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Isoscalar electric multipole strength in 1°C
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The excitation region ift?C belowE,=45 MeV was studied using 240 Me¥-particle scattering. Elastic
scattering was measured frof ,,=3.8° to 49.4° and density dependant folding optical model parameters
were obtained. Inelastic scattering to the 4.44 Me\ Z2.65 MeV 0", 9.64 MeV 37, 10.3 MeV 0", and 10.84
MeV 1~ states was measured aB@EL) values obtained. Inelastic scattering excittf@ to 10 MeV<E,
<12.5 MeV was measured from 14%.,,<10° and to 12.5 Me¥ E,<45 MeV from 1.4< 6. ,<16° and
EO, E1, E2, andE3 strength distributions were obtained. Strength was identified correspondingtts, 27
78+9, and 51 7% of the isoscalaEQ, E1, andE2 energy weighted sum rulEWSR), respectively, with
centroids of 21.840.3, 27.5-0.4, and 22.6:0.5 MeV and rms widths of 480.5, 7.6-0.6, and 6.8:0.6 MeV.

Less than 7% of th&€3 EWSR strength was identified.
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[. INTRODUCTION experiments traditionally by using the collective model. The
properties of collective modes in a diffused nuclear medium
Isoscalar excitation of thé?C nucleus is an important is an evolving topid8] and efforts are planned with radio-
source of information on its structure. In the collective liquid active ion beams to measure them. In such studies, the first
drop model, isoscalar excitations of different multipolaritiesresults will be with lighter nuclei and accurate data 66
have been interpreted as arising due to in-phase oscillatior#llective modes can serve as a guide. By itself, ISGMR and
(T=0) of the proton and neutron fluids. The isoscalar mono!SGDR data in**C might provide important inputs to the
pole resonancdSGMR orEO; L=0, T=0, 0=0) is a den-  surface corrections applied to compressibility of a finite
sity oscillation and its energy is directly related to the com-nucleusk, to arrive at nuclear matter compressibility coef-
pressibility of nuclear mattef1]. The isoscalar dipole ficientKy.
resonancélSGDR orE1l: L=1, T=0, 0=0) is also a den- Although the structure of?C has been studied experi-
sity oscillation traveling back and forth through the nucleusmentally with a number of probes, there have been few stud-
along a definite directiorf2]. Higher multipolarities are ies of high-lying isoscalaEQO andE2 strength and no reports
shape oscillations. of small-angle scattering experiments looking for high-lying
The structure of*“C has been the subject of two recent isoscalafE1 strength. No concentration of high lying isosca-
shell model calculations. In the first of thdg], an effective  lar EO andE2 strengths comparable to that of heavier nuclei
interaction gave good results for the ground state and thbas been seen ifC.
4.44 MeV 2" first excited state but several of the higher Riedesekt al.[9] located less than 15% of tH&2 energy
states were not reproduced well. In the second study theeighted sum rul§EWSR) in the range 2&E,<30 MeV
properties oft“C were obtained with a no-core nuclear shellwith 104 MeV a-particle inelastic scattering. Lebruet al.
model calculation with a realistic nucleon-nucleon interac{10] reported 4.3% of th&€0 EWSR in a broad peak at 20.3
tion [4]. Some of the properties of the first excited state andleV using inelastic®He scattering and Eyriclet al. [11]
of some higher states were reproduced moderately well. Ineported 5-2% of theEO EWSR betweerk,=19 and 21.5
this calculation, the GQR if°C was predicted to be in the MeV using inelastic®Li scattering. Youngbloocet al. [12]
37 to 47 MeV range. Many highéF=0 states int?C show located 14.54.0% of the isoscalaEQ EWSR strength in
evidence5,6] for « cluster components which would not be '°C betweerE, =14 MeV andE,=30 MeV using 240 MeV
reproduced by such shell model calculations. Such compoa-particle inelastic scattering.
nents have been interpreted using the bosonic nature of the Youngbloodet al. [12] used a spectrum subtraction tech-
alpha clusters. The 7.65 MeV'0Osecond excited state 6fC  nique to highlight theEQ strength, however, this technique
has been described recently as a Bose-Einstein condensatisnsensitive to experimental background and the presence of
state ofa clusterd 7]. Isoscalar states higher in energy and ofother multipolarities. Also the analysis was performed using
different multipolarities, whether or not they yield to such deformed potential calculations witifSi parameters which
interpretations, can be expected to give insight into thenay distort the strength distribution. In recent studies of
nucleon localization behavior because they arise du@-to high lying isoscala0, E1, andE2 strengths ir?®Si [13],
phasespin saturated motiofiTr=0,0=0) of the nucleons. 4%Ca[14], and®*Mg [15], a multipole component analysis of
Properties of isoscalar states have been extracted froithe excitation energy spectra measured at forward angles re-
placed the spectrum subtraction technique. In place of the
deformed potential DWBA calculations, more accurate fold-
*Present address: Nuclear Physics Division, Bhabha Atomic Reing potential DWBA calculations were used. These improve-
search Center, Mumbai-400085, India. ments resulted in the identification of most of 8@ andE2
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TABLE |. Experimental setup(GR: giant resonance, EL: elasjic.

Detector C foil
Osp Slit length ¢ E, range thickness
Run Type (deg) X (cm) measurement (MeV) (mglcn?)
1 GR 0 4°%¢4° 30 No 3<E,.<35 2.0
2 EL 3.5,5.5 4% 2° 60 No —10<E,<45 2.0
GR 0,3.5 4% 4° 60 No 7<E,<62 2.0
3 GR 0,4 4% 4° 60 No 7<E,<62 2.0
4 EL 4,6,8,10, 4°%x2° 60 No —10<E, <45 4.02
12,14,16,
18,20,22,
24,26,29
EL 32,35 4% 4° 60 No —10<E, <45 4.02
5 EL 4.6,8 4% 4° 60 No —10<E, <45 8.6
GR 0 5°x5° 60 Yes K<E,<55 8.6
GR 4,6,8,10 4% 4° 60 Yes K<E,<55 8.6

strength and allowed extraction of multipole distributionstron and the multipole-dipole-multipoléMDM) spectrom-
with better resolution than previously achieved, and resulte@ter. Beam was delivered to the spectrometer through a beam
in strengths for low lying states in agreement with electro-analysis system having two bends of 88° and B77. The
magnetic measurements. Extension of this method’®  beam was limited by the slits after the first bend, and the
should provide more accurate estimates of the isos&0ar second bend was used for clean up, with slits located so as
andE2 strengths and new information on the isosc&ldr  not to intercept the primary beam. Table | lists different set-
strength. ups used in experiments carried out on five separate occa-
States lying above the threedecay threshold energy sjons to obtain data on elastic, inelastic, and giant resonance
(7.27 MeV) and below the “giant resonance” energy have gcattering. For giant resonan€@R) runs, the dipole field of

been studied in the past primarily to reveal theiand elec- o gpectrometer was set such that the elastically scattered
tromagnetic decay characteristics and branching ratios. Th@vents did not reach the active region of the detector. In
05 state, a broad resonance at 1083 MeV with a width

g d other levels ab ke thi elastic scattering runs, the dipole field was set to allow elas-
around 3 MeV, and other levels above 10 MeV make this g;c 50y o lying inelastic events to reach the detector's ac-

region Of. overlapping levels. Interesting 'res.ults may emerge,q region. The central angle of the spectrometgy)(was
if inelastic « scattering data for this excitation range could aried from 0° to 10° for GR measurements and from 3.5° to

also. be analyzed using the multipgle coszonents metho 5¢° for elastic scattering measurements. The solid angle de-
Particularly, the exact location of thg Gand 2, states would  ining it at the entrance of the spectrometer had horizontal
provide important inputs to calculations of nuclear astro-5n4 vertical acceptances of #°x4° slit) for GR runs ex-
physical[16] and nuclear clusterinfp,6] interestls. _ cept for one run where a 55° slit was used afy;=0°. In

We report here new data of 240 Me¥particle elastic  g|5stic scattering runs either ax42° slit or a 4°x4° slit was
and inelastic scattering offC up to an exc!tatlon energy of ,sed at the more forward angles, and & 4° slit was used
E.=45 MeV. Aboge_ Ex=45 MSeV the “pickup-breakup” 4 |arger angles. The scattering angle was determined by ray
peaks from thee, °Li) and (a, *He) reactions with subse- { 5cing. The spectrometer anglg, was varied in steps of 2°,
quent decay of mass five products into arparticle and @ gycept aboved,= 26° where 3° steps were used. The first
nucleon hamper the determination of multipole strengths,yq,er0 angle waf,=3.5°.
Results of the multipole analysis performed with isoscalar |, run 1. a 30 crsn long focal plane detector described in

+ - + - ; !

0%, 17, 2", 38", and 4" components are presented. This pef [18] was used which measured horizontal position and
excitation energy range is sufficiently broad to observe iM-angle and provided particle identification. In runs 2—4, a
portant features of the isoscal&0, E1, andE2 strength  gimjlar detector 60 cm lonfL2,19 was used. In run 5, drift
distributions although the cpmplete sum rule strengths havgnambers were added before and after the 60 cm long hori-
not been observed. Many isoscale8 andE4 states have ;onta) detector to measure vertical position and the out of
also been identified. The results are discussed in light of thBIane anglep. Whend,, was set to 0°, the primary beam was
collective model and other relevant experimental results restopped in front of tﬁg 30 cm detector during run 1, while
ported in the literature. during runs 2-5 the beam passed beside the 60 cm detector
and was stopped on a carbon block inside a shielded Faraday
cup behind the detector. When 359,,<6°, the beam was
stopped on an insulated Ta block beside the solid angle de-

Experiments were carried out using beams of 240 MeV fining slit; at larger angles the beam was stopped on a Fara-
particles from the Texas A&M K500 superconducting cyclo-day cup in the target chamber. The horizontal position and

II. EXPERIMENTAL TECHNIQUE
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FIG. 1. A two dimensional plot of position versug,, for I 40 50 B0 70 B0 90 100
12C(a,a') taken atE,=240 MeV. The dipole field of the spec- B (arb. units)

trometer was set for an elastic run widly, set at 4°(run 5). On the

0,0 @xis the location of 4° is indicated by a vertical marker at about FIG. 2. Same as in Fig. 1 except that dipole field was set for a
72 units and the forward angles are on the left side of this markeiGR run andfs, was 0°(run 2). On the,y, axis the location of 0° is
The relative yield is shown by a folded-linear-scale of intensityindicated by a vertical marker at about 63 units.

indicated in the inset. Elastically scattered events appear as a broad . )
band above 80 units in position. Cross sections were obtained from the charge collected,

target thickness, dead time and known solid angle. The cu-

angle resolutions were around 0.9 mm and 0.09°, respeépu'atlve uncertainties in target thickness, solid angle, etc.,

I -+ 0, 1 1 -
tively, but were somewhat worse in run 1 at 0° because of iesult in about at10% uncertainty in absolute cross sec

high background rate due to neutrons and gamma rays fro Cg?rZ'SE;fgmda:;Seet ngjcdalsl?:d t;]néoa;erl]eaonlgﬁnté'gi’m?(:h
the Faraday cup located immediately in front of the detector, P 9 lab ~ " g g

The range of excitation energy measured depended on tkrélt3(/e tr;(t:.'ﬂg'o-rzs t?]\éeﬁzgehﬁgﬂﬁgcgo?gc;nb;g (\;veign%btz?ﬂe;nzy
detector geometries and the dipole field and is summarized i grating ov '9 ! 9 ining s

e width of the angle bin.
Table I Energy spectra showing elastic and inelastic scattering be-
Self-supporting natural carbon foils of thicknesses 2, 4.02 9y sp 9 9

and 8.6 mg/crhwere used as targets. The first two target low E,=24 MeV atf.,=3.8° and 5.3° are shown in Fig. 3.

: he first four prominent peaks can be identified as the
were made of layers of vacuum evaporated carbon foils an
the third target was a graphite foil. The graphite foil Wasground, 4.44,7.65, and 9.64 MeV states. There are very few

baked before use to minimize volatile impurities. Data werecoumS in the region where scattering off any hydrogen im-

also taken with?%Mg and 2Si targets at the actual field set- PU"Y would be expecteflE,=2.35 MeV in Fig. 3a)] indi-

. : : L . cating that this target is nearly free of water vapor contami-
tings used in the experiments for energy calibrations. Detaﬂ%am. A weak peak g, 3.7 MeV is presumably due to the

of the momentum and angle calibrations are given in Ref, = " ° 15
[19]. excn_atlon_of an unresolyed group of states . Spectra
obtained in two runs withgg,=0° (runs 2 and 5, respec-
tively) for 6. ,,=1.4° are shown in Figs.(d) and 4b). A ¢
IIl. DATA ANALYSIS AND RESULTS gate was used in analysis of the data from run 5 to limit
vertical acceptance to 4°. Data taken in run 2 with a vertical
Two-dimensional spectra of position verséyg, obtained  acceptance of 4° were analyzed with@btnformation. The
during elastic fs,=4°) and GR runsfs,=0°) are shown in  excellent agreement between the spectra in the two runs
Figs. 1 and 2. In Fig. 2, the 4.44 MeV'2state can be seen shows the absence of significant slit scattering in the data
only over a very narrow angle range, and the 7.65 MéV 0 taken in run 2.
state is seen ovefy, from about 40 to 90 units. The tall Cross sections for elastic scattering and for inelastic scat-
coming down vertically from about 90 units is due & tering exciting the 4.44 MeV state were obtained by sum-
particles scattering off the wall of the chamber inside theming the counts in the appropriate peaks. The cross sections
dipole, accidentally coinciding at aboét,,=90 units with  of states in the region 7s6E,<13 MeV were determined by
the 7.65 MeV band. This “tail” is outside the possible angle a least squares fit including known peaks in this region. An
range fora particles that came through the entrance slit ancempirical peak shape determined from the shape of the peak
did not subsequently scatter inside the spectrometer anfdr the 4.44 MeV state was used for the narrow states and a
hence these events are excluded when scattering angle c@sussian shape was used for the broad 10 MéVstate.
are made to obtain the energy spectra. The gray conical poBackground was assumed to be zero. Fits obtained for two
tion at the bottom is due to events in the range where thangles are shown in Fig. 5. In addition to knoW& states in
effective acceptance of the spectrometer varies rapidly witlthis excitation rang€20], a weak peak at 6.86 MeV due to a
angle. 13C state and in some spectra t#fD states at-6.0 MeV
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FIG. 3. « spectra obtained fol’C(«a,a’) at E,=240 MeV at ©
average center of mass angles 6. ,,=3.8° and(b) 6.,=5.3° 0 L&

during an elastic scattering run. 0 10 20 30 40 50 60 70

were also present. The parameters obtained for the peak due Ex (MeV)

to the 0} state areE,=9.8"33 MeV andI'=2.7+0.3 MeV,
respectively which are in agreement with those measured i

12 12
j decay of “B and N [21] of 10.3+0.3 MeV and 3.6:0.7 =13.7 MeV has been multiplied by a factor of 10. The smooth line

MeV and those qbtf.ime.d from i Stu_dy [11]. . shown in(b) indicates the division between the continuum and the
The angular distribution of the ratio of the elastic scatter-gg peak used in the analysis.

ing cross section to Rutherford scattering is shown in Fig. 6.

Angular distributions of inelastically scatteredparticles ex- 1o folding model. In this study we extragD, E1, E2, and
citing the 4.44 MeV 2 and 9.64 MeV 3 states are shown E3 gyrangth using a density dependent single folding calcu-
in Fig. 7. The cross sections obtained for the 7.65 and 10.8,i5 with a Woods-Saxon imaginary terBDWS) of the

MeV 07 states are shown in Fig. 8 along with the angular,[ype described by Satchler and Kh¢a3] who used an
distribution obtained for the 10.84 MeV 1state. Reliable , i cleon interaction with a Gaussian form and a range

cross sections could not be obtained for the 10.84 MeV statge ,=1.88 fm.

above~7.5°, due to difficulties in separating this low inten- ~ g|astic and inelastic scattering folding model calculations
sity peak from other peaks. Generally cross sections obtaingglere carried out with the coderoLEMY [24]. The shapes of
on different runs were in excellent agreement. Alpha parihe real parts of the potentials and form factorsHooLEMY
ticles scattering off hydrogefpresumably from HO) in the  \yere obtained using the codesoLFIN andDOLFIN [25]. The
target in runs 1 to 4 obscured the peaks from several states Qﬁapez{Woods-Saxohof the imaginary part of the form fac-
various angles. The graphite target used in run 5 showed ngq \ere calculated externally and read int@LeEMmY for all
hydrogen contamination and data obtained in run 5 filled_ 5 es. Input parameters feroLEMy were modified26]
these gaps. to obtain a relativistic kinematically correct calculation. Col-
lective model transition densities and sum rules for various
multipolarities are described thoroughly in Reff$3], [23],
and[27-29. It has been pointed o(if.3] that the transition
Inelastic o scattering to collective states has been anadensity given by Harakeh and Dieperif9] for the ISGDR
lyzed using either the deformed potential model or the fold-n their Eq.(4) is for only one of the magnetic substates and
ing model. Beeneet al. [22] have shown that consistent must be multiplied by (P+1)*? to represent excitation of
agreement between electromagnetic transition strengths atide ISGDR by« particles.
those measured with light and heavy ion inelastic scattering In attempting to fit the elastic scattering data, two differ-
for low lying 2" and 3~ states can only be obtained using ent forms forp(r) were tried in the present work. First, a

FIG. 4. « spectra obtained fot’C(a,a’) at E,=240 MeV at
Bc_m_z 1.4° in(a) run 2 and(b) run 5. The cross section abotg

IV. DWBA AND OPTICAL MODEL ANALYSIS
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FIG. 6. The angular distribution of the ratio of the differential
cross section for elastic scattering to Rutherford scattering for 240
MeV « particlest *°C is plotted versus average center-of-mass
0 angle. The horizontal semi-bars are data from run 4 and the gray

9 10 11 12 13 circles are from run 5. For the latter, only a typical error bar is
Ex (MeV) shown. The continuous and dashed lines show folding optical
model calculations with the Fermi and Parabolic Gaussian forms of
the ground state densities, respectively.

45

these density distributions with amnucleon range param-
etert, ,=1.88 fm, the value successfully used by Satchler
and Khoa[23] and in several 240 Me\ studies of heavier
~ (b) nuclei[13—15. Good fits could be obtained with both distri-
butions witht,.,=1.75 fm, however. The optical model pa-
rameters obtained with the two density distributions and
t,.n=1.75 fm are given in Table II. The calculated cross sec-
tions, which are almost identical, are shown in Fig. 6. A good
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2C(a,a')*C’, E4=240 MeV
@ (a) E,=4.44 MeV, J™=2"
(b) E,=9.64 MeV, J=3

100

i
o
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o
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FIG. 5. « spectra obtained fol’C(«a,a’) at E,=240 MeV at oot
two center of mass angles are shown for a limigdrange by the
histograms. The average center of mass angles are indicated in the o0
panels. Least squares fits to the spectra used to obtained peak areas
are shown by the bold lines. The thin lines show the individual

k in the fits.
peaks used in the fits FIG. 7. The angular distribution of the differential cross section
Fermi form was used which has half density radicis for inelastica scattering exciting théa) 4.44 MeV 2" and(b) 9.64

=2.0005 fm and diffuseness parameter0.5234 fm and MeV 3~ states are plotted versus average center of mass angle.

was showr{30] in 1995 to describe th&C charge distribu- Data_ from runs 1, 4, _and 5 are shoyvn by the open circles, horizontal
semibars and gray circles, respectively(ihdata from run 2 and 3

tion obtained in electron scattering experiments. With this . . .
form, the surface thickness=4a In 3) of the 12C nucleus is are _also shown by the horizontal semibars. O_nly a typical error

' . . . .bar is shown for the data from run 5. The continuous and dashed
2.3 fm,. more than 't‘c_’ half density radius. Secoznd’ za I:)"’“abc’“ﬁnes show DWBA calculations using the Fermi and Parabolic
Gaussian form given by p(r)=po[1+(4r/3ay)]exp  Gaussian forms for the ground state density, respectively. The data
(—r?af) whereay=1.64 fm, derived from oscillator func- and the calculations for the 9.64 MeV state have been multiplied by
tions, was used. This form was shown to fit elastic electror.1. values ofB(E2)=0.00384e?b? and B(E3)=0.00024e? b®
scattering up t@~2.5 fm 1 in 1956[31]. Satisfactory fitsto  were used in the calculations for the 4.44 and 9.64 MeV states,
the elastic scattering could not be obtained with either ofespectively.

0 5 10 15 20 25 30 35 40 45 50

6c.m. (deg)
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FIG. 8. The angular distributions of the differential cross section
Bcm. (deg)

for inelastica scattering to théa) 10.3 MeV 0" state(square} the

(b) 7.65 MeV 0" state(circles, and the(c) 10.84 MeV 1 state ,

(triangleg are plotted versus average center of mass angle. The FIG.9. Data froleC(_a,q ) atE,=172.5 MeV from Ref[32]
open circles inb) are from run 1. The data from run 5 are colored IS Shown. The angular distributions of the differential cross section

gray. In(b) only a typical error bar is shown for the latter. The gray for inelastic alpha scattering to the 4.44 MeV Zclosed circles
solid line in (b) shows a DWBA calculation using both real and and for the 9.64 MeV 3 states are plotted versus average center of

imaginary components of the transition density, while the other calMass angle(a The black line shows ah=2 DWBA calculation
culations in(a) and(b) were carried out with the imaginary part of for B_(E2):0.0044e2 b_2 using the Fermi form ofC ground state
the transition density set to zefsee text The continuous lines density.(b) The gray line shows ah=3 DWBA calculation for
show DWBA calculations using the Fermi form for th& ground B(E3)20-0003892 b* using the Fermi form of?C ground state
state density while the dashed lines result from using the parabolié€nsity.
Gaussian form for the ground state density. Calculations for the
10.3 MeV state use@,R=0.315 fm while those for the 7.65 MeV  gylts in a fair fit to the data inside 17°. Above 17°, the cal-
state usedBo,R=0.374 fm and those for the 10.84 MeV state usedcylated cross section grows systematically larger than the
B1R=0.051fm. The data and the calculations for the 10.3 MeV{ata, and by 34° is three times the experimental cross sec-
state have been multiplied by 10 and those for the 10.84 MeV statgqp
have been divided by 10. Kiss et al.[32] reported elastic and inelastic scattering on
12C with a 172.5 MeVa-particle beam in 1987, and per-
fit with t,.,=1.88 fm could be obtained with Fermi param- formed a deformed potential analysis of their data. For a
etersc=2.1545 fm anda=0.425 fm, however the rms ra-  direct comparison with our results we carried out a DDWS
dius obtained with these parameters is significantly lowemnalysis of their data, first obtaining optical parameters by
than the experimental value. fitting the elastic scattering, then carrying out calculations for
DWBA calculations for the 4.44 MeV 2 state, with the 4.44 and 9.64 MeV states using DDWS-DWBA with the
Fermi and Parabolic Gaussian ground state densities afeermi ground state density, and the results are shown in Fig.
nearly identical and fit the data well out to about 37° as car®. An angle shift of 0.3° was required to obtain a good fit to
be seen in Fig. 7. Th&(E2) value obtained by a least the elastic scattering and is included in Fig. 9. The best fit
squares fit for both the ground state density forms wa®(E2) obtained for the 4.44 MeV state is listed in the middle
0.00384e” b?>. DDWS-DWBA calculations for the 9.64 MeV column of Table Ill and is in agreement with our value. The
3~ state are shown in Fig. 7 for both the Fermi and parabolidDWS-DWBA calculation does not fit the data well for the
Gaussian ground state densities. Again, use of the tw8.64 MeV 3 state, howeverB(E3)~0.00038e? b%, sub-
ground state densities result in very similar cross sectionstantially larger than the value from our data, provides the
over the entire angle range and34E3)=0.00024e?b® re-  best normalization to the first maximum. TBEEL) values

TABLE Il. Folding model and ground state density distribution parameters used.

\% W R; a; R. o a ay Density
(MeV) (MeV) (fm) (fm) (fm) (fm) (fm) (fm) form
58.431 24.208 3.597 0.548 2.976 2.0005 0.5234 Fermi
55.201 23.172 3.598 0.550 2.976 1.64 Parabolic-
Gaussian
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TABLE lll. B(EL) values obtained for the 4.44 MeV*2and TABLE IV. Isoscalar EO and E1 energy weighted sum-rule
the 9.64 MeV 3 states in'’C. strengths for low-lying states itfC.
B(EL) (e?bh) Isoscalar EWSR%)
a scattering analysis Electron *He oL Electron
scattering Present scattering scattering scattering
E,(MeV); J7 Presentdata Data from R¢B2].  analysis E (MeV); J7 work analysi€ analysi€ analysi§
4.44; 2" 0.0038452) 0.0043%40) 0.0039733)2 7.65; 0 7.6x0.9 8.6 9.5 15
9.64; 3 0.000244) 0.00038 0.0006®)° 10.3; 0 6.9+0.9 5+1
10.84; 17 0.08+0.02
aReferencd33].
bReferencd 34]. Referencd 10].
bReferencd 11].

obtained from both of the above analyses are compared i

Table Il to those obtained in analyses of electron scgtterinéh eferencq 37].
data[33,34]. The three results are in excellent agreement for . o ,

the 4.44 MeV 2 state. However, for the 9.64 MeV 3state, ~ St'éngth obtained is given in Table IV. , ,
the B(E3) values obtained from the tw® scattering experi- The deformatlon parameters. obtained using the Fgrm|
ments do not agree but both are substantially below the eledround state density are listed in Table V for the first five

tron scattering result. As excellent agreement has been ofgXcited states along with values reported in the literature. In

tained between electromagnetic experiments and the other studies, deformation lengths were obtained using

experiments analyzed with the folding model for 8tates in the deformed potential model which has been shpd) to

heavier nuclei[13,15 and the calculated angular distribu- require L-dependent renormalization to agree with EM and

tions for the 9.64 MeV state also do not reproduce the exfolding model results. For the 4.44 MeV2and 9.64 MeV

perimental distributions for either particle energy, it would S States, deformed potential deformation lengths are lower

appear this state is not described well by the collectivéNan the folding model results by factors of 0.81 and 0.61,
model. respectively, consistent with the observation made in Ref.

DDWS-DWBA calculations for the 7.65 MeV Ostate (22 _ . . .
with a deformation length of 0.353 fm using a breathing Since the folding model calculations using the Fermi and

mode transition density and the Fermi ground state densitag"’“_abOIiC Gaussian ground state densitigs gave simi!ar distri-
are shown superimposed on the data in Fig. 8. The calcul utions angl strengths, only the results with the Fermi ground
tion is in agreement with the data near the first maximum an@tet€ density are quoted in Tables Ill-V. DDWS-DWBA cal-
first minimum but differs substantially in the 10° to 15° culatlons_forthe high lying states were carrle_d out using _onIy
range as well as above 20°. Calculations with a deformatioﬁhe Fermi ground state denslty. As _substantlally better fits to
length of 0.374 fm with the imaginary part of the transition diSCrete 0 states were obtained with the imaginary part of
potential set to zeréshown also in Fig. Bfit the data much thf transition potential s_et to zero, calculat|on§ for high lying
better over the entire angle range, although there is still som@ States were made with the same assumption.
disagreement in the 10° to 15° range. The angular distribu-
tion obtained for_the 10.3 Mevb state W?th the .imaginary V. DISCUSSION
part of the transition potential set to zero is also in reasonable
agreement with the data and is shown in Fig. 8. Angular Giant resonance peaks can be seen extending upEpast
distributions obtained for both Ostates using the parabolic =35 MeV in the spectra shown in Fig. 4. Because pickup-
Gaussian ground state density are very similar to those olisreakup contributions te particle yields are expected above
tained with the Fermi density and are also shown in Fig. 8an equivalent excitation energy of 45 MeV, our analysis was
The EO strengths obtained for these states using the Fernlimited to E,<<45 MeV. Multipole decomposition below this
ground state density and breathing mode transition densitiemnergy was carried out under two different assumptions,
with the imaginary part set to zero are given in Table IV andFirst, a continuum arising from non-resonant reactions was
(for the 7.65 MeV statecompared to other studies. The 7.65 assumed to have the shape of a straight line at high excitation
MeV state is known to have a-3x cluster structure, which joining onto a Fermi shape at low excitation to model par-
could significantly affect the strength seen in inelaatgcat-  ticle threshold effect{14]. Parameters of the continuum
tering, however the angular distribution would be expectedvere chosen such that the continuum cross sections were
to be primarily characteristic of the angular momentumzero belowE,=16.5 MeV and rose to half maximum around
transfer and thus provides a good test of the ability of theE,=24 MeV to follow closely the continuum shape found in
DWBA calculations to represent dn=0 angular distribu- an experimental study of continuum structure 6 [35].
tion. Such a continuum is shown in Fig. 4. Yield above this line
DDWS-DWBA calculations were carried out for the was analyzed as part of the GR peak. The multipole compo-
10.84 MeV 1 state using the isoscalar dipole transition den-nents of the peak and continuum were obtained separately by
sity and the Fermi ground state density and are shown in Figlividing the spectrum into multiple regioribins) by excita-
8. The calculations fit the data fairly well. The isoscdidr  tion energy and then comparing the angular distributions ob-
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TABLE V. Deformation length and deformation parameter values obtained for low-lying stafé€ irrors do not include approxi-
mately 10% systematic uncertainty due to uncertainties in absolute cross section

BIR BIR BIR BIR BIR BIR
Ex(MeV); J7 (frm) Bi (fm) g (fm) Bi (fm) Bi (fm) B (fm) B
4.44; 2" 1.506+0.098 0.7530.049 1.08 0.41 0.3 1.31 1.27 0.46
7.65; 0 0.374+0.026 0.18%0.013 0.31
9.64; 3 1.115+0.132 0.556-0.066 0.56 0.67 0.26 0.18 0.68 0.24
10.3; 0" 0.315:£0.021 0.15%#0.011
10.84; 1 0.051+0.010 0.026:0.005 0.05
E, (MeV) 240 240 172.5 166 147 139
Reference Present work [12] [32] [39] [40] [41]

tained for the peak and continuum for each of these bins tobserved from the peak and continuum were added and the

DWBA calculations. In a second analysis described in theesult is shown in Fig. 1®). For the excitation range

appendix, the cross section from nonresonant reactions wag MeV<E,<45 MeV the totalEQ strength observed is

assumed to be zero at all energies and a multipole componepy+59% of EO EWSR[bold histogram in Fig. 1()] with a

analysis of the entire yield divided into energy bins was carcentroid of 21.9-0.3 MeV and an rms width of 4:80.5

ried out as in the first method. _ MeV. Including the strengths observed for the states at 7.65
Angular distributions were obtained over the rangegng 10.3 MeV(Table 1V), the total EO strength observed

7 MeV<E,=<45 MeV for energy bins of width 0.475 MeV oo E,=45MeV corresponds to 416% of the EO

Zins?riﬁﬁi}:)nnps!e:hg\c\?n Se?rzmilrz] tir?eFei:%erlgo)} rzg?ozrishfeoruer tﬁggggiEWSR. TheEO strength distribution obtained from the mul-
. ” fi lysis forE,<13 MeV fi ith -
tinuum was taken to be zero. FR=16.5 MeV, continuum tipole analysis fork, <13 MeV was fitted with two Gauss

ians having centroids at 7.68 and 9.6 MeV and widths of 0.5

angular distributions are also shown in Fig. 10. The data nd 2.5 MeV, respectively. THEO strengths obtained in the

obtained in GR runs 2-5 were combined to obtain the peal )
and continuum angular distributions. Due to angle and dete its were 6.7-1.0 and 5.8-1.0% of the EWSR for the first

tor dependent threshold effects data were not available frorind second peaks, respectively. These results compared well
GR runs at larger angles beld#,=12.5 MeV. with the analysis of the angular distributions for the 7.65 and

DDWS-DWBA calculations for the various multipoles, 10-3 MeV state(Table IV), despite the difference in the
with strengths adjusted to obtain a sum angular distributiofM€thod and angular range in the multipole analysis. A previ-
that fit the experimental angular distribution are shown inously unknown 0 state (Q) with a centroid ofE,=14.5
Fig. 10 as lines. The isovector dipole resonance, excited only-0.2 MeV, an rms width of 0.60.1 MeV and a strength of
by Coulomb excitation ift?C, is much weaker than the other 0.4% of theEO EWSR is apparent in thEQ distribution.
multipolarities and has no impact on this analysis. The unAbove this,EO strength consists of broad overlapping peaks.
certainty from the multipole fits was determined for eachThis region was subdivided according to visible structure
multipole by incrementingor decrementingthat strength, and the strengths are given in Table VI.
then adjusting the strengths of the other multipoles to mini- The isoscalaEO strength reported in Ref12] obtained
mize totaly?. This continued until the new? was one unit using the spectrum subtraction technique is also shown in
larger than the tota}? obtained for the best f{t13]. Fig. 11(a) as a gray histogram. The shapes of the two distri-

The (isoscalay EO, E1, E2, E3, andE4 strength distribu-  butions shown in Fig. 1(&) agree well forE,<30 MeV, but
tions and errors obtained from fits of peak angular distributhe multipole analysis identified 244% of theEO EWSR in
tions are shown in Figs. 11 and 12. The continuum angulathe peak whereas the spectrum subtraction technique identi-
distribution for the entire excitation range could be fittedfied only 14.5-4.0% of theEO EWSR.
primarily by a sum ofEl andE2 angular distributions with A broad distribution of isoscaldE1 strength correspond-
small amounts of other multipolarities. THel and E2  ing to 78-9% of theE1l EWSR was identified in the range
strengths obtained from fits to the continuum increase monot0 MeV<E,<45 MeV with a centroid of 27.50.4 MeV
tonically with excitation energy up to the,=45 MeV limit  and an rms width of 760.6 MeV [Fig. 11(b)]. The E1
of the analysis, and the toté1(176%) andE2(108%) strength distribution was subdivided into seven excitation en-
strengths exceeded the respective EWSR limits. Clearly reergy regions according to the visible structure and the
action mechanisms other than multipole transitions are restrengths for each region are given in Table VII. The errors
sponsible for a significant part of the continuum and theyquoted do not include uncertainties in the choice of the con-
result in a combination dE1 andE2 type angular distribu- tinuum. There are no previously reported measurements of
tions. TheEO strength obtained from fits to the continuum is high lying isoscalaE1l strength in*°C.
25+0.2% of EO EWSR and lies entirely belowE, IsoscalarE2 strength corresponding to 5¥% of E2
=27 MeV [Fig. 13@)]. This is consistent with a small error EWSR was located in the range 10 Me¥, <45 MeV with
in constructing the continuum and therefore B strengths  a centroid of 22.60.5 MeV and an rms width of 6:80.6
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|00 0.1 FIG. 11. The isoscalaEQ, E1, andE2 strength distributions
© 35.19 © 35.19 h) obtained from the analysis of the peak regionti@ are shown by
0.001 bt 4+ 001 b+ + + + the histograms. The error bars shown represent the uncertainty due
02 46 810121416 0 2 4 6 8101214 16 to the fitting of the angular distributions as described in the text. In
Oc.m. (deg) O (deg) (a), the EO strength distribution reported fdfC in Ref.[12] is

shown by a gray histogram. THe0 strength distributions obtained
FIG. 10. Center-of-mass angular distributions of the differentialfor E,<13 MeV have been multiplied by 0.5.
cross section obtained C(a,a’) atE,= 240 MeV are shown for
six excitation ranges. Each excitation range is 475 keV wide and thgo strength distribution was subdivided into five excitation
average energies for each range are shown in the lower left Com%rnergy regions according to the visible structure and
of the panels in MeV. Panel@—(d) are in the excitation region  gyrangths for each region are given in Table VIII. The loca-
where the continuum was zero. Pan@s-(h) show two excitation ion of the peaks agrees well with that reported in R8g].

regions where continuum angular distributions were also obtaine he strength reported in Ref32], obtained using a de-

The error bars shown indicate the larger of the statistical errors Oformed potential model, is only about half of the strength

the standard deviations obtained in averaging the cross sections gund in the present work for the same excitation reaion
the given energy and angle bins. The lines shown are the DWBé P on region.

calculations. The thick gray lines passing through the data point imilarly, in Ref. [9], less than 15% of the isoscalar
oray P 9 g P JF2 EWSR strength was found for 20 M&VE,<30 MeV

shows the sum of all components. The component angular distribu=< > ' )
tions are shown by lines of various weights and shades-a6: ~ USing a deformed potential model whereas in this work, 24%
gray line, L=1: thin black line,L=2: black line, L=3: thick  Of the E2 EWSR was found in the same excitation energy
heavy gray line, and.=4: thick black line. range.

Strength distributions obtained in the multipole analysis
MeV [Fig. 11(c)]. The distribution is composed of mostly of for J”=3~ and 4" have more ambiguity compared to lower
overlapping peaks. The first pegétke 2, statg has a mean multipolarities. Angular distributions for multipolarities with
energy E,=11.46-0.2 MeV, an rms width of 0.480.10 L=4 tend to be similar over the angle range measured.

MeV and a strength of 2.150.30% of theE2 EWSR. The Moreover our multipole analysis did not include DWBA cal-
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FIG. 12. The isoscalaE3 and E4 strength distributions ob-
tained from the analysis of the peak region'i@ are shown by the
histograms. The error bars shown represent the uncertainty due %
the fitting of the angular distributions as described in the text. Th
E3 strength distribution obtained f&,<11 MeV has been multi-
plied by 0.1 and is shown in gray.

FIG. 13. (a) The isoscalarEO strength distribution obtained
fom the analysis of the continuum is shown by the histogrdon.
The sum of E0 strength obtained from the analysis of the con-
tinuum and of the peak fot?C is shown by the histogram. The
strength distribution obtained fd,<13 MeV has been multiplied
by 0.5 and is shown in gray color. The error bars shown represent
the uncertainty due to the fitting of the angular distributions as
described in the text.

culations forL=5. Above E,=12.5 MeV, data were ob-
tained up to 16°, which is sufficient to separ&® strength
from higher multipolarities. Below this energy, the limited
angle range results in large errors fore>2 distributions.
However, the known 3 state at 9.64 MeV and the'4state  gata. The total strength observed in the 12 Me¥,

at 14 MeV were identified in the multipole analysis3 and <45 MeV region were 2.2 and 2.1% of the EWSR for
L=4 strength can be distinguished from continuum pro-—3 andL =4, respectively.

cesses in“C because the latter produce angular distributions

dominantly of E1 and E2 type. IsoscalarE3 and E4 TABLE VI. IsoscalarEQ energy weighted sum rule strengths
strength distributions obtained in the analysis are shown iRnd energy moments obtained in the multipole analysis.

Fig. 12, however as multipoles higher than 4 would be fit by:

strength would be extremely sensitive to fluctuations in the

L=4 in our analysis, we label the result f&4 asL=4, EO
though the strength quoted was obtained assurgihg rms EWSR
The strength obtained for the 9.64 MeV 3tate from the Ex range MeanEy m; /mg width strength
multipole analysis was $1% of E3 EWSR in agreement (MeV) (MeV) (MeV) (MeV) (%)
with 5.3+0.5% obtained from the analysis of the peak angu- 7.68 6.66
lar distribution shown in Fig. 7. The 14.08 MeV'4state is 9.6 25-0.4 5.89
known to be a weak staf86] and the strength obtained from 13.0-15.46 14.48 0.45
the multipole analysis was 0.023% of tB& EWSR. Also, 15.46-22.55 19.92 15.68
0.049% of theE4 EWSR strength was identified in the re- 22.55-24.9 23.56 4.38
gion 13.0 Me\kE,<13.7 MeV, however ar=0 state in 24.9-27.72 25.97 4.01
this energy rangeH,=13.352 MeV) is listed in Ref.20] as  27.72-30.07  28.80 1.89
a 2 (T=0) state. Others have suggested that this state i80.7-45.0 38.82 0.46
probably a 4 state(Ref.[3], and references therginrNei-  13.0-45.0 21.203 4.8t05 27+5
ther of these should be excited hy scattering. TheE3 0.0—45.6 41+6

strength in the higher excitation region has not previously

been reported, but the apparent narrow structure at high efStrengths for 7.65 MeV 0 and 10.3 MeV 0 from Table IV has

citation is probably artifact. The very wedk3 and E4
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TABLE VII. IsoscalarE1 energy weighted sum rule strengths
and energy moments obtained in the multipole analysis.

El

rms EWSR
E, range MeanE, my /my width strength
(MeV) (MeV) (MeV) (MeV) (%)
10.0-11.82 11.29 0.67
11.82-13.24 12.78 0.44
13.24-16.88 15.30 3.47
16.88-21.13 19.55 5.26
21.13-23.02 22.23 6.06
23.02-32.87 27.63 35.53
32.87-45.0 38.29 26.64
10.0-45.0 27504 7.6:0.6 78+9
0.0-45.0 7&9
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FIG. 14. Center-of-mass angular distributions of the differential
cross section obtained assuming all strength is from multipole pro-
cess is shown for two excitation rangesi€ along with DWBA
fits. See Fig. 10 caption.

with the electromagnetic value, which is consistent
with similar studies of heavier nuclei wheB(EL) values
obtained by inelastiax scattering for low lying 2, 37,

The “no continuum” analysis described in the appendix@d 4~ states were shown to agree with those obtained
provides an indication of the sensitivity of the analysis toWith electromagnetic probes. However tHE3) value

continuum choices. ThEO strength obtained is within errors OPtained in this work for the 9.64 MeV 3state is much

the same as the sum of the peak and continuum analysdSWer than that obtained by electron scatterifigble 1)
indicating the EO strength obtained is independent of and the angular distribution is not well reproduced at angles

continuum choice. The tot&f1 andE2 strengths obtained 2P0ve 20°. A folding analysis of 172.5 MeV inelastic

in the “no continuum” analysis far exceed the sum rule

a-scattering data reported in Rdf32] also resulted in a

indicating that other processes are present whose angulgf(E3) much lower than the electron scattering result. Possi-

distributions are being modeled by a sum Bt and E2
distributions, and hence thEl and E2 distributions ob-
tained are quite sensitive to continuum choice. Belgy
=30 MeV, theE3 andE4 distributions obtained were very

similar in the two analyses, but substantial differences oc

curred above this energy, suggesting that B8 and E4

bly the Bohr-Mottleson transition densif27] used is not
appropriate for the 9.64 MeV state. The strength reported for
7.65 MeV 0" state from an electron scattering analySg]

and the present analysis are also significantly diffef€alble

IV), however this state is known to have arZluster struc-
ture and the breathing mode transition density would not be

distributions obtained above 30 MeV are sensitive to the*PPropriate.

continuum choice.

VI. CONCLUSIONS

In the present work using density dependent singl
folding, the B(E2) obtained from inelastica scattering
exciting the 4.44 MeV 2 state in *°C is in agreement

TABLE VIII. IsoscalarE2 energy weighted sum rule strengths
and energy moments obtained in the multipole analysis.

E2
rms EWSR

E, range MeanE, my /my width strength
(MeV) (MeV) (MeV) (MeV) (%)
10.0-12.29 11.46 2.15
12.29-17.35 15.42 8.19
17.35-20.19 18.90 5.03
20.19-23.96 22.31 8.02
23.96-45.0 30.44 28.0
10.0-45.0 22605 6.8:0.6 51+7
0.0-45.6 64+8

aStrength for 4.44 MeV 2 from Table Ill has been added.

The 2, state was located at the lower end of a broad
overlappingE2 strength distribution. The centroid and rms
width of this state were determined to be 11.46 and 0.43
MeV, respectively. Since this state is not completely resolved

efrom otherE2 strength, further work may be necessary to

decipher the exact energy and width of this state. Analysis
performed for the region from 5 Me¥E,<11 MeV (Fig. 5
would have shown any collective™2state with a strength
above about 0.1% oE2 EWSR. It may be noted that the
location of the 2 state is important for the models of rota-
tional band built upon the 7.65 MeV'Ostate. Particularly,

its location gives direct information about the moment of
inertia of this band. For example, the suggested linear
three« chain configuration for the 7.65 MeV'Ostate sug-
gests the expected,2rotational state of the band to lie at
about 8.6 MeV5].

SignificantEO, E1, andE2 strength was located in the
range 13 MeW&E,<45 MeV, however, only small amounts
of E3 andL=4 strength were identified. Due to the limited
angle range of our data, we could not unambiguously distin-
guish weak components fou=4. Strength corresponding to
only 27+5% of EO EWSR was identified in the giant reso-
nance region. This may be compared with 48, 72, 81, and
97 % of EO EWSR found in the giant resonance region in
180 [38], *Mg [15], ?8Si[13], and*°Ca[14], respectively. It
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T to 78+t9% of the E1 EWSR in the range 10 Me¥E,
0 <45 MeV. There are no previous reports on high lying
5 10 15 20 25 30 35 40 45 E1 strength and no microscopic theoretical calculations
E«(MeV) have been reported for high lying isoscalafl strength
i1
in 12C.

FIG. 15. The isoscalaEO, E1, and E2 strength distribu- To Summarize’ we have determinE@, E]_, E2, andE3

tions obtained assuming all the cross section is from multipolestrength distributions ifC for excitation energy below 45
process for'’C are shown by histograms. The error bars shownyev “using small angle inelastie-scattering. The collective
represent the uncertainty due to the fitting of the angular diStribuTOIding model DWBA calculations used in the analysis took
tions as described in the text. TB® strength distribution obtained 1 5cc0unt the role of ther-n effective interaction. The
1;C(J)r|0ErX<13 MeV has been multiplied by 0.5 and is shown in gray g p5y \a1ye determined for the first excited state is in agree-

' ment with electron scattering measurements. New data on
is possible that the breathing mode transition density ighe second and higher excited state_s were obtained. Substan-
not an appropriate description of the high lyig§ strength fual EOQ, E1, andE2 strength not previously seen was located
in 2C and hence that the magnitude of tB® strength N
could be quite different from that obtained with this transi-
tion density. ACKNOWLEDGMENTS

About half of the expectede2 EWSR strength was
identified in*2C, most belowE, =35 MeV, while a no-core
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multipole processes with <4 (continuum equal to zeJjo  strength obtained in the 12 Me¥E,<45MeV region
Figure 14 shows the angular distributions and multipolewas 6.3 and 6.0 % of the respective EWSRs’, nearly triple
fits obtained for two excitation energy bins correspondingthat obtained in the analysis of the peak and continuum
to averageE,=21.59 and 35.19 MeV. The multipole distri- separately.

butions obtained are shown in Figs. 15 and 16. The strengths Differences in the multipole distributions obtained in the
observed are the same as in the other analysis fafwo analysegwith and without a continuuinprovide an in-
E,=16.5 MeV since the continuum was zero for this regiondication of the uncertainties due to the choices of the con-
in the other analysis. FOE,=16.5 MeV, theEO strength tinuum. TheEO distributions obtained agree within the un-
distribution obtained is very similar to that obtained in certainties of the fits, indicating that th&0 strength
the other analysis and 3(%G% of the EO EWSR was distribution obtained is essentially independent of continuum
identified between 13 Me¥E,<45MeV, in agreement choice. Since the continuum is fit mostly by a sunidf and
with the 27% obtained analyzing the continuum andE2 angular distributions whose combined strengths consid-
peak regions separately. The isoscdtdr andE2 strengths erably exceed the sum rule, these distributions are quite sen-
obtained for 10 MeeE,=<45MeV are 229 and 169% sitive to the continuum choice. Belof,=30 MeV theE3

of the respective EWSR. Th&l and E2 strengths rise and E4 distributions obtained are very similar in the two
rapidly at higher excitation, similar to that seen in the analy-analyses, indicatinfe3 andL=4 strength obtained in this
sis of the continuum. Th&3 and L=4 distributions are region is also not dependent on the continuum choice. Above
similar to those obtained in the peak analysis 6 this, theE3 andE4 strengths obtained were much largeut
<30 MeV but for E,>30 MeV much more strength was still less than 7% of the EWSRwhen the continuum was
indicated in this analysis. The total isoscale3 andL=4  taken to be zero.
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