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High lying EO strength in 1%C
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The excitation region in?C from 7 MeV<E,<60 MeV was studied with inelastic scattering of 240-MeV
a particles at small angles including 0° wheE@ strength is enhanced. The strengths of knownstates at
E,=7.655 MeV andE,=10.3 MeV were obtained anB0 strength was observed to be distributed between
E,= 14 MeV andE, =30 MeV with a centroid of 21.50.4 MeV and an rms width of 3:10.2 MeV contain-
ing 14.5+4.0% of the isoscalaEO energy-weighted sum rule. Angular distributions and strengths oEghe
=4.439 MeV 2, 9.641 MeV 3, and 10.844 MeV 1 states were also obtaingB0556-28138)05704-3

PACS numbdps): 24.30.Cz, 25.55.Ci, 27.26n

Giant resonanceg§GR’s) are usually thought of as to obtain an energy calibration. The positions of the 9.641
strongly collective modes present primarily in heavier nuclei.and 18.350 MeV statef8] in '°C, the 10.18, 18.67, and
Generally experiments on lighter nuclei such %€ have 20.43 MeV stateg9,10] in 2%Si and the 12.86 and 17.36
identified little or no GR strengttE1 strength corresponding MeV states[10] in 2*Mg were used to obtain momentum
to about 19-29 % of the TRK sum rule has been locftdd calibrations linear in position for each of the spectra. The
andE2 strength corresponding to about 16% of the isoscalaenergies of these known narrow peaks between 9 and 21
E2 strength has been located ifC [2]. There have been no MeV were consistently reproduced better than 50 keV. Data
reports of small-angle experiments looking for high-lylE§  were taken for'?C at a field setting where the elastic scat-
strength in?C. We have studied the GR region HiC with  tering was on the detector in order to obtain cross sections
the inelastic scattering of 240 Me¥ particles at and near 0° for the E,=4.439 MeV and 7.655 MeV states.
where monopole strength is enhanced and competing particle Each data set was divided into ten angle bins, each corre-
pickup breakup peaks are well outside the region of interestponding toA #=0.4° using the angle obtained from ray
and used the spectrum subtraction techni@4€b] on small-  tracing. ¢ is not measured by the detector, so the average
angle C(a,a’) data to identify high-lyinge0 strength. angle for each bin was obtained by integrating over the

The experimental technique has been described thoheight of the solid angle defining slit and the width of the
oughly in Refs.[4] and [5] and is summarized below. A angle bin. Cross sections were obtained from the charge col-
beam of 240 MeVa particles from the Texas A&M K500 lected, target thickness, dead time and known solid angle.
superconducting cyclotron bombarded a self-supporting’he cumulative uncertainties in target thickness, solid angle,
natural C foil 2.0 mg/crhthick located in the target chamber etc. result in about a-10% uncertainty in absolute cross
of the multipole-dipole-multipole spectrometg6]. The  sections.
beam was delivered to the spectrometer through a beam Spectra obtained fot°C with the spectrometer at 0° for
analysis system having two bends of 88° and B7° The several angle gates are shown in Fig. 1. At the smallest
beam was limited by slits after the first bend, and the secondngle, corresponding to an average laboratory angle,gf
bend was used for clean up, with slits located so as not te=1.1°, the well-knownE,=7.655 MeV and 10.3 Me\L
intercept the primary beam. The horizontal acceptance of the-0 states are prominent and tBg=9.641 MeVL =3 state
spectrometer was 4° and ray tracing was used to reconstruigt weak. At larger angles the=0 states are progressively
the scattering angle. The vertical acceptance was sePat  weaker and the. =3 state stronger. Also the 10.844 MeV
When the spectrometer central angh ) was set to 0°, L=1 state shows prominently at 2.7°. The low excitation
the beam passed beside the detector and was stopped irc@off in the detector was arouri, =7 MeV, but the effec-
carbon block behind the detector. Af,.c=0°, runs with an  tive solid angle varies rapidly with scattering angle below
empty target frame showes particles uniformly distributed E,=8 MeV so the strength of the 7.655 MeV peak in the
in position at a rate about 1/2000 of that with a target inspectra is not a reliable measure of its cross section relative
place. to the rest of the spectrum. Angular distributions were ob-

The focal plane detector covered approximately 55 MeVtained for the 4.439, 7.655, 9.641, 10.3, and 10.844 MeV
of excitation from 7 Me\K E,<62 MeV and measured po- states and are shown in Fig. 2. Since monopole strength is
sition and the angle in the scattering plane. The out-of-planstrongly forward peaked while higher multipoles are nearly
scattering anglep was not measured. Position resolution of flat at small angle$4,5] a “spectrum ofEQ strength” was
approximately 0.9 mm and scattering angle resolution ofjenerated3—5] by subtracting the spectrum taken at center-
about 0.09° were obtained. Giant-resonance data were takefrmass angle 2.7° from the spectrum taken at 1.4°. This is
for ¥2C with fOspecSEL at 0°, covering the angular range from shown in Fig. 8a). The isovector giant dipole resonance
—2°to+2°. (GDR) is also forward peakedexcited only by Coulomb

Data were also taken witf?C, ?*Mg, and ?%Si targets at  excitation in *2C), but is much weaker than the other multi-
Ospec=3-5° at the actual field settings used in the experimentgolarities and has no impact on this analysis.
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1.4° and 2.2° spectra. The left scale applies to the entire 2.7° spec-
trum.

The transition densities and sum rules for various multi-
polarities are described thoroughly by Satchlet]. For the
EO strength we have used the transition density correspond-
ing to a breathing-mode oscillation:

U= —ay[3p+rdp/dr],

where for a state that exhausts the energy-weighted sum rule
(EWSR:
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FIG. 1. Spectra obtained fo’C(a,a’) at E,=240 MeV for 3 s 8888 pni6m
three angles. The average center-of-mass angles are indicated. The A
double differential cross section up to about 12 MeV is given by the
left scale and that above 12 MeV is given by the right scale for the 1

Calculations for the 10.844 Mel/=1 state were carried
out with an isoscalar dipole form fact¢#,12]. The form

ap?=2m(h2m)(A(r?)E,) 1.

FIG. 2. Angular distributions of the differential cross section for
inelastic « scattering to five state$?C plotted versus average
center-of-mass angle. The excitation energy for each $&ltés
given. The lines show DWBA calculations for thetransfer and
BR given. The solid line represents calculations ustf@i param-
eters from Ref{5] and the dashed line represents calculations using

factors used for other multipoles in this work are given in12c parameters from Ref16]. The square data points were taken

Ref. [4].

Distorted-wave Born approximation(DWBA) and

with the elastic data aflsp.c=5.5° and the circles were taken with
elastic data ats,cc=3.5°. The diamonds and triangles were taken

optical-model calculations were carried out with the codewith the giant resonance data @,.=0° and 3.5°, respectively.
PTOLEMY [13]. Input parameters f@TOLEMY were modified ~ When not shown, statistical errors are smaller than the data points.
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TABLE II. Parameters obtained fdEO strength betweelk,

=14-30 MeV in'2C. Errors are statistical only. Systematic errors

due to angle calibration discussed in text are shown in parentheses.
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Background subtracted No Subtraction

Cross section
= = = "Background"

d*cldQdE(mbisr MeV)
S

% EO EWSR 14.51.34.0 18.9+1.34.0
° Energym; /m, (MeV) 21.5+0.4 22.6:0.3
° rms width (MeV) 3.1+0.2 2.8+0.2
-5
» oot moderately well for both sets of optical parameters. They did
0038 not reportB values for the 7.655 or 10.3 MeV states. The
B oo calculations for the 4.439 Me\. =2 state fit the data well
15 o.ozA% for angles above 5°, but neither predicts the increase in cross
crosssacton | 002 8 section below 5°. The calculations agree well with the data at

------ E0 EWSR 0016 &

smaller angles for the 7.655'0Ostate but the calculation is
much higher than the data at the second maximum. Data for
the 7.655 MeV state taken with the magnet set for the GR
data are very near the detector cut¢fue to rays being
intercepted by portions of the detegtand cross sections are
not reliable, hence data for this state near 0° are not avail-
able. The data for the 10.3 MeV'Ostate are fit well by the
FIG. 3. (& The solid line shows the double differential cross cglculation at small angles where the state is strong, but are
secti_on adjusted to 0° of the difference spectrum obtained by suliye|| above the calculation in the minimum, probably because
tracting the spectrum taken at 2.7° from the spectrum at I04°. ¢ gigficulties in separating this broad state from the other

The solid line shows the double differential cross section after sub- .
traction of the background from the spectrum(@. The gray line unresolved states at 11.6, 11.83, and 12.71 MeV in the pres-

shows fraction of the isoscal&0 EWSR obtained by dividing the ence of the v€ry strong 9.641 MeV state. The data for the

cross section by the cross section expected for 100% oEte 10-844 MeV 1 state fall off more sharply than the calcula-

EWSR. tion on both sides of the maximum, probably due to difficul-
ties in separating this peak from the much broader 10.3 MeV

dZG/dQdE(mbisr MeV)
3

[14] to obtain a relativistic kinematically correct calculation. State- o . .
The amplitudes of the transition densities for the various f &ll of the cross section in the difference spectrlifig.
multipoles obtained from the expressions in Ref] for ~ 3(@] is assumed to bEO, the totalEO strength can then be
100% of the respective sum rules are given in Table |. RadiaPbtained. From this the 10.3 MeV state was found to exhaust
moments for*?C were obtained by numerical integration of 1.9%0.1% of theEO EWSR in agreement with the 1.8%
the Fermi-mass distribution assuming=2.321fm and found with the fit shown in Fig. @). EO strengths obtained
a=0.568[15]. for the 7.655 and 10.3 MeV states are given in Table I. For

Since optical-model parameters are not available for 24these states the fraction of tH€0 EWSR they represent,
MeV « particles on*?C, the optical-model parameters ob- assuming a breathing-mode transition density, is given in
tained for 28Si [5] were used. Calculations for discrete statesaddition to theBR. Also given in Table | are the energies
were also carried out with parameters obtained for 166 Me\and SR values obtained for the higher states. The width ob-
« on *2C by Tatischeff and Brissaufd6]. Calculations with  tained for theE,=10.3 MeV state is also given. The energies
both optical-model sets are shown superimposed on the da@d the 7.655 and 4.439 MeV states were not extracted be-
for the discrete states in Fig. 3. Values R used for the cause they were observed only in the elastic-scattering runs
E,=4.439 and 9.641 MeV states are those obtained by Tatiand energy calibrations were not obtained for these runs. All
scheff and Brissaurdl16] and can be seen to fit the data of the energies and the width for the 10.3 MeV states are in

excellent agreement with accepted val{i@k

TABLE |. Excitation energiesBR values, ancEO strength ob- The EO strengths in the continuum between=14-30

tained for 12C states. The energy of the 7.655 MeV state was notVieV are summarized in Table II. The strength in the differ-

obtained in this work'see text ence spectrum betweeR,=14-30 MeV corresponds to
18.9+-1.3% of theEO EWSR. In a previous work5] we

E, BR  %EO0 EWSR r have shown that th&0 strength obtained from difference
(MeV) J7 (fm) % (MeV) spectra agree with that obtained by fitting angular distribu-

tions. However, in that work5] we also concluded that

7.655 0" 031 5.0 some of the apparetf0 strength in the continuum may be

9.65+0.03 3 0.56 due to other(unidentified reaction mechanisms which are
10.18£0.07 0O 0.16 1.8 2.140.15 also forward peaked. In an attempt to remove the contribu-
10.96+0.10 1 0.05 tion of these other mechanisms, a linear “background” was

subtracted from the “subtracted spectrum” as illustrated in
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Fig. 2b). The background was assumed to be zero arounyith this subtraction the remaining strength betwe®p
Ex=12 MeV where the subtracted spectrum is zero, and the- 14—30 MeV corresponds to 14t8..3% of theE0 EWSR.
line was drawn to the average backgroundEat 35 MeV,

the upper extent of the GR peak Si. The parameters This work was supported in part by the Department of
obtained forEO strength abovE,=14 MeV in ?C with and  Energy under Grant No. DE-FG03-93ER40773 and by The
without the background subtraction are given in Table I.Robert A. Welch Foundation.
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