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Isoscalar electric multipole strength in 12C

Bency John,* Y. Tokimoto, Y.-W. Lui, H. L. Clark, X. Chen, and D. H. Youngblood
Cyclotron Institute, Texas A&M University, College Station, Texas 77843, USA

~Received 10 March 2003; published 25 July 2003!

The excitation region in12C belowEx545 MeV was studied using 240 MeVa-particle scattering. Elastic
scattering was measured fromuc.m.53.8° to 49.4° and density dependant folding optical model parameters
were obtained. Inelastic scattering to the 4.44 MeV 21, 7.65 MeV 01, 9.64 MeV 32, 10.3 MeV 01, and 10.84
MeV 12 states was measured andB(EL) values obtained. Inelastic scattering exciting12C to 10 MeV<Ex

<12.5 MeV was measured from 1.4°<uc.m.<10° and to 12.5 MeV<Ex<45 MeV from 1.4°<uc.m.<16° and
E0, E1, E2, andE3 strength distributions were obtained. Strength was identified corresponding to 2765,
7869, and 5167% of the isoscalarE0, E1, andE2 energy weighted sum rule~EWSR!, respectively, with
centroids of 21.960.3, 27.560.4, and 22.660.5 MeV and rms widths of 4.860.5, 7.660.6, and 6.860.6 MeV.
Less than 7% of theE3 EWSR strength was identified.

DOI: 10.1103/PhysRevC.68.014305 PACS number~s!: 25.55.Ci, 24.30.Cz, 27.20.1n, 21.10.Re
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I. INTRODUCTION

Isoscalar excitation of the12C nucleus is an importan
source of information on its structure. In the collective liqu
drop model, isoscalar excitations of different multipolariti
have been interpreted as arising due to in-phase oscillat
(T50) of the proton and neutron fluids. The isoscalar mo
pole resonance~ISGMR or E0; L50, T50, s50! is a den-
sity oscillation and its energy is directly related to the co
pressibility of nuclear matter@1#. The isoscalar dipole
resonance~ISGDR orE1; L51, T50, s50! is also a den-
sity oscillation traveling back and forth through the nucle
along a definite direction@2#. Higher multipolarities are
shape oscillations.

The structure of12C has been the subject of two rece
shell model calculations. In the first of these@3#, an effective
interaction gave good results for the ground state and
4.44 MeV 21 first excited state but several of the high
states were not reproduced well. In the second study
properties of12C were obtained with a no-core nuclear sh
model calculation with a realistic nucleon-nucleon intera
tion @4#. Some of the properties of the first excited state a
of some higher states were reproduced moderately wel
this calculation, the GQR in12C was predicted to be in th
37 to 47 MeV range. Many higherT50 states in12C show
evidence@5,6# for a cluster components which would not b
reproduced by such shell model calculations. Such com
nents have been interpreted using the bosonic nature o
alpha clusters. The 7.65 MeV 01 second excited state of12C
has been described recently as a Bose-Einstein condens
state ofa clusters@7#. Isoscalar states higher in energy and
different multipolarities, whether or not they yield to suc
interpretations, can be expected to give insight into
nucleon localization behavior because they arise due toin-
phasespin saturated motion~T50,s50! of the nucleons.

Properties of isoscalar states have been extracted

*Present address: Nuclear Physics Division, Bhabha Atomic
search Center, Mumbai-400085, India.
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experiments traditionally by using the collective model. T
properties of collective modes in a diffused nuclear medi
is an evolving topic@8# and efforts are planned with radio
active ion beams to measure them. In such studies, the
results will be with lighter nuclei and accurate data on12C
collective modes can serve as a guide. By itself, ISGMR a
ISGDR data in12C might provide important inputs to th
surface corrections applied to compressibility of a fin
nucleusKA to arrive at nuclear matter compressibility coe
ficient Knm .

Although the structure of12C has been studied exper
mentally with a number of probes, there have been few st
ies of high-lying isoscalarE0 andE2 strength and no report
of small-angle scattering experiments looking for high-lyi
isoscalarE1 strength. No concentration of high lying isosc
lar E0 andE2 strengths comparable to that of heavier nuc
has been seen in12C.

Riedeselet al. @9# located less than 15% of theE2 energy
weighted sum rule~EWSR! in the range 20<Ex<30 MeV
with 104 MeV a-particle inelastic scattering. Lebrunet al.
@10# reported 4.3% of theE0 EWSR in a broad peak at 20.
MeV using inelastic3He scattering and Eyrichet al. @11#
reported 562% of theE0 EWSR betweenEx519 and 21.5
MeV using inelastic6Li scattering. Youngbloodet al. @12#
located 14.564.0% of the isoscalarE0 EWSR strength in
12C betweenEx514 MeV andEx530 MeV using 240 MeV
a-particle inelastic scattering.

Youngbloodet al. @12# used a spectrum subtraction tec
nique to highlight theE0 strength, however, this techniqu
is sensitive to experimental background and the presenc
other multipolarities. Also the analysis was performed us
deformed potential calculations with28Si parameters which
may distort the strength distribution. In recent studies
high lying isoscalarE0, E1, andE2 strengths in28Si @13#,
40Ca @14#, and24Mg @15#, a multipole component analysis o
the excitation energy spectra measured at forward angle
placed the spectrum subtraction technique. In place of
deformed potential DWBA calculations, more accurate fo
ing potential DWBA calculations were used. These improv
ments resulted in the identification of most of theE0 andE2

e-
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TABLE I. Experimental setup.~GR: giant resonance, EL: elastic.!

Run Type
usp

~deg.!
Slit

u3f

Detector
length
~cm!

f
measurement

Ex range
~MeV!

C foil
thickness
~mg/cm2!

1 GR 0 4°34° 30 No 3,Ex,35 2.0
2 EL 3.5,5.5 4°32° 60 No 210,Ex,45 2.0

GR 0,3.5 4°34° 60 No 7,Ex,62 2.0
3 GR 0,4 4°34° 60 No 7,Ex,62 2.0
4 EL 4,6,8,10,

12,14,16,
18,20,22,
24,26,29

4°32° 60 No 210,Ex,45 4.02

EL 32,35 4°34° 60 No 210,Ex,45 4.02
5 EL 4,6,8 4°34° 60 No 210,Ex,45 8.6

GR 0 5°35° 60 Yes 9,Ex,55 8.6
GR 4,6,8,10 4°34° 60 Yes 9,Ex,55 8.6
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strength and allowed extraction of multipole distributio
with better resolution than previously achieved, and resu
in strengths for low lying states in agreement with elect
magnetic measurements. Extension of this method to12C
should provide more accurate estimates of the isoscalarE0
and E2 strengths and new information on the isoscalarE1
strength.

States lying above the three-a-decay threshold energ
~7.27 MeV! and below the ‘‘giant resonance’’ energy ha
been studied in the past primarily to reveal theira and elec-
tromagnetic decay characteristics and branching ratios.
03

1 state, a broad resonance at 10.360.3 MeV with a width
around 3 MeV, and other levels above 10 MeV make thi
region of overlapping levels. Interesting results may eme
if inelastic a scattering data for this excitation range cou
also be analyzed using the multipole components meth
Particularly, the exact location of the 03

1 and 22
1 states would

provide important inputs to calculations of nuclear ast
physical@16# and nuclear clustering@5,6# interests.

We report here new data of 240 MeVa-particle elastic
and inelastic scattering on12C up to an excitation energy o
Ex545 MeV. Above Ex545 MeV the ‘‘pickup-breakup’’
peaks from the~a, 5Li) and ~a, 5He) reactions with subse
quent decay of mass five products into ana particle and a
nucleon hamper the determination of multipole strengt
Results of the multipole analysis performed with isosca
01, 12, 21, 32, and 41 components are presented. Th
excitation energy range is sufficiently broad to observe
portant features of the isoscalarE0, E1, and E2 strength
distributions although the complete sum rule strengths h
not been observed. Many isoscalarE3 andE4 states have
also been identified. The results are discussed in light of
collective model and other relevant experimental results
ported in the literature.

II. EXPERIMENTAL TECHNIQUE

Experiments were carried out using beams of 240 MeVa
particles from the Texas A&M K500 superconducting cyc
01430
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tron and the multipole-dipole-multipole~MDM ! spectrom-
eter. Beam was delivered to the spectrometer through a b
analysis system having two bends of 88° and 87°@17#. The
beam was limited by the slits after the first bend, and
second bend was used for clean up, with slits located s
not to intercept the primary beam. Table I lists different s
ups used in experiments carried out on five separate o
sions to obtain data on elastic, inelastic, and giant resona
scattering. For giant resonance~GR! runs, the dipole field of
the spectrometer was set such that the elastically scatt
events did not reach the active region of the detector.
elastic scattering runs, the dipole field was set to allow e
tic and low lying inelastic events to reach the detector’s
tive region. The central angle of the spectrometer (usp) was
varied from 0° to 10° for GR measurements and from 3.5°
35° for elastic scattering measurements. The solid angle
fining slit at the entrance of the spectrometer had horizo
and vertical acceptances of 4°~4°34° slit! for GR runs ex-
cept for one run where a 5°35° slit was used atusp50°. In
elastic scattering runs either a 4°32° slit or a 4°34° slit was
used at the more forward angles, and a 4°34° slit was used
at larger angles. The scattering angle was determined by
tracing. The spectrometer angleusp was varied in steps of 2°
except aboveusp526° where 3° steps were used. The fir
nonzero angle wasusp53.5°.

In run 1, a 30 cm long focal plane detector described
Ref. @18# was used which measured horizontal position a
angle and provided particle identification. In runs 2–4,
similar detector 60 cm long@12,19# was used. In run 5, drift
chambers were added before and after the 60 cm long h
zontal detector to measure vertical position and the ou
plane anglef. Whenusp was set to 0°, the primary beam wa
stopped in front of the 30 cm detector during run 1, wh
during runs 2–5 the beam passed beside the 60 cm det
and was stopped on a carbon block inside a shielded Far
cup behind the detector. When 3.5°,usp,6°, the beam was
stopped on an insulated Ta block beside the solid angle
fining slit; at larger angles the beam was stopped on a F
day cup in the target chamber. The horizontal position a
5-2
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ISOSCALAR ELECTRIC MULTIPOLE STRENGTH IN12C PHYSICAL REVIEW C68, 014305 ~2003!
angle resolutions were around 0.9 mm and 0.09°, resp
tively, but were somewhat worse in run 1 at 0° because
high background rate due to neutrons and gamma rays f
the Faraday cup located immediately in front of the detec
The range of excitation energy measured depended on
detector geometries and the dipole field and is summarize
Table I.

Self-supporting natural carbon foils of thicknesses 2, 4.
and 8.6 mg/cm2 were used as targets. The first two targ
were made of layers of vacuum evaporated carbon foils
the third target was a graphite foil. The graphite foil w
baked before use to minimize volatile impurities. Data we
also taken with24Mg and 28Si targets at the actual field se
tings used in the experiments for energy calibrations. Det
of the momentum and angle calibrations are given in R
@19#.

III. DATA ANALYSIS AND RESULTS

Two-dimensional spectra of position versusu lab obtained
during elastic (usp54°) and GR runs (usp50°) are shown in
Figs. 1 and 2. In Fig. 2, the 4.44 MeV 21 state can be see
only over a very narrow angle range, and the 7.65 MeV1

state is seen overu lab from about 40 to 90 units. The ta
coming down vertically from about 90 units is due toa
particles scattering off the wall of the chamber inside
dipole, accidentally coinciding at aboutu lab590 units with
the 7.65 MeV band. This ‘‘tail’’ is outside the possible ang
range fora particles that came through the entrance slit a
did not subsequently scatter inside the spectrometer
hence these events are excluded when scattering angle
are made to obtain the energy spectra. The gray conical
tion at the bottom is due to events in the range where
effective acceptance of the spectrometer varies rapidly w
angle.

FIG. 1. A two dimensional plot of position versusu lab for
12C(a,a8) taken atEa5240 MeV. The dipole field of the spec
trometer was set for an elastic run withusp set at 4°~run 5!. On the
u lab axis the location of 4° is indicated by a vertical marker at ab
72 units and the forward angles are on the left side of this mar
The relative yield is shown by a folded-linear-scale of intens
indicated in the inset. Elastically scattered events appear as a b
band above 80 units in position.
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Cross sections were obtained from the charge collec
target thickness, dead time and known solid angle. The
mulative uncertainties in target thickness, solid angle, e
result in about a610% uncertainty in absolute cross se
tions. Each data set was divided into ten angle bins, e
corresponding toDu lab;0.4° using the angle obtained from
ray tracing. The average angle for each bin was obtained
integrating over the height of the solid angle defining slit a
the width of the angle bin.

Energy spectra showing elastic and inelastic scattering
low Ex524 MeV atuc.m.53.8° and 5.3° are shown in Fig. 3
The first four prominent peaks can be identified as
ground, 4.44, 7.65, and 9.64 MeV states. There are very
counts in the region where scattering off any hydrogen
purity would be expected@Ex52.35 MeV in Fig. 3~a!# indi-
cating that this target is nearly free of water vapor conta
nant. A weak peak atEx;3.7 MeV is presumably due to th
excitation of an unresolved group of states in13C. Spectra
obtained in two runs withusp50° ~runs 2 and 5, respec
tively! for uc.m.51.4° are shown in Figs. 4~a! and 4~b!. A f
gate was used in analysis of the data from run 5 to lim
vertical acceptance to 4°. Data taken in run 2 with a verti
acceptance of 4° were analyzed withoutf information. The
excellent agreement between the spectra in the two r
shows the absence of significant slit scattering in the d
taken in run 2.

Cross sections for elastic scattering and for inelastic s
tering exciting the 4.44 MeV state were obtained by su
ming the counts in the appropriate peaks. The cross sect
of states in the region 7.6<Ex<13 MeV were determined by
a least squares fit including known peaks in this region.
empirical peak shape determined from the shape of the p
for the 4.44 MeV state was used for the narrow states an
Gaussian shape was used for the broad 10 MeV 01 state.
Background was assumed to be zero. Fits obtained for
angles are shown in Fig. 5. In addition to known12C states in
this excitation range@20#, a weak peak at 6.86 MeV due to
13C state and in some spectra two16O states at;6.0 MeV

t
r.

ad

FIG. 2. Same as in Fig. 1 except that dipole field was set fo
GR run andusp was 0°~run 2!. On theu lab axis the location of 0° is
indicated by a vertical marker at about 63 units.
5-3
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were also present. The parameters obtained for the peak
to the 03

1 state areEx59.820.2
10.4 MeV andG52.760.3 MeV,

respectively which are in agreement with those measure
b decay of12B and 12N @21# of 10.360.3 MeV and 3.060.7
MeV and those obtained from a6Li study @11#.

The angular distribution of the ratio of the elastic scatt
ing cross section to Rutherford scattering is shown in Fig
Angular distributions of inelastically scattereda particles ex-
citing the 4.44 MeV 21 and 9.64 MeV 32 states are shown
in Fig. 7. The cross sections obtained for the 7.65 and 1
MeV 01 states are shown in Fig. 8 along with the angu
distribution obtained for the 10.84 MeV 12 state. Reliable
cross sections could not be obtained for the 10.84 MeV s
above;7.5°, due to difficulties in separating this low inte
sity peak from other peaks. Generally cross sections obta
on different runs were in excellent agreement. Alpha p
ticles scattering off hydrogen~presumably from H2O) in the
target in runs 1 to 4 obscured the peaks from several stat
various angles. The graphite target used in run 5 showed
hydrogen contamination and data obtained in run 5 fil
these gaps.

IV. DWBA AND OPTICAL MODEL ANALYSIS

Inelastic a scattering to collective states has been a
lyzed using either the deformed potential model or the fo
ing model. Beeneet al. @22# have shown that consisten
agreement between electromagnetic transition strengths
those measured with light and heavy ion inelastic scatte
for low lying 21 and 32 states can only be obtained usin

 12C(αααα,αααα’)
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FIG. 3. a spectra obtained for12C(a,a8) at Ea5240 MeV at
average center of mass angles~a! uc.m.53.8° and~b! uc.m.55.3°
during an elastic scattering run.
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the folding model. In this study we extractE0, E1, E2, and
E3 strength using a density dependent single folding ca
lation with a Woods-Saxon imaginary term~DDWS! of the
type described by Satchler and Khoa@23# who used an
a-nucleon interaction with a Gaussian form and a ran
ta-n51.88 fm.

Elastic and inelastic scattering folding model calculatio
were carried out with the codePTOLEMY @24#. The shapes of
the real parts of the potentials and form factors forPTOLEMY

were obtained using the codesSDOLFIN andDOLFIN @25#. The
shapes~Woods-Saxon! of the imaginary part of the form fac
tors were calculated externally and read intoPTOLEMY for all
L values. Input parameters forPTOLEMY were modified@26#
to obtain a relativistic kinematically correct calculation. Co
lective model transition densities and sum rules for vario
multipolarities are described thoroughly in Refs.@13#, @23#,
and @27–29#. It has been pointed out@13# that the transition
density given by Harakeh and Dieperink@29# for the ISGDR
in their Eq.~4! is for only one of the magnetic substates a
must be multiplied by (2l 11)1/2 to represent excitation o
the ISGDR bya particles.

In attempting to fit the elastic scattering data, two diffe
ent forms forr(r ) were tried in the present work. First,

12C(α,αα,αα,αα,α’)
(a) θc.m. = 1.4o 
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FIG. 4. a spectra obtained for12C(a,a8) at Ea5240 MeV at
uc.m.51.4° in ~a! run 2 and~b! run 5. The cross section aboveEx

513.7 MeV has been multiplied by a factor of 10. The smooth l
shown in~b! indicates the division between the continuum and
GR peak used in the analysis.
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Fermi form was used which has half density radiusc
52.0005 fm and diffuseness parametera50.5234 fm and
was shown@30# in 1995 to describe the12C charge distribu-
tion obtained in electron scattering experiments. With t
form, the surface thickness (t54a ln 3) of the12C nucleus is
2.3 fm, more than its half density radius. Second, a Parab
Gaussian form given by r(r )5r0@11(4r 2/3aN

2 )#exp
(2r2/aN

2) whereaN51.64 fm, derived from oscillator func
tions, was used. This form was shown to fit elastic elect
scattering up toq;2.5 fm21 in 1956@31#. Satisfactory fits to
the elastic scattering could not be obtained with either

FIG. 5. a spectra obtained for12C(a,a8) at Ea5240 MeV at
two center of mass angles are shown for a limitedEx range by the
histograms. The average center of mass angles are indicated i
panels. Least squares fits to the spectra used to obtained peak
are shown by the bold lines. The thin lines show the individ
peaks used in the fits.
01430
s

lic

n

f

these density distributions with ana-nucleon range param
eter ta2n51.88 fm, the value successfully used by Satch
and Khoa@23# and in several 240 MeVa studies of heavier
nuclei @13–15#. Good fits could be obtained with both distr
butions withta-n51.75 fm, however. The optical model pa
rameters obtained with the two density distributions a
ta-n51.75 fm are given in Table II. The calculated cross s
tions, which are almost identical, are shown in Fig. 6. A go

the
reas
l

12C(α,αα,αα,αα,α )12C
Eαααα  = 240 MeV
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FIG. 6. The angular distribution of the ratio of the differenti
cross section for elastic scattering to Rutherford scattering for
MeV a particles112C is plotted versus average center-of-ma
angle. The horizontal semi-bars are data from run 4 and the g
circles are from run 5. For the latter, only a typical error bar
shown. The continuous and dashed lines show folding opt
model calculations with the Fermi and Parabolic Gaussian form
the ground state densities, respectively.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12C(α,αα,αα,αα,α’)12C*, Eαααα=240 MeV

(a) Ex=4.44 MeV, Jππππ=2+

(b) Ex=9.64 MeV, Jππππ=3-
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d
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d
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(a)

(b)
x0.1

FIG. 7. The angular distribution of the differential cross secti
for inelastica scattering exciting the~a! 4.44 MeV 21 and~b! 9.64
MeV 32 states are plotted versus average center of mass a
Data from runs 1, 4, and 5 are shown by the open circles, horizo
semibars and gray circles, respectively. In~b! data from run 2 and 3
are also shown by the horizontal semibars. Only a typical e
bar is shown for the data from run 5. The continuous and das
lines show DWBA calculations using the Fermi and Parabo
Gaussian forms for the ground state density, respectively. The
and the calculations for the 9.64 MeV state have been multiplied
0.1. Values ofB(E2)50.00384e2 b2 and B(E3)50.00024e2 b3

were used in the calculations for the 4.44 and 9.64 MeV sta
respectively.
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fit with ta-n51.88 fm could be obtained with Fermi param
etersc52.1545 fm anda50.425 fm, however the rms ra-
dius obtained with these parameters is significantly low
than the experimental value.

DWBA calculations for the 4.44 MeV 21 state, with
Fermi and Parabolic Gaussian ground state densities
nearly identical and fit the data well out to about 37° as c
be seen in Fig. 7. TheB(E2) value obtained by a leas
squares fit for both the ground state density forms w
0.00384e2 b2. DDWS-DWBA calculations for the 9.64 MeV
32 state are shown in Fig. 7 for both the Fermi and parab
Gaussian ground state densities. Again, use of the
ground state densities result in very similar cross secti
over the entire angle range and aB(E3)50.00024e2 b3 re-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12C(α,αα,αα,αα,α’)12C*,Eαααα=240 MeV
 (a) Ex= 10.3  MeV, Jππππ=0+

 (b) Ex= 7.65 MeV, Jππππ=0+

 (c) Ex=10.84 MeV, Jππππ=1-
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d
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(a)
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(c)

FIG. 8. The angular distributions of the differential cross sect
for inelastica scattering to the~a! 10.3 MeV 01 state~squares!, the
~b! 7.65 MeV 01 state~circles!, and the~c! 10.84 MeV 12 state
~triangles! are plotted versus average center of mass angle.
open circles in~b! are from run 1. The data from run 5 are colore
gray. In~b! only a typical error bar is shown for the latter. The gr
solid line in ~b! shows a DWBA calculation using both real an
imaginary components of the transition density, while the other
culations in~a! and~b! were carried out with the imaginary part o
the transition density set to zero~see text!. The continuous lines
show DWBA calculations using the Fermi form for the12C ground
state density while the dashed lines result from using the parab
Gaussian form for the ground state density. Calculations for
10.3 MeV state usedb0R50.315 fm while those for the 7.65 MeV
state usedb0R50.374 fm and those for the 10.84 MeV state us
b1R50.051 fm. The data and the calculations for the 10.3 M
state have been multiplied by 10 and those for the 10.84 MeV s
have been divided by 10.
01430
r

re
n

s

ic
o
s

sults in a fair fit to the data inside 17°. Above 17°, the c
culated cross section grows systematically larger than
data, and by 34° is three times the experimental cross
tion.

Kiss et al. @32# reported elastic and inelastic scattering
12C with a 172.5 MeVa-particle beam in 1987, and pe
formed a deformed potential analysis of their data. Fo
direct comparison with our results we carried out a DDW
analysis of their data, first obtaining optical parameters
fitting the elastic scattering, then carrying out calculations
the 4.44 and 9.64 MeV states using DDWS-DWBA with t
Fermi ground state density, and the results are shown in
9. An angle shift of 0.3° was required to obtain a good fit
the elastic scattering and is included in Fig. 9. The bes
B(E2) obtained for the 4.44 MeV state is listed in the midd
column of Table III and is in agreement with our value. T
DDWS-DWBA calculation does not fit the data well for th
9.64 MeV 32 state, however,B(E3);0.00038e2 b3, sub-
stantially larger than the value from our data, provides
best normalization to the first maximum. TheB(EL) values
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FIG. 9. Data from12C(a,a8) at Ea5172.5 MeV from Ref.@32#
is shown. The angular distributions of the differential cross sect
for inelastic alpha scattering to the 4.44 MeV 21 ~closed circles!
and for the 9.64 MeV 32 states are plotted versus average cente
mass angle.~a! The black line shows anL52 DWBA calculation
for B(E2)50.0044e2 b2 using the Fermi form of12C ground state
density. ~b! The gray line shows anL53 DWBA calculation for
B(E3)50.00038e2 b3 using the Fermi form of12C ground state
density.
i
c-
TABLE II. Folding model and ground state density distribution parameters used.

V
~MeV!

W
~MeV!

Ri

~fm!
ai

~fm!
Rc

~fm!
c

~fm!
a

~fm!
aN

~fm!
Density

form

58.431 24.208 3.597 0.548 2.976 2.0005 0.5234 Ferm
55.201 23.172 3.598 0.550 2.976 1.64 Paraboli

Gaussian
5-6
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ISOSCALAR ELECTRIC MULTIPOLE STRENGTH IN12C PHYSICAL REVIEW C68, 014305 ~2003!
obtained from both of the above analyses are compare
Table III to those obtained in analyses of electron scatte
data@33,34#. The three results are in excellent agreement
the 4.44 MeV 21 state. However, for the 9.64 MeV 32 state,
theB(E3) values obtained from the twoa scattering experi-
ments do not agree but both are substantially below the e
tron scattering result. As excellent agreement has been
tained between electromagnetic experiments anda
experiments analyzed with the folding model for 32 states in
heavier nuclei@13,15# and the calculated angular distribu
tions for the 9.64 MeV state also do not reproduce the
perimental distributions for eithera particle energy, it would
appear this state is not described well by the collect
model.

DDWS-DWBA calculations for the 7.65 MeV 01 state
with a deformation length of 0.353 fm using a breathi
mode transition density and the Fermi ground state den
are shown superimposed on the data in Fig. 8. The calc
tion is in agreement with the data near the first maximum
first minimum but differs substantially in the 10° to 15
range as well as above 20°. Calculations with a deforma
length of 0.374 fm with the imaginary part of the transitio
potential set to zero~shown also in Fig. 8! fit the data much
better over the entire angle range, although there is still so
disagreement in the 10° to 15° range. The angular distr
tion obtained for the 10.3 MeV 01 state with the imaginary
part of the transition potential set to zero is also in reasona
agreement with the data and is shown in Fig. 8. Angu
distributions obtained for both 01 states using the paraboli
Gaussian ground state density are very similar to those
tained with the Fermi density and are also shown in Fig
The E0 strengths obtained for these states using the Fe
ground state density and breathing mode transition dens
with the imaginary part set to zero are given in Table IV a
~for the 7.65 MeV state! compared to other studies. The 7.6
MeV state is known to have a 32a cluster structure, which
could significantly affect the strength seen in inelastica scat-
tering, however the angular distribution would be expec
to be primarily characteristic of the angular momentu
transfer and thus provides a good test of the ability of
DWBA calculations to represent anL50 angular distribu-
tion.

DDWS-DWBA calculations were carried out for th
10.84 MeV 12 state using the isoscalar dipole transition de
sity and the Fermi ground state density and are shown in
8. The calculations fit the data fairly well. The isoscalarE1

TABLE III. B(EL) values obtained for the 4.44 MeV 21 and
the 9.64 MeV 32 states in12C.

Ex(MeV); Jp

B(EL) (e2 bL)

a scattering analysis Electron
scattering
analysisPresent data Data from Ref.@32#.

4.44; 21 0.00384~52! 0.00435~40! 0.00397~33!a

9.64; 32 0.00024~4! 0.00038 0.00061~9!b

aReference@33#.
bReference@34#.
01430
in
g
r

c-
b-

-

e

ty
a-
d

n

e
u-

le
r

b-
.
i

es

d

e

-
g.

strength obtained is given in Table IV.
The deformation parameters obtained using the Fe

ground state density are listed in Table V for the first fi
excited states along with values reported in the literature
the other studies, deformation lengths were obtained us
the deformed potential model which has been shown@22# to
requireL-dependent renormalization to agree with EM a
folding model results. For the 4.44 MeV 21 and 9.64 MeV
32 states, deformed potential deformation lengths are lo
than the folding model results by factors of 0.81 and 0.
respectively, consistent with the observation made in R
@22#.

Since the folding model calculations using the Fermi a
Parabolic Gaussian ground state densities gave similar d
butions and strengths, only the results with the Fermi grou
state density are quoted in Tables III–V. DDWS-DWBA ca
culations for the high lying states were carried out using o
the Fermi ground state density. As substantially better fits
discrete 01 states were obtained with the imaginary part
the transition potential set to zero, calculations for high lyi
01 states were made with the same assumption.

V. DISCUSSION

Giant resonance peaks can be seen extending up paEx
535 MeV in the spectra shown in Fig. 4. Because picku
breakup contributions toa particle yields are expected abov
an equivalent excitation energy of 45 MeV, our analysis w
limited to Ex,45 MeV. Multipole decomposition below this
energy was carried out under two different assumptio
First, a continuum arising from non-resonant reactions w
assumed to have the shape of a straight line at high excita
joining onto a Fermi shape at low excitation to model p
ticle threshold effects@14#. Parameters of the continuum
were chosen such that the continuum cross sections w
zero belowEx516.5 MeV and rose to half maximum aroun
Ex524 MeV to follow closely the continuum shape found
an experimental study of continuum structure of12C @35#.
Such a continuum is shown in Fig. 4. Yield above this li
was analyzed as part of the GR peak. The multipole com
nents of the peak and continuum were obtained separatel
dividing the spectrum into multiple regions~bins! by excita-
tion energy and then comparing the angular distributions

TABLE IV. Isoscalar E0 and E1 energy weighted sum-rule
strengths for low-lying states in12C.

Ex(MeV); Jp

Isoscalar EWSR~%!

Present
work

3He
scattering
analysisa

6Li
scattering
analysisb

Electron
scattering
analysisc

7.65; 01 7.660.9 8.6 9.5 15
10.3; 01 6.960.9 561
10.84; 12 0.0860.02

aReference@10#.
bReference@11#.
cReference@37#.
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TABLE V. Deformation length and deformation parameter values obtained for low-lying states in12C ~errors do not include approxi
mately 10% systematic uncertainty due to uncertainties in absolute cross section!.

Ex(MeV); Jp
b lR
~fm! b l

b lR
~fm! b l

b lR
~fm! b l

b lR
~fm! b l

b lR
~fm! b l

b lR
~fm! b l

4.44; 21 1.50660.098 0.75360.049 1.08 0.41 0.3 1.31 1.27 0.46
7.65; 01 0.37460.026 0.18760.013 0.31
9.64; 32 1.11560.132 0.55660.066 0.56 0.67 0.26 0.18 0.68 0.24
10.3; 01 0.31560.021 0.15760.011
10.84; 12 0.05160.010 0.02660.005 0.05

Ea(MeV) 240 240 172.5 166 147 139
Reference Present work @12# @32# @39# @40# @41#
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tained for the peak and continuum for each of these bin
DWBA calculations. In a second analysis described in
appendix, the cross section from nonresonant reactions
assumed to be zero at all energies and a multipole compo
analysis of the entire yield divided into energy bins was c
ried out as in the first method.

Angular distributions were obtained over the ran
7 MeV<Ex<45 MeV for energy bins of width 0.475 MeV
and examples are shown in Fig. 10. The first four angu
distributions shown are in the energy region where the c
tinuum was taken to be zero. ForEx>16.5 MeV, continuum
angular distributions are also shown in Fig. 10. The d
obtained in GR runs 2–5 were combined to obtain the p
and continuum angular distributions. Due to angle and de
tor dependent threshold effects data were not available f
GR runs at larger angles belowEx512.5 MeV.

DDWS-DWBA calculations for the various multipoles
with strengths adjusted to obtain a sum angular distribu
that fit the experimental angular distribution are shown
Fig. 10 as lines. The isovector dipole resonance, excited o
by Coulomb excitation in12C, is much weaker than the othe
multipolarities and has no impact on this analysis. The
certainty from the multipole fits was determined for ea
multipole by incrementing~or decrementing! that strength,
then adjusting the strengths of the other multipoles to m
mize totalx2. This continued until the newx2 was one unit
larger than the totalx2 obtained for the best fit@13#.

The ~isoscalar! E0, E1, E2, E3, andE4 strength distribu-
tions and errors obtained from fits of peak angular distri
tions are shown in Figs. 11 and 12. The continuum ang
distribution for the entire excitation range could be fitt
primarily by a sum ofE1 andE2 angular distributions with
small amounts of other multipolarities. TheE1 and E2
strengths obtained from fits to the continuum increase mo
tonically with excitation energy up to theEx545 MeV limit
of the analysis, and the totalE1(176%) andE2(108%)
strengths exceeded the respective EWSR limits. Clearly
action mechanisms other than multipole transitions are
sponsible for a significant part of the continuum and th
result in a combination ofE1 andE2 type angular distribu-
tions. TheE0 strength obtained from fits to the continuum
2.560.2% of E0 EWSR and lies entirely belowEx
527 MeV @Fig. 13~a!#. This is consistent with a small erro
in constructing the continuum and therefore theE0 strengths
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observed from the peak and continuum were added and
result is shown in Fig. 13~b!. For the excitation range
13 MeV<Ex<45 MeV the total E0 strength observed is
2765% of E0 EWSR@bold histogram in Fig. 13~b!# with a
centroid of 21.960.3 MeV and an rms width of 4.860.5
MeV. Including the strengths observed for the states at 7
and 10.3 MeV~Table IV!, the total E0 strength observed
below Ex545 MeV corresponds to 4166% of the E0
EWSR. TheE0 strength distribution obtained from the mu
tipole analysis forEx,13 MeV was fitted with two Gauss
ians having centroids at 7.68 and 9.6 MeV and widths of
and 2.5 MeV, respectively. TheE0 strengths obtained in th
fits were 6.761.0 and 5.961.0% of the EWSR for the first
and second peaks, respectively. These results compared
with the analysis of the angular distributions for the 7.65 a
10.3 MeV states~Table IV!, despite the difference in the
method and angular range in the multipole analysis. A pre
ously unknown 01 state (04

1) with a centroid ofEx514.5
60.2 MeV, an rms width of 0.660.1 MeV and a strength o
0.4% of theE0 EWSR is apparent in theE0 distribution.
Above this,E0 strength consists of broad overlapping pea
This region was subdivided according to visible structu
and the strengths are given in Table VI.

The isoscalarE0 strength reported in Ref.@12# obtained
using the spectrum subtraction technique is also shown
Fig. 11~a! as a gray histogram. The shapes of the two dis
butions shown in Fig. 11~a! agree well forEx<30 MeV, but
the multipole analysis identified 2464% of theE0 EWSR in
the peak whereas the spectrum subtraction technique id
fied only 14.564.0% of theE0 EWSR.

A broad distribution of isoscalarE1 strength correspond
ing to 7869% of theE1 EWSR was identified in the rang
10 MeV<Ex<45 MeV with a centroid of 27.560.4 MeV
and an rms width of 7.660.6 MeV @Fig. 11~b!#. The E1
strength distribution was subdivided into seven excitation
ergy regions according to the visible structure and
strengths for each region are given in Table VII. The err
quoted do not include uncertainties in the choice of the c
tinuum. There are no previously reported measurement
high lying isoscalarE1 strength in12C.

IsoscalarE2 strength corresponding to 5167% of E2
EWSR was located in the range 10 MeV<Ex<45 MeV with
a centroid of 22.660.5 MeV and an rms width of 6.860.6
5-8
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MeV @Fig. 11~c!#. The distribution is composed of mostly o
overlapping peaks. The first peak~the 22

1 state! has a mean
energy Ex511.4660.2 MeV, an rms width of 0.4360.10
MeV and a strength of 2.1560.30% of theE2 EWSR. The
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FIG. 10. Center-of-mass angular distributions of the differen
cross section obtained in12C(a,a8) at Ea5240 MeV are shown for
six excitation ranges. Each excitation range is 475 keV wide and
average energies for each range are shown in the lower left co
of the panels in MeV. Panels~a!–~d! are in the excitation region
where the continuum was zero. Panels~e!–~h! show two excitation
regions where continuum angular distributions were also obtain
The error bars shown indicate the larger of the statistical error
the standard deviations obtained in averaging the cross sectio
the given energy and angle bins. The lines shown are the DW
calculations. The thick gray lines passing through the data po
shows the sum of all components. The component angular distr
tions are shown by lines of various weights and shades asL50:
gray line, L51: thin black line,L52: black line, L53: thick
heavy gray line, andL54: thick black line.
01430
E2 strength distribution was subdivided into five excitati
energy regions according to the visible structure a
strengths for each region are given in Table VIII. The loc
tion of the peaks agrees well with that reported in Ref.@32#.
The strength reported in Ref.@32#, obtained using a de
formed potential model, is only about half of the streng
found in the present work for the same excitation regio
Similarly, in Ref. @9#, less than 15% of the isoscala
E2 EWSR strength was found for 20 MeV<Ex<30 MeV
using a deformed potential model whereas in this work, 2
of the E2 EWSR was found in the same excitation ener
range.

Strength distributions obtained in the multipole analy
for Jp532 and 41 have more ambiguity compared to lowe
multipolarities. Angular distributions for multipolarities with
L>4 tend to be similar over the angle range measur
Moreover our multipole analysis did not include DWBA ca
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FIG. 11. The isoscalarE0, E1, andE2 strength distributions
obtained from the analysis of the peak region in12C are shown by
the histograms. The error bars shown represent the uncertainty
to the fitting of the angular distributions as described in the text
~a!, the E0 strength distribution reported for12C in Ref. @12# is
shown by a gray histogram. TheE0 strength distributions obtaine
for Ex,13 MeV have been multiplied by 0.5.
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culations for L>5. Above Ex512.5 MeV, data were ob
tained up to 16°, which is sufficient to separateE3 strength
from higher multipolarities. Below this energy, the limite
angle range results in large errors forL.2 distributions.
However, the known 32 state at 9.64 MeV and the 41 state
at 14 MeV were identified in the multipole analysis.E3 and
L>4 strength can be distinguished from continuum p
cesses in12C because the latter produce angular distributio
dominantly of E1 and E2 type. IsoscalarE3 and E4
strength distributions obtained in the analysis are shown
Fig. 12, however as multipoles higher than 4 would be fit
L54 in our analysis, we label the result forE4 as L>4,
though the strength quoted was obtained assumingE4.

The strength obtained for the 9.64 MeV 32 state from the
multipole analysis was 661% of E3 EWSR in agreemen
with 5.360.5% obtained from the analysis of the peak ang
lar distribution shown in Fig. 7. The 14.08 MeV 41 state is
known to be a weak state@36# and the strength obtained from
the multipole analysis was 0.023% of theE4 EWSR. Also,
0.049% of theE4 EWSR strength was identified in the r
gion 13.0 MeV<Ex<13.7 MeV, however aT50 state in
this energy range (Ex513.352 MeV) is listed in Ref.@20# as
a 22(T50) state. Others have suggested that this stat
probably a 42 state~Ref. @3#, and references therein!. Nei-
ther of these should be excited bya scattering. TheE3
strength in the higher excitation region has not previou
been reported, but the apparent narrow structure at high
citation is probably artifact. The very weakE3 and E4
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FIG. 12. The isoscalarE3 and E4 strength distributions ob
tained from the analysis of the peak region in12C are shown by the
histograms. The error bars shown represent the uncertainty du
the fitting of the angular distributions as described in the text. T
E3 strength distribution obtained forEx,11 MeV has been multi-
plied by 0.1 and is shown in gray.
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strength would be extremely sensitive to fluctuations in
data. The total strength observed in the 12 MeV<Ex
<45 MeV region were 2.2 and 2.1 % of the EWSR forL
53 andL54, respectively.
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FIG. 13. ~a! The isoscalarE0 strength distribution obtained
from the analysis of the continuum is shown by the histogram.~b!
The sum ofE0 strength obtained from the analysis of the co
tinuum and of the peak for12C is shown by the histogram. Th
strength distribution obtained forEx,13 MeV has been multiplied
by 0.5 and is shown in gray color. The error bars shown repre
the uncertainty due to the fitting of the angular distributions
described in the text.

TABLE VI. IsoscalarE0 energy weighted sum rule strength
and energy moments obtained in the multipole analysis.

Ex range
~MeV!

MeanEx

~MeV!
m1 /m0

~MeV!

rms
width
~MeV!

E0
EWSR
strength

~%!

7.68 6.66
9.6 2.560.4 5.89

13.0–15.46 14.48 0.45
15.46–22.55 19.92 15.68
22.55–24.9 23.56 4.38
24.9–27.72 25.97 4.01
27.72–30.07 28.80 1.89
30.7–45.0 38.82 0.46
13.0–45.0 21.960.3 4.860.5 2765

0.0–45.0a 4166

aStrengths for 7.65 MeV 01 and 10.3 MeV 01 from Table IV has
been added in place of the values from the multipole analysis.
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The ‘‘no continuum’’ analysis described in the append
provides an indication of the sensitivity of the analysis
continuum choices. TheE0 strength obtained is within error
the same as the sum of the peak and continuum analy
indicating the E0 strength obtained is independent
continuum choice. The totalE1 andE2 strengths obtained
in the ‘‘no continuum’’ analysis far exceed the sum ru
indicating that other processes are present whose ang
distributions are being modeled by a sum ofE1 and E2
distributions, and hence theE1 and E2 distributions ob-
tained are quite sensitive to continuum choice. BelowEx
530 MeV, theE3 andE4 distributions obtained were ver
similar in the two analyses, but substantial differences
curred above this energy, suggesting that theE3 and E4
distributions obtained above 30 MeV are sensitive to
continuum choice.

VI. CONCLUSIONS

In the present work using density dependent sin
folding, the B(E2) obtained from inelastica scattering
exciting the 4.44 MeV 21 state in 12C is in agreement

TABLE VII. IsoscalarE1 energy weighted sum rule strength
and energy moments obtained in the multipole analysis.

Ex range
~MeV!

MeanEx

~MeV!
m1 /m0

~MeV!

rms
width
~MeV!

E1
EWSR
strength

~%!

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 27.560.4 7.660.6 7869

0.0–45.0 7869

TABLE VIII. Isoscalar E2 energy weighted sum rule strength
and energy moments obtained in the multipole analysis.

Ex range
~MeV!

MeanEx

~MeV!
m1 /m0

~MeV!

rms
width
~MeV!

E2
EWSR
strength

~%!

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 22.660.5 6.860.6 5167

0.0–45.0a 6468

aStrength for 4.44 MeV 21 from Table III has been added.
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e

with the electromagnetic value, which is consiste
with similar studies of heavier nuclei whereB(EL) values
obtained by inelastica scattering for low lying 21, 32,
and 41 states were shown to agree with those obtain
with electromagnetic probes. However theB(E3) value
obtained in this work for the 9.64 MeV 32 state is much
lower than that obtained by electron scattering~Table III!
and the angular distribution is not well reproduced at ang
above 20°. A folding analysis of 172.5 MeV inelast
a-scattering data reported in Ref.@32# also resulted in a
B(E3) much lower than the electron scattering result. Po
bly the Bohr-Mottleson transition density@27# used is not
appropriate for the 9.64 MeV state. The strength reported
7.65 MeV 01 state from an electron scattering analysis@37#
and the present analysis are also significantly different~Table
IV !, however this state is known to have a 3a cluster struc-
ture and the breathing mode transition density would not
appropriate.

The 22
1 state was located at the lower end of a bro

overlappingE2 strength distribution. The centroid and rm
width of this state were determined to be 11.46 and 0
MeV, respectively. Since this state is not completely resolv
from otherE2 strength, further work may be necessary
decipher the exact energy and width of this state. Analy
performed for the region from 5 MeV<Ex<11 MeV ~Fig. 5!
would have shown any collective 21 state with a strength
above about 0.1% ofE2 EWSR. It may be noted that th
location of the 22

1 state is important for the models of rota
tional band built upon the 7.65 MeV 01 state. Particularly,
its location gives direct information about the moment
inertia of this band. For example, the suggested lin
three-a chain configuration for the 7.65 MeV 01 state sug-
gests the expected 22

1 rotational state of the band to lie a
about 8.6 MeV@5#.

Significant E0, E1, andE2 strength was located in th
range 13 MeV<Ex<45 MeV, however, only small amount
of E3 andL>4 strength were identified. Due to the limite
angle range of our data, we could not unambiguously dis
guish weak components forL>4. Strength corresponding t
only 2765% of E0 EWSR was identified in the giant reso
nance region. This may be compared with 48, 72, 81,
97 % of E0 EWSR found in the giant resonance region
16O @38#, 24Mg @15#, 28Si @13#, and40Ca @14#, respectively. It

21.59
0.01

0.1

1

10

0 2 4 6 8 10 12 14 16
ΘΘΘΘc.m. (deg)

d
σσ σσ/

d
ΩΩ ΩΩ

(m
b

/s
r) Peak

35.19
0.01
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1
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(a) (b)
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FIG. 14. Center-of-mass angular distributions of the differen
cross section obtained assuming all strength is from multipole p
cess is shown for two excitation ranges in12C along with DWBA
fits. See Fig. 10 caption.
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is possible that the breathing mode transition density
not an appropriate description of the high lyingE0 strength
in 12C and hence that the magnitude of theE0 strength
could be quite different from that obtained with this tran
tion density.

About half of the expectedE2 EWSR strength was
identified in 12C, most belowEx535 MeV, while a no-core
nuclear shell model calculation with a realistic nucleo
nucleon interaction@4# predicted the GQR in12C in the
Ex537 MeV to 47 MeV range. Less than 7% of th
E3 EWSR strength was identified. The remainder of
E3 strength may lie at yet higher excitation but there ex
no calculations to suggest the location of the streng
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FIG. 15. The isoscalarE0, E1, and E2 strength distribu-
tions obtained assuming all the cross section is from multip
process for12C are shown by histograms. The error bars sho
represent the uncertainty due to the fitting of the angular distr
tions as described in the text. TheE0 strength distribution obtained
for Ex,13 MeV has been multiplied by 0.5 and is shown in gr
color.
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The isoscalarE1 strength identified in the peak correspon
to 7869% of the E1 EWSR in the range 10 MeV<Ex
<45 MeV. There are no previous reports on high lyin
E1 strength and no microscopic theoretical calculatio
have been reported for high lying isoscalarE1 strength
in 12C.

To summarize, we have determinedE0, E1, E2, andE3
strength distributions in12C for excitation energy below 45
MeV, using small angle inelastica-scattering. The collective
folding model DWBA calculations used in the analysis to
into account the role of thea-n effective interaction. The
B(E2) value determined for the first excited state is in agr
ment with electron scattering measurements. New data
the second and higher excited states were obtained. Sub
tial E0, E1, andE2 strength not previously seen was locat
in 12C.
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APPENDIX

A multipole analysis was also carried out up toEx
545 MeV assuming that all of the cross section was due

e
n
-
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FIG. 16. The isoscalarE3, and E4 strength distributions
obtained assuming all cross section is from multipole proc
for 12C are shown by bold histograms. The error bars sho
represent the uncertainty due to the fitting of the angular distri
tions as described in the text. TheE3 strength distribution obtained
for Ex,11 MeV has been multiplied by 0.1 and is shown in gr
color.
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multipole processes withL<4 ~continuum equal to zero!.
Figure 14 shows the angular distributions and multip
fits obtained for two excitation energy bins correspond
to averageEx521.59 and 35.19 MeV. The multipole distr
butions obtained are shown in Figs. 15 and 16. The stren
observed are the same as in the other analysis
Ex<16.5 MeV since the continuum was zero for this regi
in the other analysis. ForEx>16.5 MeV, theE0 strength
distribution obtained is very similar to that obtained
the other analysis and 3065% of the E0 EWSR was
identified between 13 MeV<Ex<45 MeV, in agreement
with the 27% obtained analyzing the continuum a
peak regions separately. The isoscalarE1 andE2 strengths
obtained for 10 MeV<Ex<45 MeV are 229 and 169 %
of the respective EWSR. TheE1 and E2 strengths rise
rapidly at higher excitation, similar to that seen in the ana
sis of the continuum. TheE3 and L>4 distributions are
similar to those obtained in the peak analysis forEx
,30 MeV but for Ex.30 MeV much more strength wa
indicated in this analysis. The total isoscalarE3 andL>4
iar

G

ki

C

C

C

C

ds

01430
e
g

hs
or

-

strength obtained in the 12 MeV<Ex<45 MeV region
was 6.3 and 6.0 % of the respective EWSRs’, nearly tri
that obtained in the analysis of the peak and continu
separately.

Differences in the multipole distributions obtained in th
two analyses~with and without a continuum! provide an in-
dication of the uncertainties due to the choices of the c
tinuum. TheE0 distributions obtained agree within the u
certainties of the fits, indicating that theE0 strength
distribution obtained is essentially independent of continu
choice. Since the continuum is fit mostly by a sum ofE1 and
E2 angular distributions whose combined strengths con
erably exceed the sum rule, these distributions are quite
sitive to the continuum choice. BelowEx530 MeV theE3
and E4 distributions obtained are very similar in the tw
analyses, indicatingE3 andL>4 strength obtained in this
region is also not dependent on the continuum choice. Ab
this, theE3 andE4 strengths obtained were much larger~but
still less than 7% of the EWSR! when the continuum was
taken to be zero.
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