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Inelastic scattering of 98.5, 116.8, and 129.4 MeV e particles from “’Ca has been mea-
sured. Analyses were performed on the region between 13.2 to 22.5 MeV excitation ener-
gy. From the angular distributions, states at 13.9 and 14.6 MeV have been identified as 0*
and 2%, and exhaust 6 and 2.5% of the corresponding energy-weighted sum rule, respec-
tively. Structure at about 15.8 MeV can be tentatively assigned 3~. The giant quadrupole
resonance at E, = 17.7 + 0.2 MeV exhausting 48 + 8 % of E2 energy-weighted sum rule
dominates the spectra in this energy region. The giant monopole resonance is not observed.
The angular distribution of the 10.6 MeV state shows 1~ characteristics and can be ex-

plained as an isoscalar dipole state.

NUCLEAR REACTIONS 4°Ca(a,a'), E_, =985, 116.8, and 129.4]
MeV: measured E,, o(60) giant resonances, deduced L,B.

I. INTRODUCTION

The systematic characteristics of the giant quadru-
pole resonance (GQR) have been well established
from >N to 232Th (Ref. 1.). Over this entire range,
the excitation energy of the GQR follows approxi-
mately E, = 634 ~'/3, although in lighter nuclei, it
is somewhat below this value. Recently, there has
been considerable interest in the giant monopole res-
onance (GMR) since its energy can be directly relat-
ed to the nuclear incompressibility. In experiments
utilizing inelastically scattered hadrons,”~> the
GMR has been located slightly above the GQR and
tends to follow E; ~ 764 ~'/3 in medium and
heavier nuclei (4 > 64).

Many experiments have been performed in the
search for GMR strength in lighter nuclei and there
are several reports on isoscalar multipole resonances
in °Ca. However, the results are not conclusive.

In general, a broad peak at around 18 MeV excita-
tion energy has been identified as the GQR, and its
parameters have been determined by measurements
of inelastic scattering of electrons® and hadrons.>"?
Nevertheless, there are ambiguities about multipole
strength distributions and spin assignments around

the GQR region.

In their early inelastic deuteron experiments,
Marty et al.’ reported that the GMR in “°Ca was
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located at E, ~ 20 MeV. This group' has recently
suggested that monopole strength underlies the ener-
gy range between 14 to 23 MeV, with a small con-
centration at 14 MeV; however, there are inherent
uncertainties in the continuum analysis as well as
ambiguities in extracting monopole strength from
deuteron experiments. Bertrand et al.® studied the
giant resonance region in “°Ca with inelastically
scattered protons and concluded that they saw no
evidence for the GMR. Inelastic *He s,cattering'1
also suggested that monopole strength was present
in the energy range from 12 to 20 MeV but record-
ed no evidence for EO strength above 20 MeV. In a
correlation experiment between inelastically scat-
tered He particles and decay a particles from the
giant resonance region of “’Ca performed by Yama-
gata et al.'” a new 07 state at 14.2 MeV, the GQR
at 18 MeV, and possible octupole strength at
around 16.7 MeV were reported; however, no other
monopole strength was reported. More recently,
inelastic scattering experiments with 104 MeV «
particles have been done,!* where the GQR at about
18 MeV, some E1 strength (suggested to be isos-
calar) between 13.3 and 16.7 MeV, and EO strength
between 20.3 and 21.7 MeV were reported. Inelas-
tic pion scattering'* from “°Ca at 163 and 244 MeV
incident energies has also been studied. The GQR
located at about 18 MeV was strongly excited and
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24 GIANT RESONANCES IN “Ca 885

some evidence for a GMR was reported, but the
results at different bombarding energies were incon-
sistent.

In this paper, we present recent analyses of “°Ca
data which have been obtained in this laboratory
during the past few years. These analyses yield ad-
ditional information which resolves some of the
disagreements about strength distributions and mul-
tipolarity assignments in the giant resonance region.

II. EXPERIMENTAL SETUP AND PROCEDURE

Beams of 98.5, 116.8, and 129.4 MeV « particles
were provided by the Texas A&M University vari-
able energy cyclotron. The beam energies were
analyzed by a 160° magnet to 50 keV energy spread
and then passed through three sets of horizontal and
vertical slits placed along the beam line to clean up
beam halo before impinging on a natural Ca target.
The targets were prepared in vacuum evaporation
and transferred to the scattering chamber in a dry
nitrogen atmosphere to reduce oxidation. Target
thickness was measured with an alpha source.
Inelastically scattered a particles were detected with
an 86-cm-long resistive wire proportional counter
backed by an NE 102 scintillator placed in the focal
plane of the Enge split-pole magnetic spectrograph.
Considerable care was taken to minimize back-
ground contributions from various secondary
scatterings, and an energy resolution of ~ 300 keV,
primarily due to straggling in the target, was ob-
tained. A lithium drifted silicon detector telescope
placed at 25° was used to monitor the beam integra-
tion. Differential cross sections were obtained from
the known target thickness, solid angle, and beam
charge, including the appropriate dead-time correc-
tions. Details of the experimental setup and pro-
cedures are discussed in Ref. 4.

Spectra were taken at laboratory angles from
O, = 3°—15° and 0y,, = 2°—9° for a-particle ener-
gies of 98.5 and 116.8 MeV, respectively. At 129.4
MeV a energy, measurements were made only for
6.5 = 0° and 4°. Experimental data measured from
O, = 13.5°—35.0° at 96 MeV and reported previ-
ously® have also been reanalyzed.

III. DATA ANALYSES AND RESULTS

Energy spectra for 99, 117, and 129 MeV are
shown in Figs. 1, 2, and 3, respectively. The angu-
lar distributions of the differential cross section of
the 3.74 MeV 3~ state and the corresponding
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FIG. 1. Spectra of inelastic scattering of 98.5 MeV a
particles from “°Ca taken at 4° and 6°. The elastic peak
and a few MeV of low excitation were blocked by a Ta
sheet. The dashed line indicates the nuclear continuum
assumed. Kinematic limits for a particles from °Li and
He breakup are also shown. Some of the states in *°Ca
and contaminant peaks from !%0 are indicated.

distorted-wave Born approximation (DWBA) calcu-
lations for 99 and 117 MeV data are shown in Fig.
4. The cross sections were normalized to corre-
spond to the 3R ? for the 3.74 MeV 3~ state re-
ported in Ref. 8 in order to obtain absolute differen-
tial cross sections. DWBA calculations for mono-
pole, dipole, and higher multipole transitions were
performed with a modified DWUCK-4 computer
code.”* A standard collective form factor including
Coulomb excitation was used for L > 2 (Ref. 4).
For monopole calculations, Satchler’s version I
form factor'® was used. The isoscalar dipole calcu-
lation was performed using the form factor
described in Ref. 17. The optical potentials used in
the calculations are the same as those in Ref. 8.
Since the shape of the nuclear continuum under-
lying the region of interest is not theoretically esta-
blished, an empirical subtraction technique must be
used, which results in large uncertainties in the dif-
ferential cross sections. The shape assumed for the
nuclear continuum was obtained by fitting a linear,
quadratic, or higher order curve through the regions
of the spectrum below and above the giant reso-
nances (GR) region. The dashed lines in Figs. 1—3
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FIG. 2. See Fig. 1 for 116.8 MeV « particles at 2.5°,
5°, and 7°.

indicate the continuum shape chosen. The angular
distributions, of the double differential cross section
of the nuclear continuum underneath the GR region
for 99 and 117 MeV data are shown in Fig. 5.

They show a smooth dependence on angle. The rise
at extreme forward angles is likely due to an intro-
duction of real background from slit scattering. The
GR spectra with the nuclear continuum subtracted
are shown in Figs. 6—8. It is obvious from the
spectra shown in Figs. 6— 8 that there are structures
in this energy range. .

Several different analyses were tried to ascertain
the character of the strength observed. After sub-
traction of the nuclear continuum, the 99 MeV data
was analyzed by integrating the three regions
between 15.2 and 21.7 MeV which are labeled in
Fig. 6. The angular distributions of the differential
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FIG. 3. See Fig. 1 for 129.4 MeV a particles at 0°
and 4°.

cross sections for different regions are shown in Fig.
9. A slightly different regional analysis was carried
out for both the 99 MeV data (together with the 96
MeV data) covered from 6,,, = 3°—35° and the 117
MeV data by integrating each of four regions

-between 13.2 and 22.5 MeV as labeled in Fig. 7.

The angular distributions of the differential cross
section of each of these regions are shown together
with DWBA calculations in Figs. 10 and 11. In or-
der to extract more detailed information, analyses
concentrating on peaks or structures between 10.0
and 16.3 MeV were performed. The energy resolu-
tion is not sufficient to resolve all the true struc-
tures; however, four peaks or peaklike structures
were analyzed. The angular distributions of the dif-
ferential cross sections of each peak or structure are
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FIG. 4. Angular distributions of the 3.74 MeV 3~
state obtained for (a) 98.5 and (b) 116.8 MeV « energies.
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FIG. 6. Portions of spectra of inelastically scattered
98.5 MeV a particles from “Ca taken at 4° and 6° after
subtraction of the continuum.
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FIG. 7. Same as Fig. 6 for 116.4 MeV « particles at
2.5% 5°, and 7°. The dot-dashed line indicates the assumed
background for the possible 3~ resonance.

bigger than the statistical uncertainty. The contrast
between the smooth angular distribution of the nu-
clear continuum and the diffractive structure of the
resonances is an indication that the subtraction of
the nuclear continuum has been accomplished in a
consistent manner. The L assignments, excitation
energies widths, etc., extracted from the present
analysis together with the previously published
results on “°Ca are listed in Table I. For our
results, the excitation energy is the centroid, and the
width is the rms width X 2.35 of the integrated
counts in the specified region. An analysis utilizing
Gaussian peak fitting of the GR peak region
between 16.3 and 21 MeV was also done. Because
of the apparent differences in the width of the giant
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FIG. 8. Portions of continuum-subtracted spectra of
inelastically scattered 129.4 MeV a particles from *°Ca
taken at 0° and 4° are shown superimposed.

quadrupole resonance peak at different angles and
the uncertainties in the overrriding structure in the
GR region, reasonable fits could not be obtained for
all spectra, especially on the lower excitation region
of the GQR peak.

The results of each region are discussed separately
below.

A. E, =13.2—-15.2 MeV

The angular distributions of the differential cross
section of this region taken at 99 and 117 MeV are
reasonably described by L = 2 DWBA calculations
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FIG. 9. Angular distributions obtained for portions of
the GR peak as labeled in Fig. 6. The distribution for
the entire (15.2—22.5 MeV) peak is also shown. DWBA
predictions for L = 0 and L = 2 are shown.
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FIG. 10. Angular distributions of the differential cross

section of different regions labeled in Fig. 7 for the 98.5
MeV data.

except at angles smaller than 4°. Since it is possible
to separate this region into two components at some
angles, peak analysis was employed to extract more
information. Angular distributions and DWBA
predictions for these two components are shown in
Figs. 12 and 13 for 99 and 117 MeV, respectively.
The 13.9 MeV component is best characterized by
L = 0 while the 14.6 MeV component is dominated

. by L =2. The 13.9 MeV component exhausts 6

and 7% of EO energy weighted sum rule (EWSR)
for the 99 and 117 MeV data, while the 14.6 MeV
component exhausts 4 and 2.5% of E2 EWSR for
99 and 117 MeV data, respectively. The uncertain-
ty on the EWSR is estimated to be about + 25%.
In an experiment measuring particle decay from the
giant resonance region of “°Ca (Ref. 18) excited with
115 MeV alpha particles, a peak in a, decay events
was observed at about 14 MeV. The angular corre-
lation for this group was charateristic of decay. of
J7 =27 state and the yield of decay a particles
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FIG. 11. Same as Fig. 10 for the 116.8 MeV data.
The dashed line is the sum of DWBA calculations of
L =0and L = 2 (see text).

corresponded to about 6 + 2 % of the E2 EWSR.
The analysis reported here of the 99 MeV data is
consistent with the decay work. The small result
obtained at 117 MeV is an indication of the difficul-
ties of untangling the many components in this re-
gion. Confirmation of the 0" assignment for the
13.9 MeV component has been obtained from the 0°
measurement at 129 MeV; as can be seen in Fig. 8
which shows the comparison between the 0° and 4°
spectra. The ratio of the cross section for the 13.9
MeV component to that for the 14.6 MeV com-
ponent at 0° is about 50% larger than that at 4°, as
expected. There are clearly other states in this re-
gion; however, no definitive spin assignments could
be made for those. :

B. E, =152—-16.3 MeV

The angular distributions of differential cross sec-
tions of this region are consistent with an L = 2 as-
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FIG. 12. Angular distributions of the differential cross
section of peak analysis between 10.0 and 16.3 MeV for
the 98.5 MeV data.

signment (see Figs. 10 and 11). The strength above
the continuum corresponds to 6 and 7% of E2
EWSR for 99 and 117 MeV data, respectively.
From the different shape of this region at different
angles, it is apparent that there are structures of oth-
er multipolarity in this region. Peak analysis was
performed by integrating the structure above the
dot-dashed line shown in Fig. 7. The angular distri-
bution of differential cross sections of this com-
ponent is shown in Fig. 13 and can be fitted by an
L = 3 DWBA calculation assuming that only.0.9%
of the E3 EWSR is exhausted. The analysis of the
same component in the 99 MeV data shows fluctua-
tions in the angular distribution of the differential
cross section, and there is no definite sign of an

L = 3 transfer. It is worth noting that this analysis
introduces rather large uncertainties, since the com-
ponent above the dot-dashed line is superimposed
on a dominant L = 2 transfer and it is not clear
where the background should be drawn.
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C. E, =16.3—20.5 MeV

The angular distributions of differential cross sec-
tions of this region obtained for the 99 and 117
MeV data are shown in Figs. 10 and 11. The ex-
perimental data were fit well by an L = 2 DWBA
calculation exhausting 43 + 9% and 48 + 8 % E2
EWSR for 99 and 117 MeV, respectively. At 129
MeV the strength estimated from the two angles
taken (0° and 4°) was 43% E2 EWSR. An analysis
for different regions of integration (from 16.3 to
18.0 MeV and 18.0 MeV to 21.7 MeV) was per-
formed for the 99 MeV data from 6,,, = 3°— 10".
The angular distributions obtained for each portion
of the giant resonance peak are shown in Fig. 9. It
is clear that each portion can be described by an
L = 2 transfer, and the entire GR peak is also fit
well by an L = 2 calculation. No evidence of con-
centrated monopole strength was observed in this
region. However, at 129 MeV the differential cross
section of the entire GR peak at 0° is about 60%
larger than that at 4°, suggesting that significant EQ

strength may be spread throughout this region. The
shape of the GR peak is very similar in the 0° and
4° spectra, which suggests that such monopole
strength would have a distribution similar to that of
the E2 strength. By fitting one Gaussian to the
GQR peak in the spectra, an excitation energy of
17.8 + 0.2 MeV and a width of 3.4 + 0.5 MeV
were obtained. However, because of the apparent
difference in the width of the GQR peak at different
angles and the uncertainties in the overriding struc-
ture in the GR region, a reasonable fit could not be
obtained for all spectra.

It is obvious that there are fine structures super-
imposed on the gross structure of the GQR. These
structures could arise from various effects, such as
scattering from contaminants in the target, statistical
fluctuations, counter effects, or true structures of the
multipole resonances. Oxygen contaminant peaks,
such as those from states at E, = 6.13 and 11.5
MeV,'>20 can be seen in the 99 MeV data. The
E, = 18.5 MeV state in '%0 can barely be seen on
the shoulder on the higher excitation side of the
GQR. The relative weakness of the E, = 6.13 and
11.5 MeV %0 states compared to the “°Ca states in
the 117 and 130 MeV data suggests that the ap-
parent structure in this data does not arise from tar-
get contamination. Carbon deposition on the wire
of the proportional counter causes a dip and an ad-
jacent peak in the spectrum which occurs at the
same channel at all angles and is thus easily identifi-
able. This can be removed by cleaning or changing
the wire. The observed structure is not counter re-
lated. The differences in the width of the GQR
peak at different angles suggest that there may be
other multipole resonances superimposed on the
GQR; however, the good agreement between the
data and an L = 2 calculation (shown in Fig. 10)
indicates that other multipole resonances contribute
only a small amount of strength in this region.

D. E; =20.5—-22.5 MeV

The spectra in Figs. 1—3 and 6 — 8 show no ap-
parent structure above the GQR region and the an-
gular distribution of the integrated cross sections
shows only random fluctuations. In fact, very little
yield remains after the subtraction of the nuclear
continuum. At 99 MeV, the (a,Li®) reaction
kinematically overlaps the GQR region, although
the contributions from both *He and °Li breakup
are relatively small at this region.?! It can be seen
in Fig. 8 that the energy spectra of 129 MeV data
are very similar at 0° and 4°. This contrasts with
the experimental data for heavier targets,*® where
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TABLE 1. Parameters of giant resonances in *Ca.
E, r
Reaction (MeV) (MeV) JT % EWSR Source
(p,p" 18.0+ 0.3 2+ 49 + 10 Ref. 7
p,p’) 17.8 + 0.3 25 +05 2+ 40+ 10 Ref. 3
(*He,’He") 18.2 3.0 2+ Ref. 11
(*He,He'a) 14.2 0.2 +0.15 ot 6+3 Ref. 12
) 16.7 09 +0.2 (37) 6+3
) 18.2 22 +0.2 2+ 27+ 6
(a,a’) 18.1+0.3 35 +£03 2+ 44 + 10 Ref. 8
179 +0.3 34 +03 2+ 41 + 11
(a,a’) 13.3—15.3 1- 427 4+ 1E2 Ref. 13
15.3—16.7 1- 4+ 2% B+ 1HE2
16.7—20.3 2+ 25+7
20.3-21.7 ot 6+3
(a,a’) 10.6 + 0.2 0.48 + 0.05 1~ Present work®
10.6 + 0.2 0.52 +0.08 1~ Present work®
13.8+0.3 0.40 + 0.08 o+ ~7 Present work?
13.9+0.3 0.36 + 0.06 ot ~ 6 Present work®
145+ 0.3 0.68 + 0.08 2+ ~4 Present work?
14.6 + 0.3 0.51 + 0.07 2+ ~25 Present work®
15.8+0.4 0.63 + 0.1 3- ~ 0.9 Present work
17.8 £ 0.3 225+0.2 2+ 43+9 Present work®
17.7+0.2 2.53+0.4 2+ 48+ 8 Present work®
18.0+0.3 2.56 +'0.4 2+ ~ 43 Present work®
18.2 3.0 =35 2+ 77 Ref. 14

#This value is obtained from the 99 MeV data.
This value is obtained from the 117 MeV data.
°This value is obtained from the 130 MeV data.

the GMR appears with a strength comparable to
the GQR on the higher excitation side of the GQR

at 0°.

. E, =10.0—13.2 MeV

There are clearly several components in this re-
gion; however, due to the presence of the contam-
ination peak from the 11.5 MeV 2+ state in °0

tions, resulting in EWSR fractions up to an order of
magnitude larger. Thus, further investigation of the
isoscalar dipole form factor is necessary.

IV. DISCUSSION AND CONCLUSIONS

The present analyses lead to several conclusions
that clarify the spin assignments of the resonances
around the GR. region in “°Ca. The results of the

between E, ~ 11 and 12 MeV, only the component
at E, =~ 10.6 MeV has been analyzed. The angular
distributions of the differential cross section of the
10.6 MeV component are shown in Figs. 12 and 13,
and they are fit adequately by a calculation using a
form factor for an isoscalar dipole state.!” The un-
derestimation of the cross section. by the calculation
at the larger angles may suggest the presence of oth-
er multipolarities in this region which are not
resolved. However, other form factors from the
literature!® give very different predicted cross sec-

analyses of 99 and 117 MeV data are in excellent
agreement. The 10.6 MeV component has been
identified as a 1~ state. The small angle measure-
ments (0, < 8°), especially at 0°, confirm the 0%
state at E, = 13.9 MeV, while the 14.6 MeV com-
ponent has been identified as 2. This is in reason-
able agreement with the results of Yamagata et al.!?
who reported a 0% state at E, = 14.2 MeV. The
7% of E2 EWSR extracted from the larger angle
analysis (6, > 13.5°) in the energy range between
13.2 and 15.3 MeV (see Fig. 10) is in excellent
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agreement with our earlier inelastic a-particle data.®
The 4.0 + 1.3 % of the E2 EWSR exhausted by the
14.6 MeV component for 99 MeV data agrees with

the particle decay experiment,!® while the

2.5+ 0.5 % of the E2 EWSR observed for the same
component in the 117 MeV data is lower than that

observed in the decay experiment.'®

The spin and parity of the 15.8 MeV component
is most likely 37 ; however, due to the domination
of L = 2 in that region, this assignment is less defin-
ite. The 3™ resonance at 16.7 MeV reported by
Yamagata et al.'? has not been observed in this
work. From the angular distribution of the differen-
tial cross section obtained for the 99 MeV data
between E, = 16.3 and 20.5 MeV (see Fig. 10), it is
unlikely that a 3~ resonance is located at E, = 16.7
MeV with relatively the same E2 and E3 strength as
seen in the *He data. Furthermore, the different
shape of the spectrum and the relatively different
contributions from E2 and E3 EWSR between He
(Ref. 12) and «a (the present work) suggest that exci-
tation of states in this region by *He and « particles
may be different and not entirely related as predict-
ed in DWBA.

Rost et al.!® reported some E1 strength between
E, = 13.3 and 16.7 MeV in their measurements of
inelastic scattering of 104 MeV « particles; no E1l
strength has been found in this region in the present
analysis. The GQR dominates around 18 MeV and
exhausts 40— 50 % of E2 EWSR. This is in excel-
lent agreement with the earlier inelastic a-particle
data. The E2 EWSR exhausted in this region also
agrees with the inelastic proton data.>’ However, it
is about 20% less than that obtained through inelas-
tic pion scattering'# and 20% more than that ob-
tained by Yamagata et al.'? Taking into account all
of the E2 strength between 13.2 and 20.5 MeV, a
total of about 56% and 61% of E2 EWSR has been
observed in the 99 and 117 MeV data, respectively.
The excitation energy of the GQR obtained in the
present work is in good agreement with that ob-
tained from inelastically scattered protons>’ deu-
terons,'® *He’s (Ref. 11), and a particles. We see
no definitive evidence of EQ strength in this region
(E; = 16.3—20.5 MeV). The 60% increase in the
cross section of the entire GR peak at 0° over 4°
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(129 MeV data) is consistent with the existence of
about 10% of the EO EWSR strength with a cen-
troid and width roughly the same as the GQR (see
Fig. 11). This is in agreement with a recent report!!
on monopole resonance strength in light nuclei. If
present, this EO strength would not cause a signifi-
cant deviation from the predominant E2 shape of
the angular distribution for angles greater than 2°,
where the remainder of our data was taken. Fur-
ther experiments will be required to determine if
this 0°—4° cross-section difference is in fact due to
the presence of 07 strength or has other explana-
tions.

Above the GQR region (E, > 20.5 MeV), no evi-
dence of resonancelike structure or EO strength has
been observed. This is in disagreement with the
results of Rost et al.!* who have reported a small
EDO strength above the GQR. It should be noted
that the poor statistics of their spectrum would in-
troduce large uncertainties in the background sub-
traction. Furthermore, other reasonable back-
grounds can be constructed for the data of Ref. 13,
which removes excess yield in the spectrum!® com-
pletely. In any case, identification of weak, broadly
distributed strength on top of an ill-defined continu-
um is at best uncertain and probably requires a de-
finitive demonstration that the angular distribution is
significantly different from the continuum.

The fine structure around the GR peak could
result from the presence of other weak relatively
narrow resonances. This is similar to 2%®Pb (Ref.
4), where a fit to the GR peak requires two broad
Gaussian components (GQR and GMR) and
several narrow Gaussian components. This similari-
ty between “°Ca and 2%®Pb is not unexpected since
both of them are closed-shell nuclei and should,
therefore, have a smaller level density in the GR re-
gion. The good agreement between the experimen-
tal data and the corresponding L = 2 DWBA cal-
culations shows apparent domination of L = 2 in
the GR peak. Hence, only a small amount of
strength could be assigned to other multipolarities.
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