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Differential cross sections for the excitation of the giant resonance region in silicon have
been measured over the angular range 10° to 34° by inelastic scattering of 115 MeV protons.
The giant resonance exhibits fine structure which is similar to that observed in (a,a’) and
low-energy (p,p’) data. The angular distribution for the giant resonance has been analyzed
in terms of the distorted-wave Born approximation and 19—26 % of the energy weighted
sum rule strength for L=2 has been identified. It is also found that the angular distribu-
tion for the excitation of the giant resonance region cannot be explained by assuming only

the presence of giant quadrupole resonance.

NUCLEAR REACTIONS Si(p,p"), E=115 MeV; measured o(0) for
giant-resonance excitations and the low lying levels. Calculated energy-
weighted sum rule strengths.

I. INTRODUCTION

The existence of isoscalar giant resonances (GR),
in particular the giant quadrupole resonance (GQR)
(Refs. 1 and 2) and the giant monopole resonance
(GMR) (Ref. 3) has been well established, primarily
by experiments involving the inelastic scattering of
alpha particles. It is of interest to further study the
excitation of the GR region with a variety of projec-
tiles at different energies in order to better under-
stand the excitation mechanism of these known
structures and also to investigate the strengths of
other multipoles. In studies involving light nu-
clei*~® like Mg and Si, the fine structures excited in
the GR region using alpha particles and protons
have been found to be remarkably similar. This is
an interesting result since protons are expected to
excite both the isoscalar and isovector components
of the GR region while alpha particles excite main-
ly the isoscalar components.

A detailed study involving the inelastic scattering
of alpha particles on Si [Refs. 4(a) and 6] has estab-
lished that the fine structure in the GR is predom-
inantly quadrupole in nature. The situation for pro-
tons is not as well understood. One analysis' of
proton inelastic scattering measurements at 60 MeV
concluded that the observed structures were mainly
of dipole character (GDR) with up to 15% of
EWSR strength for GQR being excited, depending
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on the model used for GDR calculation. Further-
more, there has been some uncertainty in calculat-
ing the GDR cross section due to the lack of a reli-
able isovector potential. However, van der Borg
et al.*™ have recently analyzed the (p,p’) data! us-
ing more reliable isovector potentials due to Patter-
son et al.,” and have shown that the GDR is in fact
weakly excited and the structures are mainly due to
the GQR, in accord with the alpha-particle results.
It seems useful to explore this situation at higher
proton energies with (p,p’) data of quality compar-
able to that of the (a,a’) experiment*® performed
at E,=120 MeV. As the probability of exciting
higher order multipoles increases with increasing
proton energy, it may also be possible to use higher
energy inelastic proton scattering to detect the pres-
ence of higher multipoles® and perhaps to determine
their strengths. Since the earlier low-energy proton
results consisted of only three data points defining
the angular distribution, it seemed useful to mea-
sure the data over a larger angular range. In the
present work, we report differential cross section
angular distributions for the GR region in silicon by
inelastic scattering of 115 MeV protons. Besides
the work of van der Borg et al.,% the GR region in
silicon has also been studied by Knopfle et al.® and
Youngblood et al.!? using, respectively, 150 and 126
MeV alpha particles, by Pitthan et al.!! using 91
MeV electrons, and by Bertrand etal.! using 61
MeV protons.
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II. EXPERIMENTAL DETAILS

The present work employed a 115 MeV proton
beam from the Indiana University Cyclotron Facili-
ty. The scattered particles were detected using two
high-purity Ge detectors of thickness 1.5 cm each
in a standard AE-E counter-telescope configuration.
Natural Si (92.21% 28Si) targets of thickness 6.7
and 12.6 mg/cm? were used and an overall resolu-
tion of better than 250 keV FWHM was obtained.
The measurements covered an angular range from
10° to 34°, in 2° steps, with an angular resolution of
+0.5°. Care was taken to minimize beam ‘“halo”
problems by fine tuning of the beam and by period-
ic checking of background with the target replaced
by an equivalent empty target frame. A typical en-
ergy spectrum obtained for the Si target is shown in
Fig. 1. The fine structure in the GR region between
15 and 24 MeV of excitation are clearly evident.
The cross sections for various states were calculated
after taking into account the target thickness, the
incident number of protons, the solid angle of the
detector telescope, correction for dead times, and a
correction for reaction losses'? in the Ge detectors.
The reaction loss correction amounted to an upward
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FIG. 1. Energy spectrum in the GR region for in-
elastic proton scattering from Si. The assumed underly-
ing continuum is indicated by the smooth curve. The
excitation region covering the ground state and low-
lying states in 2Si is shown as an insert.

normalization of all cross sections by a factor of
1.1. The error on this correction factor is estimated
to be about 15% of the correction.

III. ANALYSIS AND DISCUSSIONS

Cross sections for the well-known low-lying
states of 2Si were analyzed in terms of the standard
DWBA using the computer code DWUCK4 (Ref. 13)
employing collective form factors with complex
coupling. The distorted waves were computed us-
ing the proton optical model parameters of Nadasen
et al.'* who had analyzed the elastic proton scatter-
ing in the energy range 80 to 180 MeV for several
targets including Si. The parameters used in this
study are the following:

V,=—22.75 MeV, rg=1.265fm, ar=0.749 fm ,
V;=—6 MeV, r;=1.409 fm, a;=0.644 fm ,
Veo=—3.43 MeV, W, ,=1.38 MeV,

rso=0.972 fm, a,,=0.588 fm, rcou=rg .

In Fig. 2 we compare experimental differential
cross sections for the low-lying states with the
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FIG. 2. Measured angular distribution (dots) for the
low-lying levels of 28Si compared with DWBA predic-
tions (curves).
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DWBA predictions. The agreement between the
two is acceptably good. Various energy-weighted
sum rule (EWSR) strengths S and transition rates G
for these states, calculated by using the procedure of
Ref. 15, are listed in Table I along with electromag-
netic transition rates G, obtained from the mea-
sured lifetimes or inelastic electron scattering wher-
ever available.!®® The EWSR strengths are calcu-
lated using both a uniform mass distribution with
R=1.24'3fm, (Sy), and a Fermi mass distribution
(Sg). As is apparent from Table I the values of Sy
and Sy differ significantly; in general, Sy is some-
what larger than Sr. As also found in the (a,a')
analysis,*® the transition rates obtained from the
DWBA analysis of the (p,p’) data do not agree with
the electromagnetic G, values. These differences
have been attributed!>!*®»15(¢) to dissimilarities in
radial behaviors of the exact hadronic transition
operator and the “equivalent electromagnetic” tran-
sition operator used in the conventional DWBA cal-
culations. These differences are expected!®!>® to
increase with projectile energy because the exact
transition operator samples more and more of the
interior of the transition density whereas the
“equivalent electromagnetic” operator is always
more sensitive to the tail of the transition density.
At very low energies, due to stronger absorption,
both procedures lead to similar results for transition
rates. Furthermore, because of the complicated
structure of the exact hadronic transition op-
erator'>® these differences may also depend upon
the Q value and the L transfer. In light of these
difficulties, ideally one ought to employ microscop-
ic calculations with realistic hadronic transition
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operators. While progress is being made towards
this end, most present analyses of inelastic cross
sections to obtain transition rates or EWSR
strength are performed in terms of the collective
model DWBA. A phenomenological correction for
the effects mentioned above is incorporated by nor-
malizing the DWBA values of the transition rates,
Gpwsaa, to the G, for states of given J, where
known, and the empirically normalizing by the
same factor the Gpwgpa for other cases of the same
J. Although we recognize possible pitfalls in this
procedure, it is in this spirit that the results of the
DWBA analysis for higher excitation states are car-
ried out in this paper. Since experience!>!*® has
shown that using Fermi mass distributions and
“complex coupling” in the DWBA calculations
leads to smaller values for the normalization, the
discussion here is restricted to these choices. In
column nine of Table I, N(=G,,/GF) represents
the normalization referred to above and the S, are
the normalized EWSR strengths for various low-
lying states. For comparison, values of N obtained
in the collective model DWBA analysis of the
2Si(a,a’)?®Si data at 120 MeV are also given.
While values of this empirical normalization con-
stant as obtained from the analysis of the (p,p’) data
are different from those obtained*® for (a,a’) data,
the relative dependence of N on the L (J) transfer is
similar. Although *Si(p,p")**Si* data for the low-
lying states exist in the literature at proton energies
of 100 MeV,!® 155 MeV,!” and 185 MeV,'® up to
now no extensive DWBA calculations have been re-
ported. It will be interesting to carry out these ana-
lyses and study the energy dependence of the empir-

TABLE 1. Isoscalar transition rates and EWSR strengths obtained for low lying states.

Ex BR SUa GFb SFa Gemb Snd

MeV) J7 (fm) (%) (W.u.) (%) (W.u.) (%) N°¢ N,°
1.78 2+ 1.70 16.6 21.1 15.5 12.6 9.3+3.2 0.60 1.11
4.62 4+ 0.49 1.0 4.4 0.55 7.4 0.9+0.3 1.70 3.93
6.89 3- 1.02 11.0 11.1 85 12.3 9.4+3.1 1.11 2.28
4.98 o+ 0.35 4.0 6.8 42+2.1 0.62f 0.66f

®Sy and Sr stand for energy weighted sum rule (EWSR) values obtained using uniform and

Fermi mass distributions.

°Gr stands for the transition rate using a Fermi distribution whereas Gy represents transi-
tion rates obtained from the measured life times for the states as quoted in Ref. 15(a).

“Normalization constant N=G,/Gr.

ds,, are normalized EWSR values, i.e., S, =NSp.
¢ N, represents normalization constants obtained from the DWBA analysis of *Si(aa’)?Si*.
fThis normalization constant represents the ratio S.n,/Sr, with Se, obtained from the work

of Strehl (Ref. 27).
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ical normalization constant.

One of the problems in the determination of GR
yields has been the proper estimation of the nuclear
continuum (labeled “background”) underlying the
fine structures of GR region. This background is
expected to arise from a combination of preequili-
brium, knockout, and multistep processes and in-
elastic excitation of continuum states. Since no reli-
able theory exists to calculate the magnitude and
shape of the continuum, we have followed the pro-
cedure conventionally employed in previous GR
work and treat the continuum as a background of
empirically-determined shape. In the present work
we have used a second-order polynomial in energy
to describe the background shape. Figure 1 illus-
trates a typical background shape employed in the
present analysis. The principal contribution to the
error in determining the GR cross section comes
from the uncertainty in the procedure for pa-
rametrizing the background. In the present
analysis, we estimate that the internal consistency in
establishing the background contribution leads to an
overall error that increases from 15—20% in the
angular range 10°—28° to 25—30% for angles
greater than 28°. The statistical error in the estima-
tion of GR yields was better than 1% for the entire
angular range covered in this study and hence has a
negligible contribution to the total error.

In the literature, three different excitation energy
(E,) regions have been used to define the GR region
in the case of a Si target. The E, regions used are
159—-22.8 MeV, 16.9—24.8 MeV, and 17-—22
MeV in Refs. 6, 9, and 1, respectively. We have
computed the cross sections for each of the above
mentioned regions as well as for the E, range
15.7—24.1 MeV. This was done to see how the re-
lative strengths of the various multipoles change
with different E, ranges.

The observed angular distribution for the
15.7—24.1 MeV excitation of the giant resonance
region is shown in Fig. 3. Its shape does not
correspond to that observed for the low-lying states
of specific J™ (see Fig. 2) or to the predictions (see
Fig. 3) of DWBA for various L transfers at the
mean energy of excitation. This confirms the pre-
vailing view that the giant resonance region has
contributions from a variety of multipolarities. In
performing the DWBA calculations for L=2, 3,
and 4 we used the conventional collective!® form
factors but for L=0 (GMR) and L=1 (GDR) we
used the prescription due to Satchler.!® For the
GDR we performed calculations using both the
phenomenological energy-dependent isovector po-

Si(p,p") Si*
GR REGION Ep=II5 MeV
E,=15.7-24.1 Mev

S

o (6) (mb/sr)

FIG. 3 Differential cross section versus the center of
the mass scattering angle for the GR excited in the re-
gion E,=15.7—24.1 MeV. The individual contributions
of L=0, 1, 2, and 4, as well as their sum, which gives
the best overall account of the observed angular distribu-
tion, are shown as curves. The error due to continuum
subtraction procedure varies from 15—30% over this
angular range. The error bars shown for a few
representative points reflect this uncertainty. Statistical
errors are less than 1%.

tential Vy,, determined by Kwiatkowski and
Wall?® and that calculated from the Bruekner Har-
tree Fock model of Jeukenne et al.?! The strength
and shape parameters used are given below.

Jeukenne et al. Vx=1.90 MeV; V;=10.14 MeV;
rg=0.956 fm; r;=1.013 fm; az=0.774 fm;
a;=0.783 fm; Vi5=2.81 MeV; V;=2.14 MeV;
Vf(x)—V'[df (x)]/dx.

Kuwaitkowski and Wall. Vg, =312 MeV—0.12E
(MeV); rg =1.22 fm; ag =0.795 fm. Woods-Saxon
form: f(x)=[1+ exp(x)]~'; x=(r —R)/a; R=r
4173

The GDR cross section obtained using the latter
prescription was found to be ~25% of that ob-
tained using the phenomenological potential. In the
following, GDR cross sections were calculated us-
ing the phenomenological isovector potential and
Goldhaber-Teller (GT) form factors as compared to
Jenson-Steinwedel form factor. The former is ex-
pected to be the dominant mode for exc1t1ng GDR
in light nuclei.??

In order to extract the contributions of various
multipolarities in the GR region the observed angu-
lar distribution was fitted by a nonlinear least-
squares technique using the predicted angular dis-
tribution for L=0 to 4 as described above. In this
analysis the contribution of the GDR was kept
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fixed to the value predicted by the GT model nor-
malized to E1 strength as observed from photonu-
clear measurements. We have assumed that 60% of
the EWSR for GDR is located in the excitation re-
gion of 15.7—24.1 MeV; this is an average of the
50% to 70% of EWSR strength reported to have
been observed for GDR in photonuclear
measurements.”@»23®  The solid curve in Fig. 3
represents the summed contribution of all multipo-
larities. In Table II we list the transition rates
and/or EWSR strengths of various multipolarities
for the 15.7 to 24.1 MeV excitation region obtained
in this manner. The transition rates for different L
values have been corrected by the normalization
constants obtained from the analysis of the low-
lying states of corresponding J”. In Table II we
also list the values of EWSR strengths for various
multipolarities as obtained in other measurements.
The normalized quadrupole strength in the giant
resonance region agrees well with that obtained in
(a,a’) and (e,e’) (Ref. 11) measurements. This es-
tablishes confidence in the procedure used to
analyze the observed angular distributions and in
the normalization procedure used to obtain the vari-
ous strengths. The fact that smaller GQR strength
is seen in (a,7) studies® is not surprising since it

corresponds to that part of the GQR strength which
decays to the ground state of 2*Mg.

The amount of L =4 strength observed in the GR
is consistent with that predicted by theoretical cal-
culations® for this mass region. It should be em-
phasized that the strength assigned to L =4 excita-
tion is very much dependent on the cross sections
extracted for angles beyond 24° where the procedure
for determining the background has larger uncer-
tainties. The L=3 strength extracted from the
present work should only be looked upon as an
upper limit. The accuracy with which the GMR
strength can be extracted is not very high (see sum-
mary section for additional discussion).

Recently, Schmid®® reported a fully microscopic
calculation of the structure of the giant multipole
resonances in 38i employing angular momentum
projected Hartree-Fock and the particle-hole
method. He calculated the electromagnetic ground
state transitions of both parities and of various mul-
tipolarities using both an oscillator and a Woods-
Saxon representation. In Table II we list the sum
rule strengths obtained by this microscopic calcula-
tion (average of strengths obtained from oscillator
and Woods-Saxon representation), and they com-
pare favorably with that extracted from the present

TABLE II. Transition rates and EWSR strengths obtained for the 15.7—24.1 MeV GR

region.
BR N S, (%)? S, (%)° S, (%)° Sy (%) S, (%)
JT (fm) (%) (%) (p,p") (p,p") (a,a’) (a,7) others
ot 050 32 54 34 +33 >0, <19 ~10t
1- 60 40(40) 50%(70)f
(fixed)
2+ 072 33 31 19 +3 30(15) 25+ 14.5 14—268
~26"
3= 0.24 1.8 1.4 1.5+ 1.5 ~3 ~8h
4+t  0.69 8.4 4.7 8 +2 ~5h

*See footnotes for Table I for definitions of these symbols. The errors quoted for S, values
obtained in the present work arise primarily from the uncertainties in the continuum back-
ground. See text for the procedures used for background subtraction and the errors intro-
duced by it to the cross sections for GR. Errors in the sum rule values introduced due to
statistical uncertainties in the cross sections are comparatively negligible.

®From the analysis reported in Ref. 4(b) using data of Ref. 1. Values given in parentheses
are those quoted in Ref. 1 (covers an excitation region of 17—22 MeV); (p,p’) at E,~61

MeV.

‘From Ref. 4(a) (covers an excitation region of 14—25 MeV), (a,a’) at E,~120 MeV.

9From Ref. 24; (a,y) measurement.

‘From Ref. 23(a); photonuclear reaction; number quoted as read from Fig. 18.
fFrom Ref. 23(b); photonuclear reaction; number quoted as read from Fig. 10.

' 8From Ref. 11; (e,e’) at E,~91.2 MeV.

bFrom Ref. 25; microscopic calculation. Average of strengths obtained from oscillator and

Woods-Saxon representation.
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and other experiments.

The observed angular distributions for other exci-
tation energy regions that have been used"®° to de-
lineate the GR in the literature were also analyzed
in a similar manner. The relative contribution of
various multipolarities is found not to differ signifi-
cantly for various definitions of the excitation re-
gions.

In Fig. 4 we present the energy spectra in the GR
region obtained in (p,p"), (a,a’), and (e,e’) studies.?®
While the excitation energies of the fine structures
seen with the different probes are remarkably simi-
lar, the relative strengths of various peaks vary con-
siderably. In an attempt to understand the charac-
ter of the individual structures and the distribution
of strength of various multipolarities, we have
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FIG. 4. Comparison of the energy spectra for the GR
region obtained from inelastic scattering of electrons,
protons, and alphas from Si.
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analyzed several of the more prominent peaks
separately. The angular distribution of the peaks
located at 10.2, 15.2, 16.7, and 18.8 MeV are shown
in Fig. 5(a). The yield for these peaks correspond to
the shaded region (1) as illustrated in Fig. 1. In Fig.
5(b) are shown the angular distributions of rec-
tangular areas (region 2 in Fig. 1) underneath each
of the four peaks but above the continuum back-
ground. In part (c) of Fig. 5 are shown the angular
distribution of the sum of the two regions. The
curves in Fig. 5 represent the predictions of the
DWBA calculations. The angular distribution for
the 10.2 MeV peak has an almost pure L=3 char-
acter [see Fig. 5(a)], which is in accord with that
found*® in the (a,a’) study. This peak exhausts
~5% of EWSR strength for L=3 as compared to
4.9% found in (a,a’) work. The angular distribu-
tion of region 2 under this peak reaches a maximum
at a slightly larger angle, thus implying a noticeable
(~3% of EWSR) strength for L=4. The angular
distribution for the 15.2 MeV peak shows the dis-
tinctive L=1 rise in the forward directions but sig-
nificant contributions of L=2 (1%) and L=3 (2%)
are required to understand the total yield in this ex-
citation region above the continuum background.
This is to be compared with 1% of EWSR found
for L=2 and 0.4% for L=3 found in (a,a’) stu-
dies* for this structure. The angular distribution of
the 16.7 MeV peak does not have a clear character
as compared to the area beneath it (region 2) which
shows forward angle peaking characteristics of
L=1. On the whole we find about 10% EWSR
strength for L=1, and 2% for L=3 in the com-
bined (1 +2) region of this peak. The (a,a’)
results“® give 1 —1.5 % of EWSR for L=2 for this
region. It is worth pointing here that the structure
around 16.7 MeV as seen in (p,p’) studies is signifi-
cantly broader than that seen in (a,a’) (see Fig. 4),
which may partially explain the difference between
the two results. The angular distribution of both
the peak at 18.8 MeV and the rectangular area
beneath it clearly have contributions from L=1 and
L=2. In total we find 6% of EWSR strength for
L=1, ~3% for L=2, and ~2% for L=3 in this
region. In the (a,a’) study*® ~49% of EWSR for
L =2 was found in this energy region. The division
into two regions for each peak was made to enhance
sensitivity to any multipole character of these struc-
tures. Thus, whereas some of the fine structure
peaks seen in the GR region may have unique mul-
tipolarities, most appear to have a complex charac-
ter. Furthermore, it appears that different probes
may be exciting components of various multipolari-
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FIG. 5. Angular distributions for the fine structures in the E, range 9—15 MeV. The curves represent the results of

DWBA calculation.

ties in different proportions. This is evident from
the observed differences in the relative strengths of
different multipolarities and from the unequal
widths of structures centered at the same excitation
energy. This may account for the observation that
the results deduced from the analysis of the (p,p’)
data do not agree in detail with the (a,a’) results for
similar regions of excitation, although for the GR
region as a whole the two measurements lead to
comparable results for EWSR strengths.

IV. SUMMARY

We have reported here measurements of inelastic
scattering of 115 MeV protons from a Si target cov-
ering the excitation energy range up to ~26 MeV.
The cross sections for the low-lying, well-resolved
states and those for the giant resonance region have
been analyzed in terms of DWBA. The transitions
to the low-lying states obtained by DWBA calcula-
tions were normalized to the known electromagnetic
transition rates for these states. The observed shape
of the angular distribution for the giant resonance

region is not consistent with dominance of a single
multipolarity. By combining DWBA angular dis-
tributions for L=0 to 4, with weights determined
by a nonlinear least square method, EWSR
strengths for L=0, 2, 3, and 4 multipolarities were
determined. After normalizing these with factors
obtained for the low lying states we obtained a rela-
tively consistent set of EWSR strengths. Our re-
sults indicate that in Si, assuming the presence of
60% EWSR strength for the GDR, 19% of EWSR
strength for the GQR lies in the excitation region of
15.7—24.1 MeV excitation and a few percent of the
expected EWSR strength for L=4. The observed
strength for GMR is highly dependent upon the
strength assumed for the GDR, the model (GT or
JS) used, and the parametrization of the isovector
symmetry potential. The value for GMR quoted in
Table II is based upon the assumptions outlined
above, namely 60% of EWSR strength for the
GDR, use of the GT model, and of the phenomeno-
logical V. Since the angular distibutions for
GMR and GDR are forward peaked, the estimate
of their strengths is mostly determined by the mea-
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sured cross sections at forward angles. For exam-
ple, the observed cross sections are consistent with
zero GMR strength provided the GDR strength is
increased to 90% of EWSR. On the other hand,
>30% of the EWSR strength for the GMR is ob-
tained if the GDR contribution is lowered substan-
tially (either by reducing the percentage of EWSR
or by reduction in the V). The absolute magni-
tude of the GDR cross sections corresponding to a
given fraction of its EWSR strength is also strongly
dependent upon the model used. In general, the JS
model, for a given V,, predicts a 2 to 5 times
larger GDR cross section per unit strength as com-
pared to the GT model.“® Thus a significant con-
tribution of the JS-type form factor would result in
a lower strength for GMR, if that for GDR is kept
fixed at 60% of EWSR as known from the pho-
tonuclear results. The effects of variations of the
types mentioned above on the strength extracted for
higher multipolarity components are progressively
smaller since their angular distributions peak suc-
cessively at larger angles. For example, if the
strength of GDR is not constrained, within the
framework of the GT model, the data are found to
be consistent with (in terms of the EWSR) ~0% of
GMR, 90% of GDR, 26% of GQR, and 8% for
L=4. The extracted strength for L=2 and L=4
are not changed drastically.

The reservations outlined above notwithstanding,

the present work indicates that the presence of
GQR alone is not sufficient to explain the angular
distribution in the GR region.

It is worth pointing out here that the magnitude
of various strengths may be systematically either
too high or too low because the electromagnetic
transition operator for various multipolarities that
is conventionally used in the DWBA analysis is not
identical to the hadronic transition operator one
should use. It remains to be demonstrated whether
the normalization process used here can adequately
account for this difference.

The GQR strength observed here is consistent
with those obtained in (a,a’) and (e,e’) studies. Fine
structures in the GR region as seen in (e,e’), (p,p’),
and (a,a’) measurements are similar because they
predominantly correspond to GQR excitation
which, on an absolute scale, is the dominant excita-
tion mode for all probes.
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