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Inelastic alpha scattering measurements have been performed for 'Si at small angles including
zero degrees. A total of 66% of the EO energy-weighted sum rule was identified (using a Satchler
version 2 form factor) centered at E„=17.9 MeV having a width of 4.8 MeV and 34% of the E2
energy-weighted sum rule was identified above E = 15.3 MeV centered at 19.0 MeV with a width of
4.4 MeV. The dependence of the extracted EO strength on form factor and optical potential was ex-
plored.

INTRODUCTION

The properties of the giant monopole resonance (GMR)
are of particular importance because the incompressibility
of nuclei is directly related to the energy of the GMR. In
order to obtain the incompressibility of nuclear matter,
some extrapolation must be made from finite nuclei.
These extrapolations have been done several ways. One
method attempts to properly take into account the finite
nucleus by calculating the energy of the GMR utilizing
specific interactions, and calculating the infinite matter
incompressibility with the interaction most closely repro-
ducing experimental data. ' Another uses the empirical re-
lation

K~ =K„)+K,„,f(A ' )+K,y [(N —Z)/A] +Kc,„),

which attempts to account for surface, symmetry, and
Coulomb effects to obtain K„,~, usually identified as the
nuclear matter incompressibility K„, from Kz for finite
nuclei. ' Whatever method is used, however, one has to
relate the incompressibility of a finite nucleus to that of
nuclear matter if the incompressibility of nuclear matter
is to be obtained. While the GMR has been identified in a
number of nuclei with 2 )90, and approximately 30% of
the GMR energy weighted sum rule (EWSR) has been
identified in a concentrated resonance in ' Zn, the
GMR has not been identified for lighter nuclei. The ac-
curacy of extrapolations would likely be improved if this
state could be located in lighter nuclei.

There have been several studies of lighter nuclei at-
tempting to locate the GMR. Lebrun et aI. studied the
giant resonance region in Al, 4OCa 56Fe, and 58,6O+j

ing inelastic scattering of 108.5 MeV He particles at
small angles and reported a small amount ( & 10%%uo

EWSR) of concentrated monopole strength situated close
to the excitation energy of the giant quadrupole resonance
(GQR). pan der Borg et al. have performed a detailed
study of the jsoscalar strength distributions in ' Mg,

Si, and "Ca; they found a large amount of the E2
EWSR exhausted between 14 and 27 MeV, consistent with
earlier studies by Youngblood et al. , who investigated

Mg, Al, and Sj wjth 126 MeV jnelastjc alpha scatter-
ing. Some evidence of EO strength was also found; how-
ever, neither of these experiments was particularly sensi-
tive to J =0+ strength nor were they able to definitively
distinguish 0+ from 2+ due to the lack of data points at
very forward angles. In their angular correlation mea-
surements of ao decay from Ca, Zwarts et al. identified
about 12% of the E2 strength between 12.5 and 15.5
MeV and, extrapolating to all channels, suggested the ex-
istence of 45% of the E2 EWSR in this region. Kajlas
et al. showed that their inelastic proton scattering data
on Si can be explained by taking into account contribu-
tions from I =0, L, =1, I.=2, and 1. =4 in the giant
resonance region. However, the EO strerigth contribution
necessary depends very much upon the contribution from
the giant dipole resonance (GDR), which is not well deter-
mined. Recently, Brandenburg et ah. reported about
30% of EO strength in Ca between 10—20 MeV excita-
tion from inelastic alpha scattering and charged particle
decay coincidence measurements. In this paper we report
small angle inelastic alpha scattering measurements on

Si which indicate that some substantial portion of the
GMR EWSR is located in a concentrated peak at approxi-
mately 18 MeV excitation, somewhat below the giant
quadrupole resonance.

EXPERIMENTAL PROCEDURE

Inelastically scattered spectra were measured for 129
MeV alpha particles obtained from the Texas A&M
University variable energy cyclotron. The experimental
setup and beam preparation methods were similar to those
discussed in detail in Refs. 9 and 10. Considerable care
was taken to minimize spurious contributions from the
beam as well as slit scattering. Runs with blank target
frames were taken to ascertain that contributions from
such processes were negligible in regions of interest. The
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thickness of the Si target was 2.05 mg/cm . The inelast-
ically scattered alpha particles were detected in the focal
plane of the Enge split-pole spectrograph with a 40-cm
long resistive wire proportional counter backed by an
NE102 plastic scintillator. For the 0 measurement, the
solid angle defining slits were open + .3' both horizontal-
ly and vertically, while for all nonzero angles they were
set at +0.3' horizontally and +0.9' vertically. An active
slit system was used to reduce slit scattering from the
solid angle defining collimator. The system is similar to
the one developed at Grenoble" and utilizes a thin plastic
scintillator situated at the back of the solid angle defining
collimator. The particles scattered from the edge of the
collimator pass through the thin scintillator; the signals
from the scintillator are in anticoincidence with the scin-
tillator signals from the focal plane detector. Details of
the electronic setup, the data acquisition system, back-
ground subtraction techniques, and the distorted wave
Born approximation (DWBA) calculations are discussed
in Ref. 10. Calculations were averaged over the finite an-
gle opening of the detector. The isoscalar transition rates
were calculated using a uniform matter distribution
(UMD) as described by Bernstein. ' ' Recently, Wagner
et al. ' applied an implicit folding procedure (IFP) to ex-
tract isoscalar transition rates for inelastic hadron scatter-
ing from light nuclei, and values obtained with this tech-
nique are also presented.
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RESULTS AND DISCUSSION

Data were taken at nine angles between O~,b
——0' and

8.6' for Si. The 0' data were extracted in a separate ex-
periment measuring charged particle decay from the giant
resonance (GR) region in Si.' Sample Si spectra are
shown in Fig. 1. The yield in the hatched area in Fig. 1 is
from scattering from. the beam stop located just in front
of the solid angle defining slit. Due to the appearance of
this scattering (it was absent at larger angles and at 0'),
this is the most forward nonzero degree angle measured.
The background-subtracted spectra for H~, b

——0' and 4.6'
are shown in Fig. 2. The distinct difference between the
0' and 4.6' spectra in the GR region provides a clear sig-
nature for the presence of substantial concentrated mono-
pole strength in this nucleus.

The angular distributions of the 3 states at 6.88 and
10.17 MeV are shown in Fig. 3 along with DWBA calcu-
lations. The 0 point for the 10.17 MeV state is not in-
cluded because the state is too close to the 0' beam stop
for reliable extraction. The optical potentials used for
these calculations were those for Al reported in Ref. 5.
The DWBA calculations for these states are in good
agreement with the experimental data. Preliminary
analysis indicates no significant monopole strength below
15.3 MeV; therefore detailed analysis was carried out only
for E & 15.3 MeV. Analysis of the data in the region be-
tween 15.3 and 24.7 MeV were done by integrating the
resolved fine structure. The angular distributions ob-
tained are also shown in Fig. 3 where the error bars on the
differential cross section represent not only the statistical
error but also the uncertainties in the integrating process
and background subtraction. The groups at 18.7, 19.8,
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FIG. 1. Energy spectra of Si at 0, 3.0', and 5.3'. The
dashed lines represent the assumed shape of the underlying con-
tinuum subtracted as background for analysis. The hatched
area in the 3 spectrum is slit scattering (see the text).

and 20.5 MeV are fit reasonably well by an I. =2 DWBA
calculation; however, the rest are not fit well by calcula-
tions for any one multipolarity. In particular, the rise in
cross section at very forward angles for most of the
groups indicates the presence of some I, =0 strength.

In order to ascertain what I. values are contributing to
each region, the angular distributions (excluding the 0'
point) for all of the regions were fit by a combination of
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least contributing multipolarities was then chosen as the
most likely. These results are shown in Table I, where
some representative combinations used and the 7 values
obtained are listed. For example, for the group centered
at 16.6 MeV the calculation using D+, 2+, and 4+ gives
essentially the same 7 as the calculation using D+ and
2+, while other combinations give significantly larger 7
values. For the 19.8 MeV group, the calculation with
only 2+ gives a 7 value comparable to calculations using
0+ and 2+ and 0+, 2+, and 4+. In fitting the angular
distribution of the summed region between 15.3 and 18.3
MeV, the X value obtained using the sum of 0+, 2+, and

TABLE II. J" assignments and EWSR strengths obtained
foi 28Sj

25 IO22 I9 l6 I3
EXCI TATION ENERGY (MeV)

FIG. 2. Background subtracted spectra of Si at 0' and 5.3'.

E„(MeV)

15.7

EWSR (%)

4.9 +0.4
0.51+0.05

1.4

L =D, 2, 3, and 4 distributions calculated in DWBA, us-
ing a least squares technique to determine the contribution
of each multipolarity. Since the isovector dipole should
be at most very weakly excited in these alpha scattering
experiments, no L =1 contribution was included. The
technique used to determine the number of multipolarities
contributing was as follows. Each angular distribution
was fit successively with one, two, three, and four mul-
tipolarities to determine which combination produced a
significant minimum in X . In general it was found that
some combination of two multipolarities produced a low
7, with the addition of other multipolarities having only
a small effect. The fit that produced a low X with the

16.1

16.6

17.0

17.4

17.7

0+
2+

0.6 +0.4
1.42+0.09

4.1 +0.7
1.56+0. 11

3.9 +0.4
0.76+0.05

4.3 +1.0
2.14+0.14

7.9 +1.0
-1.52+0. 12

4.4

2.0

8.4

10.2

8.1

E„(MeV)
No. of

I. values

TABLE I. Results of fits with differing I. contributions. 18.2

18.7

0+
2+

8.9 +1.0
1.92+0. 14

6.3 +0.2

1.4

1.4
16.6

17.7

19.8

0+,2+,4+
0+,2+
0+
2+

0+,3
0+ 2+
0+
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P+ 2+ 4+
P+ 2+
0+
2+

1.9
2.0

32.6
6.9

18.6
8.1

30.1

15.9

0.6
0.6

41,7
0.7

19.3

19.8

20.5

21.6

22.7

0+
2+
4+

3.0 +1.3
3.4 +0.2

3.84+0. 14
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FIG. 3. Angular distributions obtained for the 6.88 MeV state, the 10.17 MeV state, and the fine structures in the GR region of
Si. The curves are summed DWBA calculations for the I. transfers indicated. The error bars indicate statistical and background er-

rors only. The 0' points are not raw data. Their evolution is discussed in the text.
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4+ modes is slightly better than the sum of 0+ and 2+
modes; nevertheless, the E4 EWSR contribution is small
with relatively large error. The fit using the sum of 0+
and 2+ modes gave a 7 value much smaller than calcula-
tions with any one multipolarity or with any other two
multipolarities. In general, the fits to the angular distri-
butions in the region between 15.3 and 24.7 MeV gave
contributions from L =3 and L =4 modes which were
considerably less than the errors on the contributions, and
the inclusion of these only slightly improved the X value,
so most of the fits chosen contain L =0 and L =2 contri-
butions only.

The J assignments and the EWSR values obtained
with the UMD for the structures in the GR region from
the least square fits are listed in Table II. Also listed are
the uncertainties in the strength of each contribution ob-
tained from the least square fits and the 7 values for each
fit. The uncertainties listed do not include systematic er-
rors, but include statistical uncertainties, uncertainties in
picking backgrounds, and uncertainties in the least square
fitting process.

The 0 data were taken with a substantially different
solid angle and the points shown have been renormalized
to adjust to the same solid angle as the other data points,
assuming the mix of multipolarities indicated for each
state (obtained from fitting data excluding the 0' point)
and an angular averaging appropriate for the solid angle
using the calculated angular distributions. The renormali-
zation was designed to yield data points which should be
correct for small solid angle data taken at 0 with the mix
of multipolarities indicated for each state.

Table III shows the isoscalar transition rates, G(IS), for
low lying 2+ and 3 states from inelastic alpha scattering
and the corresponding electromagnetic transition rates
G(EM). For comparison purposes values calculated with
the uniform matter distribution are compared to those
calculated with a Fermi distribution and those with an
IFP. For the 1.78 MeV 2+ state, the isoscalar transition
rate obtained using the uniform matter distribution aver-
aged over the three experiments' ' ' is approximately
30% smaller than the electromagnetic transition value,
while the isoscalar value is about one-third the elec-

X=[3+(rra/R) ]/[1+(era/R) ] .

KV follows an entirely different approach and employs a
rigourous self-consistency between the density distribution
and the potential resulting in a form factor given by

U)(r) = dUo

r(r ')
In all the above expressions, Uo ——V+i 8' is an appropri-
ate optical model potential with radius R and diffuseness
a, respectively. The ratio of DWBA cross section for
GMR in Si at 17.9 MeV using SV1, SV2, and KV form

tromagnetic value for the 6.88 MeV 3 state. The IFP
brings the isoscalar rate for the 3 state into agreement
with the electromagnetic values, but for the 2+ state the
average G(IS) obtained is 29% higher than the elec-
tromagnetic value. The Fermi distribution results in iso-
scalar values below the electromagnetic values in both
cases.

The EO EWSR percentages listed in Table II were ob-
tained by employing the collective model with the "ver-
sion 2" (SV2) form factor for the GMR suggested by
Satchler. ' At least two other macroscopic form factors
have been suggested for the GMR, viz. , Satchler version 1

(SVl) (Ref. 17) and one by Kishimoto (KV). ' 'These
form factors correspond to different physical pictures for
the L =0 vibrations and, in general, lead to predictions of
very different cross sections. SV1 assumes the oscillation
to be a compressional mode which leads to a form factor
given by

d Uo(r)
U& (r) = —3Uo(")—r

dr

SV2, on the other hand, takes the surface of the nuclear
matter distribution to be deformed as R'=R (I+a) and
is closer to the standard prescription for higher mul-
tipoles. The SV2 form factor is

d Uo(r)
U& (r) = XUo(r) ——R

0r

TABLE III. Isoscalar and electromagnetic transition rates for low lying ' Si levels. G(IS) values are
given for three models (see Bernstein, Ref. 12).

Z„(MeV)

1.78

Fermi

8.8'
13.6
103

G(IS)
Uniform

6.5
1 1.2
9.0

IFP

13 1'
18.9
16.8'

G(EM)

12.6+0.4"

Ref.

16
5

4

6.88 4.8b

5.8
3.3
3.5

13.4'
11.2'

12.3+1 9

'Original authors did not include an imaginary term in the form factor. The value presented here was
adjusted to include the imaginary term with the assumption that p„,~=p;,s.
"Values were calculated with the assumption that P„,~ =P;
'Values were taken from analysis reported in Ref. 13.
"Reference 15.
'Using experimental data from present work and technique described in Ref. 13 to calculate isoscalar
transition rate.
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TABLE IV. Isoscalar multipole strength observed in GR region of Si.

Reaction

(e,e')

Mg(a, y)

Beam
energy
(MeV)

Excitation
energy
(MeV)

12—20

14.5—21.5

14—22

2+

EWSR (%%uo')

20+4

14.5
-34

Ref.

19

20
21'

(p, p') 61
115

17—22
15.7—24. 1

2+
0+
2+
3
4+

30
34+33
19+3
1.5+1.5
8+2

22
7

120 14—25 p+
2+
3

4.5
25+4'

0.9+0.6

126 17—22

129 15.3—24. 7 p+
2+

66+20
34+6-

Present
work (UMD)

155 16.9—24. 8 31+'

'An EWSR was calculated assuming 11%%uo of E2 decay through the uo channel.

factors is 4.5, 1.0, and 3.2, respectively. In the alpha and
He inelastic scattering studies of the GMR, most previ-

ous authors have used SV1 (the "breathing mode"), prob-
ably at least in. . part because SV2 gives a much lower cross
section and would lead to GMR EWSR's considerably
exceeding 100% in heavier nuclei. The "breathing mode, "
however, may not be appropriate for light mass nuclei.

Using UMD, 66 Jo EO EWSR is obtained with SV2 and
15% EO EWSR is obtained with SVl. If IFP is used,
somewhat different values are obtained, 51% of the EO
EWSR and 36% with SV1. Thus IFP brings SV1 and
SV2 into closer agreement. However, if SV2 is appropri-
ate, approximately half to two-thirds of the EO EWSR is
concentrated in this 9 MeV wide region. Use of the IFP
for the E2 calculation yields a value of 44% for the total
E2 strength between 15.3 and 24.7 MeV instead of the
34% obtained in the uniform matter assumption.

The isoscalar multipole strength observed in the present
work is compared to other experiments in Table IV. In
general, the E2 strength observed is in reasonable agree-
ment with that reported from other experiments. The EO
strength agrees with that reported in Ref. 7 (within their
large error), but it is considerably larger than that report-
ed in the experiments described in Ref. 4. This
discrepancy may be due in part to the lack of very small
angle data (O~,b&6 ) in the experiments described in Ref.
4, since the EO strength shows most clearly at smaller an-
gles. Additionally, the differing optical potentials used in
the present work and Ref. 4 result in some differences in
strength (5% difference in EWSR for E2, and 29%
difference for EO strength with SV2 form factor and
UMD).

The distributions of EO and E2 EWSR strengths be-
tween 15.3 and 24.7 MeV are shown in Fig. 4. The EO

36

28—

EO EWSR

l6—

12—

ohio
8—

0

0

UJ )0

HP

E2 EWSR

1

24
l I (

[6 18 20 22
EXCITATION ENERGY {MeV)

FIG. 4. Distributions of EO and E2 energy weighted sum
rule strength between 15.3 and 24.7 MeV in Si from the
present experiment. The error bars shown correspond to the un-
certainties given in Table II. The histogram represents the re-
gion of integration and the data points are plotted in EWSR per
MeV at the centroid of each integration region.
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TABLE V. Incompressibility parameters obtained (MeV).

K„,)
+surf

+sym

270+ 13
—607+43
—550+ 195

221+32
398+135

—285+253

'Including K& values for 2'Si, Zn, "'" "" ' Sn, '"In,
Nd ' Sm, ' Au, and Pb

As for a without Si.

lOQ—

90—

cu 80—

fA 7Q

LLI

SIG
SZZ

Sko
Oi
Exp.
PA

Bi

EWSR distribution can be separated into two groups
while the E2 EWSR distribution forms one broad peak.
Integrating the region shown, the centroids of the EO and
E2 strength are obtained at 17.9+0.3 and 19.03+0.13
MeV, respectively, and the corresponding (I FwHM
=2.35)&I,) widths are 4.8 MeV and 4.4 MeV. In con-
trast to the heavier nuclei, the GMR is substantiaHy below
the GQR and corresponds in excitation to about 543
MeV, whereas in heavier nuclei it lies at about 803
MeV. The GQR, by contrast, is at 583 '~ MeV in Si
and {j4+ ~ MeV in o Pb

The incompressibility parameters in Eq. (1) were ob-
tained by a least square fit to the values of Kz obtained
for 13 nuclei using the values reported in Refs. 9, 4, and
23 in addition to that for Si. The fit assumed errors on
GMR energy as reported by the authors. The results ob-
tained are shown in Table V compared to those obtained
without the Si point. The addition of Si significantly
increases each of the parameters, with E„,t increasing
from 221+32 to 270+13 MeV. This change is somewhat
outside the combined uncertainties, obtained assuming the
observed peak in each nucleus represents the entire GMR
strength.

Figure 5 shows FA'~ vs A for a number of nuclei and
includes results of random phase approximation (RPA)
calculations by Blaizot et al. with various effective in-
teractions as well as a collective model prediction by
Panharipande. The trend of the data is somewhat dif-
ferent from the RPA calculations, with the actual mono-
pole energy decreasing faster as A decreases than the cal-
culations predict; however, the data are in good agreement
with the collective model. The assumption that the entire
GMR strength is contained in the observed peak is, of
course, questionable, since using SVl for the form factor
and a uniform matter distribution, the three lowest mass
points (28, 64, and 66) exhaust, respectively, only 15%,

I

20
I

60
I

IOO
I

180
I

220

FIG. 5. Plot of EA' vs A for the GMR in several nuclei.
Also shown are RPA predictions (Ref. 1) (solid lines) and a col-
lective model prediction (Ref. 2) (PA).

29%, and 30% of the EWSR. On the other hand, with
SV2 and a uniform matter distribution, these values
change to 66%, 91%, and 92% of the EWSR, respective-
ly. If, in fact, significant portions of the GMR lie unob-
served at higher excitation in the lighter nuclei, the above
extrapolations would be incorrect.

It is important to perform microscopic RPA calcula-
tions to determine the nature of the form factor for the
GMR. It is possible that the situation with the GMR is
similar to that with the giant dipole resonance where the
Goldhaber-Teller model works well for the light nuclei
and the Steinwedel-Jensen model describes the GDR more
appropriately for the medium- and heavy-mass nuclei. A
form factor that is essentially a linear combination of the
two has been proposed by Myers et al. In a similar
fashion, the SV2 form factor might be more appropriate
for the GMR in light nuclei (A &40), whereas SV1 is
applicable in the medium- and heavy-mass region
(A &90). Clearly, a better understanding of the volume
and surface effects regarding the GMR is needed.
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