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Giant monopole resonance strength in?8Si
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The giant resonance region fiSi was studied with inelastic scattering of 240 MeVMparticles at small
angles including 0°. The giant resonance peak extended Egml2 MeV to 35 MeV andEO strength
corresponding to 5#6% of the isoscalarEO energy weighted sum rule was identified betweep
=11-35 MeV with a centroid of 21:50.3 MeV and an rms width of 5:90.2 MeV. E2 strength correspond-
ing to 32£5% of the isoscalaE2 sum rule was identified with a centroid Bf=19.0+£0.2 MeV and rms
width of 1.7+0.2 MeV. Elastic scattering was measured frég),=3° to 47° and optical parameters ob-
tained. Inelastic scattering to states at 1.78, 6.88, 10.2, and 11.1 MeV was measured and deformation lengths
andL components extractefiS0556-281®8)01303-X]

PACS numbgs): 24.30.Cz, 25.55.Ci, 27.40z

INTRODUCTION supporting natural Si wafer 7.92 mg/éiiick located in the

The isoscalar giant monopole resonaf@R) is of par- target chamber of the .muItipole—dipole-multipole spectrom-
ticular interest because its energy is directly related to th&ter[7]. Beam was delivered to the spectrometer through a
compressibility of nuclear mattei(,,) [1]. In the scaling Peam analysis system having two bends of 88° and[8}°
approximation, nuclear compressibility is relat¢d] to ~ The beam was limited by slits after the first bend, and the
Egur=(m3/m;)Y2 wherem,==(E,—E)¥(0|r?n)|%. In  second bend was used for clean up, with slits located so as
order to account for contributions from finite nuclei and ex-not to intercept the primary beam. The horizontal acceptance
tract K ,,, macroscopic analysgg] of the GMR require that Of the spectrometer was 4° and ray tracing was used to re-
the energy of the GMR be known in nuclei over a wide rangeconstruct the scattering angle. The vertical acceptance was
of A. However, until recently, significant monopole strengthset at=2°. When the spectrometer central anglg,() was
has been locatef®2,3] in only a few nuclei withA<90. In  set to 0°, the beam passed beside the detector and was
recent worl{4] using inelastic scattering of 240 Me¥par-  stopped on a carbon block inside a Faraday cup behind the
ticles at 0° with a new spectrometer and beam analysis systetector. For 3.5% Ospec<6°, the beam was stopped on an
tem, we obtained much higher peak to background ratios foihsulated Ta block beside the solid angle defining slits. At
quadrupole and monopole resonances than previous workgrger angles the beam was stopped on a Faraday cup in the
and were able to show that no more than 50% of the isoscalggrget chamber. Afgpe=0°, runs with an empty target

EO energy weighted sum ruléEWSR) is present below frame showedr particles uniformly distributed in position at
Ex=25MeV in *Ni. However, in*’Ca we found evidence 5 rate about 1/2000 of that with a target in place.
[5] for 93+15% of thelleO EWSR centered atE, A new 60 cm long focal plane detector was constructed
N 18'.3 MeV .W'th (My/m,)~"=21.2 _MeV, Wh'Ch IS quite  \yhich covered approximately 55 MeV of excitation. Its prin-
con3|_stent with the t_renEZ%] for _hea_mer m.Jde" . ciples of operation are similar to the detector described in
L.u' etal. [6] studied .S' W'th inelastic _scatterlgg O Ref.[9]. It contains four proportional counters to measxre
partlclesl ofEa~12h9_Mth|nclu<2;ng é,catterm%to 2 ' vggﬁre position at four points along a rays path using the method of
E]\?vrgg%gn?gfendg;{ 'S_ir; ;RAC:V \;av?th ;e\?v(i)cﬁﬁ o?ig Ic\)/leve charge division, as well as an ionization chamber to provide
. X e 5 > ..~ AE and a scintillator to measure total energy and provide a
At this beam energy, then(°Li) af‘d (a,"He) reactions .W'th fast timing signal for each ray. The out-of-plane scattering
subsequent decay of the mass five products inta patrticle angle ¢ was not measured. To improve the quality of the

and a nucleon produce broad peaks in thearticle spec- o
: . ) position spectrad for each ray was calculated separately
:c‘ru_m corresponc,i,mg to 24E,<46 MeV in *Si. These using data from independent wire pairs, and events in dis-
pickup-breakup” peaks would obscure G.MR. strength agreement by more than two standard deviations were dis-
abO\_/e Ey~24 MeV and_ may hamper determination of the carded9]. Position resolution of approximately 0.9 mm and
continuum under_the8 g_lant_ resonance peaks._ scattering angle resolution of about 0.09° were obtained. The
We have studied Si using 240 MeVe particles where 516 cajibration was obtained from an angle spectrum taken
the p|ck_up-breakup _peaks appear abO\E&:Q MeV,  with a mask having five openings 0.1° wide spaced 1° apart.
well outside of the region where GMR strength is ?XpeCtedThe actual spectrometer angle was determined from the ki-
We report here results with excellent peak to continuum rapematic crossover from the elastic scattering off hydrogen
tios taken at small scattering angles including 0°. (in the 1°C targel and 2C inelastic scattering peaks. The
calibration procedures are described in detail in Ré&sand
[10].
A beam of 240 MeVa particles from the Texas A&M Data were taken with*C, ?Mg, and 28Si targets at the
K500 superconducting cyclotron bombarded a self-actual field settings used in the experiments. The positions of
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the 9.641 and 18.350 MeV staté$l] in '°C, the 10.18, cross section maxima are affected only slightly. With the
18.67, and 20.43 MeV stat¢42,6] in 28Si, and the 12.86 reduced vertical opening+0.8°], the cross section correc-
and 17.36 MeV statefl2] in 2“Mg were used to obtain tion to the elastic scattering from averaging over the angle
momentum calibrations linear in position for each of theOPening was 3% at 2.5° and less than 1% at larger angles
spectra. The energies of these known narrow peaks betwe&XCept in the minima, when the averaged cross sections were

9 and 21 MeV were consistently reproduced better than 5@Io_tte_d at the average angle determ_ined as des_cribed above.
keV his is particularly important for optical model fits because

. the optical model codes do not take into account averaging
Giant-resonance data were taken with..set at 0°, 3.5°, . g ;
and 5.5° covering the angular range from 0° to 7.5°. Th over a large vertical opening where the effective angular

o b d 2.< 60 MeV ange for each data point is different.
excitation energy range observed was i< ev. Cross sections were obtained from the charge collected,

Elastic and inelastic scattering data were taken at SpeGzqet thickness, dead time and known solid angle. The over-
trometer angles of 3.5° and 5.5° at a different dipole fieldy)| dead time of the electronics and computer data acquisition
setting covering the range 10<E,<45 MeV but with the  system was measured by passing pulses from a rarfdom
spectrometer acceptance the same as for the giant resonangfe) pulser into the preamplifiers and through the entire
data. In addition, elastic and inelastic scattering data wergystem into the computer. They were checked by comparing
taken over the angular range from 2° to 40°, with the verticakthe total number of pulses sent to the computer with the
acceptance of the spectrometer reducedt @8°, in orderto  number in the spectra. Dead times obtained from the two
obtain optical-model parameters. methods agreed to within 1%. Approximately 16% of events

Each data set was divided into ten angle bins, each corravhich made it into the computer were discarded because the
sponding toA #=0.4° using the angle obtained from ray angles measured in the two sets of horizontal wires did not
tracing. ¢ is not measured by the detector, so the averagagree. The cumulative uncertainties in target thickness, solid
angle for each bin was obtained by integrating over theangle, etc., result in about &#10% uncertainty in absolute
height of the solid angle defining slit and the width of the cross sections. The consistency of the current integrator was
angle bin. For comparison with theoretical calculations, thechecked for the elastic scattering data with a monitor detec-
data points are plotted at this average angle so that, for exer fixed at 20°.
ample, data from the central angle bin taken with the spec- Angular distributions of the elastic scattering and inelastic
trometer at 0° would be plotted #,,=1.08°. By plotting  scattering exciting the 1.7789 MeV'2 6.8786 MeV 3,
the data versus the average angle, the primary effect of th€0.18 MeV 3°, and 11.0 MeV (I +4") states are shown
large solid angle is to fill in deep minima. The phase andn Figs. 1 and 2. Data points obtained from both the giant
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FIG. 1. Angular distribution of the ratio of the differential cross section for elastic scattering to Rutherford scattering for 249 MeV
particles from Si is plotted versus average center-of-mass angle. The solid line shows an optical model calculation with the parameters from
Table 1. When not shown, statistical errors are smaller than the data points.
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(d) E,=10.99 MeV ,4°,8R=0.22 fm
E,=11.297 MeV ,1",3R=0.010 fm
0" BR=0.026 fm

FIG. 2. (a) Angular distribution of the differ-
ential cross section for inelastie scattering to
the 1.779 MeV 2 state in ?8Si plotted versus
average center-of-mass angle. The solid line
shows anL=2 DWBA calculation for B8R
=1.25 fm. (b) Angular distribution of the differ-
ential cross section for inelastie scattering to
the 6.879 MeV 3 and 6.889 MeV states i#°Si
plotted versus average center-of-mass angle. The
solid line shows a sum df=3 andL=4 DWBA
calculations forBR=0.80 and 0.20 fm, respec-
tively. (c) Angular distribution of the differential
cross section for inelastie scattering for a peak
corresponding tdE,=10.20 MeV in 25Sj plotted
versus average center-of-mass angle. The solid
line shows a sum of =3 andL=2 DWBA cal-
culations forBR=0.42 and 0.12 fm, respectively.
(d) Angular distribution of the differential cross
section for inelastier scattering for a peak corre-
sponding toE,=11.00 MeV in 28Si plotted ver-
sus average center-of-mass angle. The solid line
shows a sum of. =0, L=1, andL=4 DWBA
calculations forBR=0.26, 0.010, and 0.22 fm,
respectively. Fora)—(d) the square data points
were taken with the elastic data @f,c=5.5°.
The diamonds and triangles were taken with the
giant resonance data @ ,.=3.5° and 0°, re-
spectively. When not shown, statistical errors are
smaller than the data points. The energies of
known states, their multipolarities and thgr
used in the fits are shown for each angular distri-
bution. The 0" component shown irid) has not
been previously reported.
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FIG. 4. Angular distribution of the differential cross section ob-
tained for the region 154E,<25.1 MeV in ?8Si is plotted versus
average center-of-mass angle. The data represented by the open
squares were taken with the elastic scattering data at a spectrometer
angle of 5.5°. The data represented by the open circles and open
triangles were taken with the spectrometer at 0° on two different
occasions. The data represented by the open diamonds were taken
% with the spectrometer at 3.5°. When not shown, statistical errors are
smaller than the data points.
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proximately Gaussian peaks, it is clear from previous works
[6,12] that the GQR is badly fragmented #Si. Further, Lui
et al. [6] have shown thaEO strength in?%Si is also frag-
mented, so peak fits of the type employed for heavier nuclei
are not useful. Thus we have analyzed the data in two dif-
: = | ; . ; ferent ways. In one method a continuyditiustrated in Fig.
0 " » %0 EdMey) 40 % & e 3(a)] is estimated and subtracted, leaving a giant resonance
peak. This peak is then divided into several regions and the
51 @ cross sections summed within each energy interval. The re-
sulting angular distributions are then fit with distorted-wave
Born approximatiofDWBA) calculations corresponding to
several multipolarities. This was the method employed by
Lui etal. [6]. The angular distributions for the continuum
were also summed for the same energy intervals and fit to
I extract multipole components. Representative angular distri-
1 J butions for different regions of the peak and the continuum
0 , , , ; ’ ; are shown in Figs. 5 and 6, respectively. Since monopole
° ° » 0 e % ® ™ strength is strongly forward peaked, a “spectrum B0
strength” was generated by subtracting spectra taken at
FIG. 3. Spectra obtained fof'Si(e,a’) at E,=240 MeV for  |arger angles from those taken at the smallest ar@igs].
four angles. The average center-of-mass angles are indicated. Sp&giese are shown in Fig(a).
tra (a) and(b) were taken with the spectrometer at 0°, while spectra
(c) and(d) were taken with the spectrometer at 3.5°. The solid line
indicates the division between the continuum and the GR peak cho- DWBA AND OPTICAL MODEL ANALYSIS
sen for the analysis.
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The transition densities and sum rules for various multi-

resonance and elastic scattering runs are shown for the 10.p®larities are described thoroughly by Satchigd]. The

and 11.0 MeV states, and are in good agreement. Giant res&MR has generally been considered a breathing mode oscil-
nance spectra obtained at several angles are shown in Fig.8tion and the corresponding transition density is given by
No background has been subtracted. A very strong narrobd4]

peak, previously identified ds=0 [6] dominates the spec-

trum at the smallest angles. The angular distribution of the U=—ay[3p+rdp/dr],

entire cross section for 15 Me¥VE, <25 MeV is shown in

Fig._4. Data points obtained _from the giant resonance rungp e for a state that exhausts the EWSR,

are in excellent agreement with those from elastic scattering

runs.
Unlike heavy nuclei where the GQR and GMR are ap- ag=2m(h?Im)(A(r?)E,) "
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FIG. 6. Angular distribution of the differential cross section for
inelastica scattering for four excitation ranges of the continuum in
285j plotted versus average center-of-mass angle. The solid line
shows DWBA calculations for a sum of multipolarities for the fit to
one of the distributions. The multipole components are shown in
Fig. 9. Statistical errors are smaller than the data points.

the folding model. Recently Satchler and KHd#], analyz-

ing a 240 MeVa study of °®Ni, compared results obtained
using the deformed potential model, single folding using a
Gaussiana-nucleon force with and without density depen-
dence, and double folding using the BDM3Y1 nucleon-
nucleon force which includes density dependence. Their con-
clusion was that each of the folding calculations gave very
similar 0° cross sections for the GMR, and fit the data for the
4.475 MeV 3 state using the electromagneB¢E3) value.
Deformed potential calculations required B{E3) value
about a factor of 2 below the electromagnetic value to fit the
experimental data for the 4.475 MeV state. However, if the
potential deformation length was set equal to the mass defor-
mation length ¢,c=ayR;) for the GMR, then nearly the
same 0° cross section was obtained with the deformed po-
tential as with the folding models. Similar results were ob-
tained in our recent study of’Ca [5]. The strengths and

FIG. 5. Angular distributions of the differential cross section for angular distributions obtained for the GMR with the de-

inelastic a scattering for three excitation ranges of the giant reso-formed potential and folding models were virtually identical.
nance peak irf®Si plotted versus average center-of-mass angle. Therhys in this study we present only the deformed potential
solid lines show the sum of the distributions for the individual mul- analysis.

tipolarities. The dashed line shows the=0 component, the wide Distorted-wave Born approximation and optical-model
dark gray shows thé =2 component, the light gray shows the .50 jjations were carried out with the codgoLemy [17].

=1 T=0 component and the wide black line showsthe3 com- |t harameters farToLEMY were modified 18] to obtain a

ponent for each of the regions. The strengths of individual Compog -y igtic kinematically correct calculation. The amplitudes
nents are plotted in Fig. 9. When not shown, statistical errors ar

smaller than the data point&@) shows the data and DWBA for the ﬁt)trzet:]r:lgsIt'?ensg%?]sslt!ﬁsg%t]h% ;’?Lr(')%l;/s g}l{tlﬁeporlgs Zk():?'ged
E,=17.5-18.5 MeV region(b) shows the data and DWBA for the xp ! ! y pectiv

E,=20.1-21.1 MeV region(c) shows the data and DWBA for the Sum'ruIeS are glven n Table . Rad'al moments,%' Werg .
E,=30.3—35.2 MeV region. obtained by numerical integration of the Fermi mass distri-

bution assuming=3.155 fm anda=0.523[19].

The versions used for other multipoles in this work are given Optical-model parameters were obtained f88i by fit-
in Ref.[5]. ting the elastic scattering, and the resulting fits are shown in

Inelastic o scattering to collective states has been anafig. 1. The parameters are listed in Table 1l. DWBA calcu-
lyzed using either the deformed potential model or the folddations using the deformed potential model were carried out
ing model. Beeneet al. [15] have shown that a consistent for the states shown in Fig. 2 and are shown superimposed
agreement between electromagnetic transition strengths ameh the data. The multipolarities ar@R values resulting in
those measured with light and heavy ion inelastic scatteringhe best fits are shown on the figures. Except for Eye
for low lying 2* and 3~ states can only be obtained using =1.779 MeV 2" state, the other three groups were a com-



57 GIANT MONOPOLE RESONANCE STRENGTH IN®8S;j

w] @

258 Difference Spectra
11.9°R1.9°

ounts
-8 8
==
=
-

-500 +

50 €0

500
400 |
(b) e
300 1 L1.2°R1.2
200
100 |
£
£ o
S-100 +

8004 (c) |
600 L —  u.2°%1.8°

R1.2°R1.9°

o 10 20 30 40
Ex(MeV)

50 60

1139

TABLE II. Optical-model parameters obtained from fits to elas-
tic scattering.

\% R a w R; a; R.
(MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
96.48 3.586 0.811 22.85 4697 0.688 4.446

tion to the expected 4 and 1~ components, required a siz-
able 0° component(corresponding to 2.2% of thd&0
EWSR because of the rapid rise in the cross section at small
angles. TheB(E3) value obtained for the 6.879 MeV ™3
state with the deformed potential is about a factor of 2 lower
than the electromagnetic value, but in agreement with other
a scattering measurements analyzed with the deformed po-
tential model. A calculation for the 10.18 MeV state with
both the expected 3and 2" components fits the data well
beyond about 4°. At smaller angles it is likely that other
weak and unresolved states are contributing to the yield.

Angular distributions for the different multipoles that
might contribute betweerk,=10-35 MeV are shown in
Fig. 8 for 100% of the respective EWSR. The striking char-
acteristic of monopole strength is the strong peaking of the
cross section at 0° where the monopole would be by far the
largest contribution. Thus GMR strength would be character-
ized by strong forward peaking in the angular distribution.
The isovector giant dipole resonan@@DR) is also forward
peaked(excited only by Coulomb excitation iRSi), but is
much weaker than the other multipolarities and has no im-
pact on this analysis.

FIG. 7. Difference spectra obtained as described in the taxt.
The result of subtracting a spectrum #y,,=L1.9° from that taken
at 0,,4=R1.9°. (b) The result of subtracting a spectrum for center-
of-mass anglé,,,=L1.2° from that taken ab,,,;~R1.2°.(c) The

DISCUSSION

Fits to the angular distributions of the continuum and the

black line shows the result of subtracting the spectrum taken apeak regions were carried out with a sum of isoscalay 0

Oavg=L1.9° from the spectrum taken &t,,=L1.2°. The gray line
shows the result of subtracting the spectrum takefi,gf=R1.9°
from the spectrum taken at,,~R1.2°. L in front of the angle

17, 2%, and 3~ strengths. The GDR cross section would be
negligible and was not added in. The strengths were varied to
minimize x?. Over the angle range of the data, angular dis-

indicates the angle is on the left side of the beam and R indicategiputions forL =3 are very similar and could not be distin-

the angle is on the right side of the beam.

1000
bination of more than one known state. Good fits were ob- Psi(a.a) »
tained with multipolarities known to be present g8R val- DWBA 100% BWSR i
ues close to those obtained by van der Bftg] with the T T - L
particular exception of the 11.1 MeV group, which in addi- e NN . N
N o ~
100 L=1,T-0 'I:-.z N

TABLE I. Deformation lengths for 100% of the respective sum - NN e

rules in 2. g =0
% =~
Deformation Length E, ® S~
Isoscalar (fm) (MeV) ol \\
. AY
L=0 a,c=0.726 18.0 i N,
L=1 B1¢=0.425 20.0 “
L=2 B,c=1.353 18.0 \\
L=3 Bsc=2.144 18.0 . |
L=4 B.c=3.278 18.0 i ; o ; M
Isovector
FIG. 8. Angular distributions of the differential cross sections

L=1 B(E1)=0.05197e’b 20.0 for various multipoles for 100% of the respective sum rules using

deformation lengths from Table I.
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FIG. 9. (a) The dashed line shows the fraction of B8 EWSR in the?®Si giant resonance peak obtained from the results of [8¢f.
as described in the text. The solid line shows the fraction oEBeEWSR obtained for the GR peak in this work. The error bars represent
the uncertainty due to the fitting of the angular distributidibg.The solid line shows the fraction of the isoscaldr EWSR obtained from
the fits to the angular distributions of the cross section in the peak. The error bars represent the uncertainty due to the fitting of the angular
distributions.(c) The solid line shows the fraction of the isoscdi? EWSR obtained from the fits to the angular distributions of the cross
section in the peak. The dashed line shows the distribution from[BEfThe error bars represent the uncertainty due to the fitting of the
angular distributions(d) The solid line shows the fraction of the HEOR EWSR obtained from the fits to the angular distributions of the cross
section in the peak assuming all the strength fit as3 belongs to the HEOR, though the fits cannot distinguish betwee8. The error
bars represent the uncertainty due to the fitting of the angular distributions.
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tions for each of the components as well as the errors for
each component are shown in Fig. 9. A sample fit to one of
the continuum regions is shown in Fig. 6. TE® strengths
obtained for the peak, the continuum, and for the total are
shown in Figs. 9, 10, and 11 respectively and summarized
for broad energy ranges in Table lll. THeO distribution
obtained is in excellent agreement with ttedjusted—see
below) results from Luiet al. [6] up to E,=25 MeV, the
upper limit of their work. Energy moments of tit€0 distri-
bution are given in Table IV. Also shown in Fig. 9 are the
distributions of T=0 17, 2*, and 3 strengths required to

fit the angular distributions for the peaks. Thé &rength is
peaked at abolE,=19.0 MeV and contains 326 % of the
isoscalaile2 EWSR. This is in excellent agreement with Lui
et al.[6] who reported 34 6% of theE2 EWSR centered at

=1.1° for EO excitation in the continuum obtained from fits to the 19 M,e\(' The 1" strength is fairly W?ak and has Iargg un-
angular distributions for regions centered at the data points. Theertainties, but appears to be distributed almost uniformly
solid line shows the fraction of thEO EWSR extracted from this OVer the regiorE,= 15 toE, =35 MeV. This strength corre-

cross section. The error bars show the uncertainty inrEbecom-
ponent obtained from the fits.

sponds to a total of 184% of the isoscalar dipole sum rule.
Lui et al. did not report anyE1l strength. It can be seen in
Fig. 5 that there are obviously stromg=0 andL=2 com-

guished. Figure 5 shows angular distributions obtained foponents in the angular distributions, however, the1

three excitation regions in the giant resona@R) peak

strength is needed primarily to reduce the first minimum in

where differing multipolarities dominate as well as DWBA the L=0 angular distribution. This is why the errors &1
calculations for each component of the fits. The EWSR fracstrength are large. However, while the peak cross section for
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FIG. 11. The thicker dark line shows the fraction of i@ EWSR obtained from fits to the angular distributions of regions of excitation

of the entire yield for?®Si. The error bars represent the uncertainty due to the fitting of the angular distributions. The thin dark line shows
the fraction of theE0 EWSR obtained from the difference spectrum from the left side of the beam and the dashed line shows that obtained
from the right side of the beam.
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TABLE lll. Monopole-resonance sum-rule strengths f88i obtained from difference spectra and from
fits. Errors for difference spectra results are statistical only. Systematic errors due to angle calibration
discussed in text are shown in parenthesis. Errors given for peak fits are the range foy%inicteases by
a factor of 2.

Difference spectra Fits
E, Range L 1.2°-1.9° R 1.2°-1.9° Peaktcont. Peak only
(MeV) %EO0 EWSR %EO0 EWSR %EO0 EWSR %EO0 EWSR
15.0-20.0 30.41.1(3.5 27.5+1.4(4.6) 25+3 21+2
20.0-30.0 31.93.1(9.9 30.7:3.912 37+7 23+2
30.0-35.0 24.65.29.7) 20.1+6.012 26+6 7.7+2.0
15.0-35.0 8%:6(24) 79+8(29) 88+10 52+6
35.0-41.0 75:14(27) 74+17(32) 54+16
10.7-11.5 2.2+0.7

EO strength is virtually independent of optical parameterghe predicted 0° cross section for monopole excitation with
and model, the depth of the valley in the first minimum is 100% of theEO EWSR is plotted versus excitation energy.
sensitive to the parameters, thus the total errorskdn  The expected cross section drops rapidly with excitation en-
strength may be considerably larger than those extracteergy. Thus nearly half of the continuum contribution to the
from the fit. The amount oE1 strength has little effect on EO strength would be from the highest energy interval alone.
the other multipolesL =3 strength is seen only at the higher The angular distributions from the different energy regions
energies E,>21 MeV) and, if attributed toL=3, corre- of the continuum(Fig. 6) are all very similar and generally
sponds to about X75% of the isoscalaE3 EWSR. decrease with angle. Sori® component is required in a fit
Lui et al. [6] obtained?®Si EO strengths using both the with various multipoles to reproduce such an angular distri-
breathing mode form factor and the Satchler version 2 formbution. However, it is also possible that there is some other
factor. They used a square well approximation in arriving atreaction mechanism contributing to the continuum which
the sum rule strength and assumed the mass and potentjzaks at small angles and slowly decreases with angle. This
deformation parametersyf) were the same, whereas in this experiment cannot distinguish these two possibilities.
work the deformation lengthsof,c) were taken to be the Since theEQ angular distribution is strongly peaked near
same. Therefore we did DWBA calculations for the 1290°, and the angular distributions for the other multipolarities
MeV data of Luiet al. using their optical potentials and the are nearly flat below 2°, “spectra &0 strength” have been
sum rule value fot.=0 from Table | and renormalized their obtained[17,5] by subtracting data taken at larger angles
strengths accordingly. The resulti strength distribution from data taken at 0°. With the spectrometer at 0°, there are
from the 129 MeV data is compared to the distribution ob-spectra at similar angles on opposite sides of the beam that
tained in this work by fitting angular distributions of slices of should be identical. As the spectrometer was actually at 0.3°
the peak(after continuum subtractionn Fig. (a). The inte-  relative to the beam, spectra taken at the same angles with
gratedEQ strengths obtained for two different energy regionsrespect to the beam should not have the same slit scattering
are also shown in Table V. It can be seen that the 240 antfrom slit edges at in plane angles of 2.3° and.7° relative
129 MeV results, analyzed with the same transition potentialo the beam Difference spectra obtained by subtracting a
and sum rule assumptions, are in excellent agreement. Ogpectrum taken at center-of-mass angtg, = +1.9°
values are considerably belda factor of 3 the results they (60a4=+1.2°) from a spectrum taken ab,,,=—1.9°
report using the version 2 form factor, and above their result§6,,,~ —1.2°) are shown in Figs.(@ and 1b). The result-
with the breathing mode form factor. See Réf] for a dis- ing spectra are nearly 0 above,=20 MeV. Below E,
cussion of differences resulting from the square well assump=11 MeV there are major excursions in yield caused by mi-
tion and from equating the deformation parameters for massor differences in energy calibration from a nonlinearity in
and potential oscillations rather than equating the deformathe detector which results in sharp peaks not exactly lining
tion lengths. The energy moments of tB® strength ob- up in different spectra.
tained in this work are considerably higher than those of Ref. Difference spectra obtained by subtracting spectra corre-
[6] due to the much wider excitation range explored in thissponding to an angle cut near the edge of the dify(
work. =1.7°) from spectra taken near the cent&=Q0°) are
BetweenE,=15-35 MeV a total of 526% of theEO shown in Fig. Tc) for two different sets of angle pairs. They
EWSR is present in the GR peak. The fits would suggest thaire very similar and above the peak regidf, t 25 MeV)
an additional 36% of th&€0 EWSR is located in the con- agree within statistics. The difference spectra were converted
tinuum under the peak. The distribution of the continubéh  to cross section and then adjusted to a 0° cross section using
cross section and strengths are shown in Fig. 10. As can hbe DWBA predictions for the GMR, correcting the overall
seen the cross section/MeV attributable B0 strength is cross section for the GQR contribution. “Spectra” of the
essentially constant frofa, =17 toE,=39 MeV but the re-  “fraction of the EO EWSR” as a function o, were cal-
sulting EO EWSR strength increases dramatically at higherculated by dividing the spectra of Fig(cj by the DWBA
excitation. The reason for this can be seen in Fig. 12 whergrediction for 100% of th&0 EWSR. This is shown in Fig.
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TABLE IV. Monopole-resonance parameters féfSi for
15 MeV<E,<35 MeV.

2500

i {o,00)
E,=240 MeV

Difference spectra Peak analysis 2600

L 1.2°-1.9° R1.2°-1.9°

@
=1
=3

Eavg (MeV) 235+0.4 23503 21.5-0.3
(my/m_)¥? (Mev) 22.7+0.3  22.8-0.3 20.7:0.2
(mg/my)Y2 (MeV) 26.0+0.5 25.8-0.5 23.7:0.3
rms width (MeV) 6.1+0.1 5.9+0.1 5.9+0.2

do/dQ(mbisr)

1000 +

4ncludesE,=11.1 MeVEO strength.

500

11. Here it can be seen that the small cross section above
E,=25 MeV contributes significantly to sum rule strength.
The large fluctuations at the higher excitation energies are . o 1 » . ® " w
statistical. In addition to the uncertainty in the absolute cross Exe)

section, a source of uncertainty that is of particular impor- o .
tance for the subtracted spectra is the relative solid angles for FIG: 12. The 5_0"2%' line shows the 0 cross section for 100%
each of the spectra determined from software cutséon of the EO EWSR in“Si as a function of excitation energy.
From the angle calibrations, we estimate that the relative

solid angles are uncertain by2.5% between the 1.2° spec- CONCLUSIONS

trum and the 1.9° spectrum. The uncertainties BQ

strengths caused by this are shown in Table Il as systemat'l(): The excitation region front, = .10_60 MeV in =Si ha_s
errors. een studied with 240 Me\ particles at small angles in-

The sum rule strengths(;) obtained for three excitation cluding 0°. At this beam energy the spectra are free of con-

regions are listed in Table Ill. The centroid energies, as welfamination _from _parUcIe brea_k_-u_p peak_s up &,
as (m,/m_1)*2 (m,/my)¥2, and (n;/m,)*2 obtained from =42 MeV, increasing the sensitivity to giant resonance

the two difference spectra are given in Table IV. The errorsStre.ngth compargd o experiments at lower bombardlng_en-
shown are statistical only. The total strength seen in the tw9'€S- The' S|m|lqr|ty of spectra measured at symmetrlcal
spectra89+ 6 and 798 % of theEQ EWSR agrees within a_mgles on elther_ side of the beam, but not symmetrlca_ll rela-
statistical errors. With ther 24% systematic uncertainty in tive to the experlmentgl setup, suggests that the experimental
EO EWSR strength for the subtracted spectra, the tetal backgraund is negligible. The s'tronges.t component of the
strength obtained with these assumptions from the differencg"VIR.("’.1 peak atE, = 18.1 Meov with a width of 0.61 Mev
spectra is consistent with 100% of tB® EWSR. Except for containing appro>.<|mately 14% Ofot@ EWSR has a peak

the region 12.2 E,<20.0 MeV, theEO strengths in the two to continuum ratio over 4 a6=0°, and is seen as a true

spectra agree within statistics. The values obtained for thediant resonance'” in the_ spectrum. A comparison 50
centroids ,/m_;)¥2 and (ms/m,)2 obtained from the strength extracted from difference spectra is shown to agree

two spectra also agree within statistics with EO strength obtained from fitting angular distributions

SinceEO strength distributions were obtained both from with a sum of multipoles.
fitting angular distributionda more stringent requirement The giant resonance peak gxtendg UDEW% MeV,
and from difference specti@ssentially a two point angular well above the region explorecil) in previous experiments. Be-
distribution, the results can be compared. TE6 strength tween E.X: 11-35MeV, 54:6% of the EO EWSR. was
distribution obtained by fitting the angular distributions of found \.N'th an average energy o_f_23tﬂ.3 MOeV. A similar
the peak and the continuum is compared with those obtaine nalysis suggests that an addlthnalﬂ:zﬂ;m of the EO
from the difference spectra in Fig. 11 and Table Ill. It can be W_SR may be present in the cpnt_mut:Im in the same energy
seen that they generally agree within statistical and fittingreg'on' However, the angular distributions of the contlr_luum
errors, suggesting that the systematic error from uncertaint re featgreless and some or all of the appalEéh_Stre_ngth n
in bin width (which affects only the difference spectraay he contmuum may b? due to other mechams{mdent!— .
be overestimated. The difference spectra provide much bett red,) which produc;e slightly forward peaked angular distri-
definition of the distribution by mapping the distribution in 1 utions. The relatively small but nearly constant cross sec-
channel width bins.

tion in the subtracted spectrfFig. 7(c)] between E,
=35-41 MeV(aboveE,=42 MeV °Li breakup would con-
TABLE V. Comparison of present experiment with analysis of tribute) corresponds to 75% of the0 EWSR, also strongly

data from Ref[6] as discussed in the text. suggesting that a mechanism besides multipole excitation is
present.
E, range %EO EWSR Another uncertainty is that of the cross section calculated
X

with DWBA. Two works[5,16] have explored the effects of

(MeV) Present experiment Rkl different types of calculatiofdeformed potential, single and
15.0-20.0 192 20+ 4 double folding and found little difference in the predicted
20.0-25.0 1+3 11+2 cross section for the GMR. However, the same breathing

mode transition density was used for all the calculations, in
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part because Hartree-Fock calculations in heavier nuclei giviocated. To clarify this, additional information is needed re-
similar transition densities for the GMR in heavier nuclei. If garding the monopole transition density 3#Si.

instead one assumes the GMR is a surface oscillation as de-

scribed by Satchler'$20] version 2 transition density, the

predicted cross section for the GMR fSi is reduced by a ACKNOWLEDGMENTS
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