso-
nance (ISGQR), while part (b) is for the isoscalar giant hexade-
capole resonance (ISGHR).

structured, in agreement with previous work. The in-
tegrated cross section for the region of excitation from 16
to 25 MeV shows the presence of L =1, 2, and 4 mul-
tipoles, with sum rule fractions of 70 (adopted from pho-
tonuclear studies*®), 26, and 5 %, respectively. In nor-
malizing the shape of the photonuclear data to match the
6 deg data at 19.5 MeV, and including the contribution of
the ISGQR the proton spectral shape could be fairly well
reproduced for excitation energies higher than 19.5 MeV.
This allowed us to determine a upper limit of 4.5 MeV for
the isovector potential V.. For excitation energies below
19.5 MeV, the cross section is much higher than the addi-
tion of the IVGDR and ISGQR strengths. This we attri-
bute to the excitation of M1 and isovector spin-flip dipole
strength. The sum rule exhaustion for the ISGQR is in
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agreement both in magnitude and distribution with previ-
ous proton and alpha particle results as shown in Table
III.

Schmid has calculated* the distribution of multipole
strength in the giant resonance region using a microscop-
ic angular momentum projected deformed particle hole
model (PHM). The results of these calculations along
with our data for the ISGQR and ISGHR are shown in
Fig. 10. The calculated EWSR depletion* for the
ISGQR agrees very well with the present results. Howev-
er, the distribution of the strength is different. Our data
shows an ISGHR strength of 5% EWSR for the 16-25
MeV region, while the PHM predicts 9.6% over this
same energy interval. The distribution of ISGHR
strength is shown in Fig. 10(b). In the PHM most of the
EWSR strength for the ISGHR (22.5%) is found in the
vicinity of 26 MeV. We see no structure near the 26 MeV
region. The authors of the 115 MeV proton experiment
deduced on EWSR depletion for the ISGHR of 8% over
the GR region of 16—25 MeV. Schmid calculates for the
GR region a sum rule of 4.1% for the ISGMR. We
would not be sensitive to this strength. The PHM calcu-
lations give an ISGOR strength in the region of 16-24
MeV of 11% of the sum rule. We have not included any
L =3 strength in our analysis since it was not needed in
order to fit the angular distributions of Figs. 7 and 8 and
ISGOR strength was not seen in earlier (a,a’) (Ref. 16)
and (p,p’) (Ref. 5) studies.

In agreement with previous work, we find no evidence
for any structures above 25 MeV up to our experimental
limit of 45 MeV. The PHM predicts significant strength
for L =0, 1, 2, 3, and 4 excitations in this energy region,
with sum rule depletions of 27% for the ISGMR, 30%
for the IVGDR, 19% for the ISGQR, 19% for the
ISGOR, and 55% for the ISGHR. In most cases the
strength is spread out over this region, making it experi-
mentally difficult to observe.
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