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Angular correlation, spin alignment, and resonance behavior in12C¿12C inelastic scattering
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We have studieda-12C angular correlations for peaks observed in the12C@12C,12C(31
2)#12C(01

1) inelastic-
scattering excitation function in the energy range betweenEc.m.525 to 35 MeV. The excitation-function data
for a-particle angles that correspond to the population of specific magnetic substates in the excited, decaying
12C nucleus suggest that these peaks are associated with a preferentially aligned configuration. The angular-
correlation data are consistent with spin assignments ofJp5161 and 181 for the resonancelike structures
observed atEc.m.527.5 MeV and 33.1 MeV, respectively. The observed alignment, and the deduced spin
values are consistent with a dinuclear configuration for these peaks.
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I. INTRODUCTION

The observation of resonances in elastic and inela
scattering reactions between light, heavy ions has intrig
nuclear physicists for the better part of four decades. T
system in which this phenomenon figures most promine
is 12C112C @1#, where a variety of features have been
ported over a wide range of bombarding energies, in
elastic channel, as well as in many inelastic and other re
tion channels. Generally, two paradigms have been emplo
to describe this behavior. In one picture, the resonances
as a consequence of the nuclear structure at high excita
energy in24Mg, as suggested by calculations carried out
ing the cranked-shell model@2#, cranked-cluster model@3# or
Hartree Fock@4# formalism. An alternative description lies i
the idea that peaks in the elastic or inelastic scattering c
sections represent scattering phenomena, i.e., they c
spond to scattering resonances in the ion-ion potential
even more simply to kinematic windows with favorable m
mentum and angular-momentum matching properties
number of reaction-model formalisms have been qual
tively successful in describing many features of these ine
tic scattering reactions~e.g.,@5–8#!. In light of recent experi-
mental developments, these methods have been refined
some new predictions have become available@9–11#. The
common idea that has persisted for many years is that
resonances in the scattering of two12C nuclei correspond to
a very extended, dinuclear molecular configuration, wh
the properties of the scattering system may reflect a sens
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ity to reaction dynamics, as well as to the nuclear structure
the colliding ions and of the composite system. With t
renewed interest in nuclear properties at the extreme co
tions of angular momentum and excitation energy that
accompanied the study of ‘‘superdeformed’’ states in heav
nuclei, and with the availability of sophisticated new detec
systems, a revisitation of these issues is appropriate.

Despite considerable experimental and theoretical ef
over the years, progress in the understanding of many
these phenomena has been slow. One problem is that, w
the energy dependence of the scattering cross sectio
many reaction channels has been well studied, the deta
spectroscopic data necessary to test theories are still lack
As an example, consider the situation encountered in
12C112C system for the bombarding energy region betwe
20 and 40 MeV in the center-of-mass system. Here, sev
prominent, intermediate-width structures were observed
Cormieret al. in single, and mutual inelastic scattering to th
first excited 21

1 ~4.443 MeV! state@12,13#, and by Fulton
et al. in inelastic scattering to the 31

2(9.64 MeV)
101

1(0.0 MeV) and 02
1(7.65 MeV)101

1 , final states@14#.
The features in these different channels appear at appr
mately similar, but not identical beam energies. Also, t
nuclear structures of the states in12C for these inelastic scat
tering channels are somewhat different. It remains uncer
whether the observed cross section peaks are in some
related to each other, or simply appear at common bomb
ing energies due to the complicated overall spectrum of re
nancelike structures in virtually all12C112C inelastic scat-
tering channels. A correspondence between peaks in
excitation curves for different scattering channels is es
cially difficult to establish in the absence of detailed spect
scopic information, such as firm spin assignments.

For reaction channels with nonzero spin, such spec
scopic data are in general difficult to obtain. For the re
nances in the 21

1101
1 and 21

1121
1 channels, initial spin

assignments were suggested based upon a compariso
data for light-charged-particle reactions in the same ene
range@12,15#. Later, using a technique based upon a lin
shape analysis for12C(21

1)112C(01
1) inelastic scattering,

Sugiyamaet al. concluded that the prior spin ‘‘suggestions
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were probably in error by two units of angular momentu
@16,17#. Particle–g-ray angular-correlation methods als
proved useful in understanding resonance behavior in
@18# and other heavy-ion scattering systems@19–22#, and in
some cases unambiguous resonance spin assignments
be obtained.

Such angular-correlation measurements have also pro
useful in the evaluation of reaction mechanisms, via
study of spin alignment. Trombiket al. @23# and Konnerth
et al. @24# performed detailed particle-g, and particle-g-g
angular-correlation measurements in the12C112C system for
single, and mutual 21

1 inelastic scattering, respectively. The
demonstrated that the configuration in which the spins of
excited 12C nuclei are aligned with the orbital angular m
mentum plays a significant role in the scattering process
expected in the simple picture of a dinuclear, molecular co
plex.

For states that decay by particle, rather thang-ray, emis-
sion, similar measurements can be done. If the emitted
ticle is ana particle, with zero intrinsic spin, the interpreta
tion of the angular-correlation data may, in principle, also
used to obtain spin assignments for resonances in inel
scattering reactions involving nonzero channel spin@25–28#.
One example is in inelastic scattering to the12C(31

2) state at
9.64 MeV, where Fultonet al. have reported resonancelik
features. Reactions populating the12C(31

2) state are interest
ing from the point of view of nuclear structure, as well
reaction mechanisms. The 31

2 state in 12C state has been
attributed to an equilateral-triangular arrangement ofa par-
ticles similar to that of the ground state, but with a larg
separation between thea-cluster centers@29–32#. With a
large channel excitation energy, but modest channel spin
31

2101
1 channel is not as well matched in angular mome

tum as channels involving the 21
1 state, but these kinemati

factors could be compensated by an increased momen
inertia introduced by the larger effective radius of the 31

2

state. Also, channel coupling effects for the 31
2 state might

be expected to be between those involving the comp
ground state, or 21

1 excitations, and extended, cluster co
figurations such as the excited 02

1 state.
Previously, we have presented results from one such s

for a peak observed by Fultonet al. in the 12C(31
2)

112C(01
1) excitation function nearEc.m.533 MeV @27#. In

that measurement, the sequentiala decay of the 31
2 state to

the ground state of8Be @12C(31
2)→a18Be(2a)# was ob-

served using silicon strip detectors at five bombarding en
gies across the peak in the excitation function, and the m
sured angular correlations were used to assign a spin to
resonance. In the current work, we present a more deta
study of this reaction, performed over a wider bombard
energy range, and using a more powerful experimental s
that provides significantly enhanced efficiency and acc
tance than that used previously. These results extend ou
derstanding of the properties of this inelastic scattering ch
nel and support the interpretation of cross section peak
‘‘dinuclear’’ resonances characterized by unique angu
momentum quantum numbers.
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II. EXPERIMENT

The techniques for studying charged-particle angular c
relations used in this work have been described previou
@27,33#. Briefly, to study the12C(12C,12C@31

2#)12C@01
1# re-

action, thea particles from the decaying12C(31
2) state were

detected in a large solid-angle array of four double-sid
silicon strip detectors~DSSDs!, each 5 cm35 cm in area,
placed on one side of the beam. The two faces of each DS
were divided into sets of 16 strips. The two sets were
thogonal to each other, and yielded an arrangement of
‘‘quasipixels.’’ Each quasipixel had an angular acceptance
approximately 1° in the laboratory. The typical energy res
lution of each strip was between 50 and 100 keV for 8 M
a particles. The detectors making up this array were pla
at distances between 16 and 19 cm from the target. The c
plete array subtended a total laboratory solid angle of
proximately 330 msr. Data were taken with the four DSS
array centered at two anglesu lab525° and 35° to increase
the sensitive angle range. Two additional DSSDs, located
the opposite side of the beam, were used only to check
beam energy as described below. Also, two monitor detec
were used to measure the beam flux and target thickn
through small angle elastic scattering. A schematic diagr
of the experimental setup appears in Fig. 1.

The experiment was carried out with12C beams produced
by the ATLAS accelerator at Argonne National Laborato
Beams with intensities of approximately 10–15 pnA, at
energies betweenElab550 to 69 MeV, bombarded12C foils
with an areal density of 50mg/cm2. The beam was bunche
in buckets of width'500 ps, 82 ns apart, and the time
flight of the particles relative to the accelerator rf signal w
used for particle identification. The beam current was in
grated in a Faraday cup to provide a cross-check on the
solute normalization obtained from the monitor detectors.
experimental parameters, including the energy, flight tim
and position of each detected particle, were recorded on t
The total dead time of the acquisition system was measu
using a pulser, and was typically no more than 20–30 %. T
absolute value of the beam energy was checked by recor
events in which both12C nuclei were dissociated into thre
a particles, and all six of these were detected. In that ca

FIG. 1. Schematic diagram of the experimental setup. The d
ted lines denote the directions ofa particles from the decay of the
excited 12C nucleus, and the dashed line the direction of the rec
ing 12C.
9-2
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ANGULAR CORRELATION, SPIN ALIGNMENT, AND . . . PHYSICAL REVIEW C65 024609
the total energy deposited in the strip detectors was equ
the beam energy minus the sixa-particle breakup energy o
approximately 15 MeV. Although limited by statistics, th
measurement was able to determine the beam energy
precision of approximately 500 keV in the laboratory, a
was in good agreement with the value obtained from
accelerator beam-energy measurement system@34#.

The efficiency for the coincident detection of threea par-
ticles in the four DSSD array is a complicated function
bombarding energy, scattering anda-particle emission angle
and was determined using a Monte Carlo simulation.
each beam energy, we generated 23106 12C(31

2)
112C(01

1) events in which the decaying12C nucleus was
emitted into the solid angle subtended by the four DS
array. The excited12C nucleus was then made to decay s
quentially intoa18Beg.s.(2a). The detector efficiency wa
determined by counting the number of simulated events
which all threea particles struck the four DSSD array. E
fects such as multiplea particles hitting single strips, and th
presence of nonworking strips, were included in the simu
tions. In all cases the inelastic12C112C scattering angula
distribution was assumed to be isotropic, as was the ang
distribution of thea-8Beg.s.decay. The sensitivity of the tota
detection efficiency to these angular distributions was in g
eral small in the center of the acceptance.

Some results of these calculations are summarized in
2. Figure 2~a! displays the bombarding energy dependence
the three-a detection efficiency, integrated over all angle
expressed in terms of the effective solid angle seen by
scattered12C(31

2) nuclei. The total efficiency of the fou
DSSD array varied from approximately 10% to 12% for t
25° detector setting over the range of bombarding ener
covered. For the 35° setting, the efficiency was reduced
to the smaller average recoil velocities of the decaying12C
nuclei, and ranged from 6% to 9% forElab552 to 70 MeV.
Figure 2~b! illustrates the scattering-angle dependence of
efficiency at a bombarding energy ofElab565.15 MeV, for
the two angle settings of the four DSSD array. The efficien
is roughly constant for a range ofDuc.m.'40° in the center
of the acceptance.

III. DATA REDUCTION AND ANALYSIS

The method for reducing the raw experimental data
a-particle energies and angles—into the quantities neede
extract the angular-correlation results have been describe
previous publications@27,33# and will only be reviewed
briefly here. The energies and the angles of the three dete
a particles are used to compute their momentum vect
This information, combined with the beam energy, is su
cient to reconstruct the excitation energy of the decay
12C, to identify which two of the threea particles came from
the decaying 8Beg.s. fragment, and to calculate the12C
112C scattering angle andQ value. Typical results are sum
marized in Fig. 3. Figures 3~a! and 3~b! display the excita-
tion energy spectra reconstructed fora-a pairs and 3a com-
binations, respectively, assuming that they are produced
the decay of8Beg.s. and 12C. For the 12C excitation-energy
spectrum in Fig. 3~b!, only events in which the excited12C
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nucleus is observed to decay intoa18Beg.s. are included.
This requirement reduces background contributions fr
other reaction channels or from scattering.

After deducing the12C excitation energy from Fig. 3~b!,
the kinetic energy and scattering angle were reconstru
from thea-particle momenta, and these were used to cal
late the reactionQ value, as shown in Fig. 3~c!. Here, only
events for which the decaying12C nucleus is in the 31

2 state
are histogrammed. The most prominent feature in the sp
trum corresponds to the channel of interest, the 31

2101
1 peak

at Q529.64 MeV. All subsequent analysis focuses on t
events associated with this peak.

A. Angular distributions

To extract the 31
2101

1 angular distribution, the data fo
this excitation were sorted according to the scattering an
and then corrected for the angle-dependent three-a detection
efficiency described above. The absolute normalization
each energy was obtained from forward-angle elas
scattering data measured with the small solid-angle mon
detectors. These data were compared with the results
optical-model calculations carried out using the potential
rameters of Reillyet al. @35#. The total inelastic-scattering
cross section was determined at each energy by integra
the measured angular distribution.

FIG. 2. ~a! Bombarding energy dependence of the three-a de-
tection efficiency for the 31

2101
1 excitation, expressed as the effe

tive solid angle in the center-of-mass system. The filled squares,
open circles symbols correspond to the values for the 25° and
settings of the four DSSD array, respectively.~b! Scattering angle
dependence for the three-a detection efficiency for the 31

2101
1

excitation atElab565.15 MeV. The solid and dashed lines corr
spond to the 25° and 35° settings of the four DSSD array, resp
tively.
9-3
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B. Angular correlations

An important facet of the present work is the extraction
the angular correlation, or the double-differential cross s
tion d2s/dVud Vc . The angleu corresponds to the scatte
ing angle in the12C(31

2)112C(01
1) center-of-mass system

uc.m., while c represents the angle of the relativea
28Beg.s.velocity in the center-of-mass frame of the decayi
12C nucleus, measured relative to the beam axis, as desc
in Refs.@25–27#. The data were sorted intouc.m.2c matrices
as described in Ref.@27#. The three-a detection efficiency
was obtained from Monte Carlo simulations as a function
uc.m. andc, and was used to transform the raw data into
appropriate angular correlations. The dependence of this
ficiency onuc.m. and c is similar to that described in Ref
@27#.

IV. RESULTS

A. Excitation functions

The measured energy dependence of the yield for
31

2101
1 channel is illustrated in Fig. 4~a!, which presents the

scattering cross section integrated between the cente
mass scattering angles 40° to 105°~open circles!, and com-
pared with the cross sections reported by Fultonet al. @14#
from u lab515° to 25° ~filled squares!, corresponding to
center-of-mass angles between 35° and 57° atElab
550 MeV, to between 32° and 54° atElab568 MeV. The
present data show enhancements nearEc.m.528 and, more
notably, 33 MeV. The 33 MeV peak is prominent in the Fu

FIG. 3. ~a! Reconstructed8Beg.s. excitation-energy spectrum
from a-particle pairs detected in the four-DSSD array.~b! Recon-
structed12C excitation-energy spectrum from threea particles de-
tected in the four DSSD array, for events withEX(8Beg.s.)
50 MeV. ~c! Reconstructed12C112C Q-value spectrum for
events withEX(8Beg.s.)50.0 MeV andEX(12C)59.64 MeV.
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ton et al. data, however, the double-peak structure repor
in Ref. @14# between 25 and 29 MeV is not fully reproduce
Instead, a single, smaller peak is observed here at 28 MeV
the prior work, these structures were compared with the p
dictions of the band crossing model~BCM! @6–8#, with the
suggestion that the dominant angular momenta atEc.m.'26,
and 32 MeV were 14\ and 16\, respectively. The complex
ity of the spectrum, however, suggested that the simple B
was not able to reproduce all the features of the data.

It has been shown in other reactions that the energy
pendence of the cross section for particular magnetic s
states can provide considerable additional information ab
the scattering process@16,20,21#. In principle, such informa-
tion may be obtained by studying the energy dependenc
thea-12C angular correlations. In the present case, howe
the lack of complete cylindrical symmetry and a complicat
acceptance preclude a reliable extraction of the cross sec
associated with each magnetic substate. Some of this in
mation can be obtained, however, by examining the dat
particular values of thea-particle emission anglec. For ex-
ample, if the decaya particle is detected atc50° or 180°,
then regardless of the12C scattering angleu, the data reflect
the behavior of them50 magnetic substate in the coordina
system with the quantization axis chosen to lie along
beam direction. Other choices ofc have similar significance
At c590°, only odd magnetic substates can contribute to
angular correlation and therefore, the data reflect the beh
ior of sm51 andsm53. If the system is strongly aligned, the
the cross section from them53 substate is small, and th
yield here is dominated by them51 magnetic substate
Similarly, atc'63° or 117°, the associated Legendre Po
nomial P3

m(c) is approximately zero form51. For a
strongly aligned configuration, them53 contribution is
again small, and the yield is now dominated bym50 and 2.

Figures 5~a!–~c! show the energy dependence of the cro
section integrated fromuc.m.540° to 105°, for Dc510°
wide intervals centered atc55° and 175°,'63° and 117°,
and 90°, respectively. The cross section integrated over

FIG. 4. 12C(31
2)112C(01

1) excitation-function data. The ope
symbols show the data from the present experiment, integrated
uc.m.540°2105°. The data from Fulton.et al. @14# for u lab515°
225° are the filled squares.
9-4
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ANGULAR CORRELATION, SPIN ALIGNMENT, AND . . . PHYSICAL REVIEW C65 024609
angular range covered in the present experiment is given
comparison in Fig. 5~d!. The largest yield is observed forc
'0° and 180°, suggesting an enhancement in them50 sub-
state population relative to other values ofm, as expected for
an aligned configuration. The enhancements observed in
integrated cross section also appear in thec-angle selected
data, with the peak-to-‘‘background’’ ratio largest for da
obtained withc50° and 180°.

The magnetic-substate population parametersPm are
given by the ratio between the cross section for individ
magnetic substatessm and the total cross section. Althoug
the present data are insufficient to extract all of thesm , the
behavior related to that of the individual magnetic-subst
population parameters can be obtained by studying the c
section obtained at differentc angles divided by the inte
grated cross section, as illustrated in Fig. 6. The ratio foc
50° and 180°, directly related to them50 magnetic-
substate population parameter, shows the strongest enh
ment at the energies near those corresponding to the r
nances previously identified by Fultonet al., whereas the
ratios for the other values ofc are approximately constan
with bombarding energy. This result suggests that the or
tation of the spin of the excited12C(31

2) fragment is prefer-
entially perpendicular to the beam direction, as was pre
ously observed in the particle–g-ray angular-correlation
measurements of Trombiket al. @23# and Konnerthet al. @24#
for other 12C112C inelastic scattering channels, and indica
that the observed peaks may not be simple cross section

FIG. 5. 12C(31
2)112C(01

1) excitation-function data integrate
from uc.m.540°295° for ~a! c'0°,180°, ~b! c'63°,117°, and
~c! c'90°. ~d! Total integrated cross section foruc.m.540°
2105°.
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tuations, but rather could reflect interesting reaction pheno
ena.

B. Angular distributions

For elastic or inelastic scattering to a spin-zero final sta
the conventional method used to determine spin assignm
involves performing a partial-wave decomposition of the a
gular distributions. For final states with nonzero spin, t
method is no longer suitable as the oscillations in the ang
distributions for different magnetic substates are out of ph
with one another, yielding a total angular distribution that
largely featureless. For single inelastic scattering through
isolated resonance with spinJ decaying with a single partia
waveL in the exit channel with channel spinS, the angular
distribution is given by

s~uc.m.!5(
m

u^LS2mmuJ0&PL
m~uc.m.!u2, ~1!

where the relative amplitudes of the associated Legen
polynomials PL

m are given by the Clebsch-Gordan coef
cients, andm ranges from2S to S. For the aligned choice
L5J2S, this angular distribution is completely featureles

Figures 7 and 8 show the angular-distribution data
tained at each beam energy for the12C(01

1)112C(31
2) chan-

nel. The falloff of the data at the most forward and backwa
angles, and the resulting apparent asymmetry about
likely reflect an imperfect calculation of the experimen

FIG. 6. Ratio of angle-averaged cross section for12C(31
2)

112C(01
1) inelastic scattering atc'0°,180° ~a! c563°,117° ~b!,

and c'90° to the cross section (c50°2180°). ~d! Total inte-
grated cross section.
9-5
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A. H. WUOSMAA et al. PHYSICAL REVIEW C 65 024609
FIG. 7. 12C(31
2)112C(01

1) angular distributions forEc.m.

525.4 MeV to 29.9 MeV.

FIG. 8. 12C(31
2)112C(01

1) angular distributions forEc.m.

530.9 MeV to 34.1 MeV.
02460
efficiency at the edges of the experimental acceptance.
data exhibit some oscillatory features, likely reflecting t
fact that several partial waves are present in the exit chan
and that the very simple assumption implicit in Eq.~1! for a
fully aligned configuration is not entirely fulfilled. These fea
tures, however, give no obvious clues to the values of
dominant orbital angular momenta. Clearly without furth
analysis, these data are of little use in determining the va
of the spins of resonances in this energy region.

C. Angular correlations

1. cÄ0°, 180°

In order to address more fully the questions of contrib
ing angular momenta, we decompose the cross section
components characterized by the correlated decaya particle
and the 12C112C scattering angles,c and u. As discussed
above, measurements at a particular anglec permit a nearly
model-independent analysis of the data. The most obvi
choice isc50° or 180°, where only them50 substate can
contribute. In a partial-wave decomposition of them50
cross section, the angular distributions(uc.m.)uc50°,180°
[s0(uc.m.) can be expressed simply as a coherent sum
Legendre polynomials,

s0~uc.m.!5U(
L

aLPL~cosuc.m.!U2

. ~2!

Figures 9 and 10 present scattering angular distributions
the 31

2101
1 channel at the various beam energies studi

where thea particle from the12C(31
2)→a18Beg.s. decay is

observed nearc50° or 180°. In contrast to the data show
in Figs. 7 and 8, thec50°,180° angular distributions ar
strongly oscillatory. In particular, at the energies correspo
ing to the peaks in the excitation function, the oscillations
remarkably regular. The maxima and minima in the angu
distributions at these energies are nearly in phase with th
in the curves calculated from pure squared Legendre poly
mials of degree 13 and 15 nearEc.m.527.5, and 33.1 MeV,
respectively, as illustrated by the dashed curves in Figs
and 10. This comparison suggests that these partial wave
the dominant ones in the outgoing channel at these ener

We have performed partial-wave fits to these data, us
an expression of the form of Eq.~2!, where the complex
parametersaL represent the different partial-wave amp
tudes. Two sets of fits were carried out, using three, and t
four partial waves,L5(11,13,15), andL5(11,13,15,17), re-
spectively. A variety of starting conditions were used f
each set of fits. The introduction of additional partial wav
with L less than 11 or greater than 17 did not significan
improve the quality of the fits. The fit results were chain
together, so that the final results of the fit at one ene
formed the starting point for the chi-square minimizati
procedure at the next energy. The results were found to
stable with respect to variations in starting parameters.
results appear as the solid curves in Figs. 9 and 10. The
dot-dashed, and thick curves represent the fit results w
three, and four partial waves, respectively. The quality of
fits is fair, with the best results obtained at the maxima of
9-6
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excitation function where, if the peak does actually repres
a resonance in the reaction, a single partial wave sho
make a significant contribution to the cross section. At m
energies, the addition ofL517 does not change the quali
of the fit appreciably; one exception is atEc.m.529.9 MeV,
where neither fit can reproduce the maximum near 9
which must reflect complex interference phenomena, or
mÞ0 contribution introduced by the fact that the measu
ment is not carried out strictly atc50°.

The energy dependence of the extractedm50 partial-
wave cross sectionss0L54puaLu2/(2L11) appears in Figs
11~a!–~c! for L511,13, and 15, and Figs. 11~g!–~j! for L
511,13,15, and 17. Figures 11~e! and 11~k! show the corre-
sponding results obtained from the fits integrated over
angle range covered in the experiment, 40° to 95°, with
measured points shown for comparison as open diamo
Finally, Figs. 11~f! and 11~l! display the totalm50 cross
sections0tot5(L4puaLu2/(2L11). The results of the fits
with three partial waves confirm our previous expectatio
from simple inspection of them50 angular distributions,
namely, thatL513 is the most important partial wave for th

FIG. 9. 12C(31
2)112C(01

1) angular distributions forEc.m.

525.4 MeV to 29.9 MeV, forc'0°,180°. The solid curves cor
respond to partial-wave Legendre-polynomial fits withL511–15
~thin dot-dashed curves! andL511–17~thick curves!. The dashed
curves for Ec.m.527.0, 27.3, and 28.1 MeV represen
uP13(cosu)u2.
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FIG. 10. 12C(31
2)112C(01

1) angular distributions forEc.m.

530.9 MeV to 34.1 MeV, forc'0°,180°. The solid curves cor
respond to partial-wave Legendre-polynomial fits withL511–15
~thin dot-dashed curves! andL511–17~thick curves!. The dashed
curve forEc.m.533.1, MeV representsuP15(cosu)u2.

FIG. 11. Results of partial-wave fits to them50 angular-
distribution data.~a!–~c! Partial cross sectionsL54puaLu2/(2L
11) from the fits withL511–15.~e! Three partial-wave fit result
integrated fromuc.m.540° to 95° ~solid symbols! and data~open
symbols!. ~f! s0tot5(Ls0L from the three partial-wave fit.~g!–~j!
Partial cross sectionsL54puaLu2/(2L11) from the fits with
L511–17. ~k! Four partial-wave fit result integrated fromuc.m.

540° to 95° ~solid symbols! and data~open symbols!. ~l! s0tot

5(Ls0L from the four partial-wave fit.
9-7



-
ta

is
ve

-
h
r
i

g.
tio
s
a

o

en

tw
t
v

g
. I
a
rv
e
n
re

te

en
ur
t
e
m

ia
at

b
,
-

o

po

d

the

ed

-

ible
e

bu-
es

e

A. H. WUOSMAA et al. PHYSICAL REVIEW C 65 024609
lower energy peak, ands0,L515 shows a narrow enhance
ment atEc.m.533 MeV. The comparison between the da
and the fit results for the angle-integrated cross section
Fig. 11~e! is reasonably good except for atEc.m.
529.9 MeV, where the three-L fit clearly under predicts the
data in Fig. 9. The situation with the four partial-wave fits
more complicated. Whereas the only significant impro
ment in the fit quality gained from the addition ofL517 is at
Ec.m.529.9 MeV, as seen in Fig. 11~l!, the energy depen
dence of them50 partial-wave cross sections, as well as t
m50 total cross section, has changed dramatically compa
to the three partial-wave fit. Specifically, a strong peak
seen forL513, 15, and 17, nearEc.m.527 MeV, that does
not appear in them50 angle-integrated cross section in Fi
11~k!. This observation suggests that the total cross sec
results from these latter fits are dominated by contribution
forward angles where the fits are not constrained by data,
may not be reliable. Still, forEc.m.533 MeV, the L515
component is the only one that displays a narrow peak c
sistent with that observed in the total 31

2101
1 excitation

curve shown in Fig. 4.
The partial-wave analysis is consistent with the curr

partial-wave assignments ofL513 and 15 for the two peak
energies, however, due to the differences between the
sets of fits, as well as the quality of the fits, it is desirable
try to find a less ambiguous procedure. One method ad
cated by Balamuthet al. @36# and Chapuranet al. @37#, is to
study the energy dependence of the cross section at an
corresponding to zeros of different Legendre polynomials
such an analysis, a resonance in a particular partial w
should appear as a peak in the zero-angle excitation cu
for every value ofL exceptfor the one that resonates. W
have analyzed ourc50°,180° angular-correlation data i
this manner. The results are shown in Fig. 12, which rep
sents the zero functionsZL5( is0(uLi), where theuLi are
the angles at which the Legendre polynomial of orderL is
zero, and the cross section is summed over a 1° wide in
val around eachuLi . For the lower energy peak atEc.m.
527.5 MeV, the peak is observed clearly inZL for L
511,15, and 17, but is completely absent forL513, support-
ing theL513 assignment at this energy. For the higher
ergy peak, some structure is observed in each of the foZ
functions, although the data forL515 show the weakes
such behavior. This result, combined with the energy dep
dence of the partial-wave amplitudes, and the simple co
parison of the data to single squared Legendre polynom
all support a firmL515 assignment for the structure
Ec.m.533.1 MeV.

2. cÄ63°, 117°

This picture is reinforced by angular-correlation data o
tained at decay-a-particle angles ofc563° and 117°. Here
we defines(uc.m.)uc563,117[smÞ1, as these angles corre
spond to zeros ofP3

1(c), and thus there is nom51 substate
contribution to the cross section. The character of theu de-
pendence of the yield can then provide some information
the degree of alignment of the system. At theu angles cov-
ered in the present experiment, the associated Legendre
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nomialsPL
0(u) and PL

2(u) are approximately in phase, an
PL

3(u) is out of phase with thePL
ms with evenm. For an

isolated resonance with spinJ decaying through a singleL
value, as seen from Eq.~1!, the contributions from the dif-
ferent magnetic substates are given by the squares of
values of the Clebsch-Gordan coefficientsu^LS2mmuJ0&u2.
The relevant Clebsch-Gordan coefficients for the align
(L5J2S), and one nonaligned case (L5J2S12) are
listed in Table I. For the aligned case, them53 contribution
is negligible, and the angular correlation atc angles corre-
sponding to zeros ofPL

1(c) should be oscillatory. If the sys
tem is not strongly aligned, the introduction of anm53
component can result in weaker oscillations, or a poss
maximum atuc.m.590°, in the angular distribution for thes
values ofc.

Figures 13 and 14 show the scattering angular distri
tions for the 31

2101
1 channel, at the different beam energi

FIG. 12. Energy dependence of them50 cross section at the
zeros of different Legendre polynomials,ZL(s0 ,Ec.m.). The arrows
indicate the positions of total cross section maxima.

TABLE I. Clebsch-Gordan coefficients relevant to 31
2101

1 in-
elastic scattering, for aJ518 resonance, decaying either to th
aligned (L5J23515) or nonaligned (L5J2312517) cases.

J L S m (22dm,0)u^LS2mmuJ0&u2

18 15 3 0 0.342
18 15 3 1 0.480
18 15 3 2 0.320
18 15 3 3 0.020

18 17 3 0 0.194
18 17 3 1 0.015
18 17 3 2 0.390
18 17 3 3 0.400
9-8
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studied, where the decaya particle is detected near eithe
c563° or 117°. These angular distributions are not
strongly oscillatory as those obtained withc5(0°,180°),
although they show considerably more structure than wha
seen in the total angular distributions. The data at
excitation-function peaks are in phase with pure squa
Legendre polynomials of degree 13, and 15, as was obse
for the data taken atc50°,180°. For example, the dashe
curves in Figs. 13 and 14 representuP13(cosu)u2 and
uP15(cosu)u2, for Ec.m.528.1 and 33.1 MeV, respectively
and are in reasonable agreement with the data. This resu
well as the observation that there exists no discernible m
mum in these angular distributions nearuc.m.590°, supports
the the assumption that the system is preferentially aligne
the energies at which the cross section shows resonanc
behavior, as well as theL-value assignments obtained fro
the c50°,180° data. With the demonstration of an align
configuration withJ5L1S, we may extend ourL-value de-
terminations to spin assignments ofJp5161 at Ec.m.

527.5 MeV, andJp5181 at Ec.m.533.1 MeV. For the
peak atEc.m.533.1 MeV, these results are in agreeme
with our previous measurements@27#.

FIG. 13. Angular distributions forEc.m.525.4 MeV to 29.9
MeV, for c563°,117°. The dashed curve forEc.m.528.1 MeV
representsuP13(cosuc.m.)u2.
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V. DISCUSSION

It is interesting to examine the present results in light
earlier speculations about inelastic scattering in this ene
region, as well as in the context of structure model, a
reaction-model descriptions of resonances in12C112C scat-
tering. The angular momenta suggested by the present
appear to be inconsistent with the spin ‘‘suggestions’’ ma
for resonances in the 21

1 and 21
1121

1 channels at approxi-
mately the same energies, where Cormieret al. @12# pro-
posed spins of 14\ and 16\ at energies ofEc.m.525, and 31
MeV, respectively. This conclusion could mean either th
the resonances in the 31

2101
1 channel are unrelated to thos

in the light-particle evaporation channels upon which the e
lier spin suggestions were based, or that the prior spin s
gestions are incorrect, or both. The magnetic-subs
angular-distribution measurements of Sugiyamaet al. tend to
support spin assignments for resonances in the 21

1101
1

channel that are closer to those obtained in the present w
If the structures observed in the 31

2101
1 channel are linked

to those present in other channels, it is likely that the spin
those resonances are two units of angular momentum hi
than previously suggested.

The results of the present measurements may also
compared to simple pictures of the12C112C system. For
instance, assuming centroid energies ofE16527.5
60.5 MeV, andE18533.160.25MeV for the 161, and 181

states, respectively, and assuming further that these two r
nances are part of a rotational sequence withEJ5E0
1(\2/2I )3J(J11), we deduce a moment-of-inertia param
eter \2/2I 580610 keV. This value is very close to tha
obtained from a simple calculation assuming two touch
spheres each with R12C

51.2A1/352.74 fm (\2/2I

579 keV), although it is somewhat smaller than that o

FIG. 14. Angular distributions forEc.m.530.1 MeV to 29.9
MeV, for c563°,117°. The dashed curve forEc.m.533.1 MeV
representsuP15(cosuc.m.)u2.
9-9
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tained from the cranked-cluster model calculations of
12C112C band in24Mg ~configuration ‘‘F1’’ in Ref.@3#, with
\2/2I 590 keV). Kamimura tabulates the calculated rm
mass radii of various states in12C @32#, and givesR(01

1)
52.40 fm, and R(31

2)52.76 fm. These radii lead to
value of \2/2I 5100 keV for a hypothetical ground-sta
band—very close to the value of\2/2I 5105 keV derived
from the sequence of states in the 21

1101
1 channel if one

adjusts the spins in Ref.@12# upward by two units. A rota-
tional sequence from two touching spheres, one withR(01

1)
and one withR(31

2), has \2/2I 588 keV, closer to that
from the present data. Although the uncertainties on
moment-of-inertia parameters from the present data,
from the Cormieret al. assignments, are large due to t
uncertainty in the centroid energies for the different re
nances, there appears to be a difference in the momen
inertia between the resonances in the two reaction chan
Additional measurements for the 31

2101
1 channel could bea

out this suggestion.
Finally, it is also useful to place the current results into t

context of past, and recent, reaction-model calculations
12C112C scattering. The early BCM calculations@6–8# for
the 31

2101
1 channel placed the centroids of the 141, and

161 strength atEc.m.'26 MeV and 32 MeV, respectively
These calculations were in general agreement with the ea
spin assignments for the 21

1101
1 and 21

1121
1 excitations.

The current results suggest that these calculations are
with the prior spin assignments, two units of angular m
mentum too low. One earlier problem with the results of t
BCM for the 31

2101
1 excitation was that the experiment

spectrum was more complicated, and the states narro
than given by the BCM. Our data suggest that the spect
may actually be simpler than previously thought, and tha
least theJp5161 resonance may be somewhat wider th
the individual members of the previously reported doublet
better agreement with the simple BCM predictions.

A comparison of our results for the 31
2101

1 channel with
new calculations is complicated by the fact that the m
recent coupled-channels results of Hirabayashiet al. @9# and
Ito et al. @10,11# do not report any predictions for the beha
ior of this particular excitation. The method of Hirabayas
and Ito attempts to treat the12C112C scattering problem by
considering both shell-model like states~‘‘shell group’’ or
SG! and with 3-a particle cluster character~‘‘cluster group’’
or CG! in 12C in a coupled-channels formalism. In contra
to the earlier BCM calculations, the ion-ion potential is d
rived from a double-folding prescription, and also includ
the effects of quadrupole distortions in the mass distributi
of the excited states. This modification substantially alt
the band-crossing properties of the different reaction ch
nels. Without the effects of channel coupling, the calculat
predicts a series of potential resonances with the 161 and
181 states lying near the structures observed in the cur
data. The widths of the potential resonances, withGc.m.
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'1 –2 MeV, are also comparable to those of the obser
features. The effects of channel coupling fragment
strength for each partial wave, producing narrow featu
dominated by wave-function components in the various p
ticipating channels. Little evidence is seen in the present d
for such narrow (Gc.m.,100 keV) features, although th
center-of-mass energy resolution for the current data
might preclude the observation of such narrow structure.

As discussed earlier, the structure and excitation energ
the 12C(31

2) state suggest that inelastic scattering reacti
involving it will behave somewhere between those exc
sively involving the ground and first excited 21

1 levels, and
the clustered 02

1 states. Reference@11# predicts that the
dominant contributions toJp5161 and 181 strength be-
tweenEc.m.525 MeV and 35 MeV are predominantly from
resonances in the @21

1
^ 01

1# I 52,L5J22 , @21
1

^ 21
1# I 54,L5J24 , @21

1
^ 21

1# I 52,L5J22 , @21
1

^ 01
1# I 52,L5J ,

and@21
1

^ 21
1# I 54,L5J22 SG subchannels, where in the not

tion of Ref.@11# I is the channel spin,J is the resonance spin
andL the decay angular momentum. These subchannels
for the most part either partially, or fully aligned in angul
momentum. The angular-momentum matching properties
the 31

2101
1 excitation may be expected to lie between tho

of the@21
^ 21# I 54,L5J24 and@21

^ 21# I 54,L5J22 subchan-
nels, while the nuclear structure of the 31

2 state suggests a
rotational band with a slightly larger moment of inertia th
those for the ‘‘SG’’ channels in Ref.@11#. These speculations
would place our current results for the 31

2101
1 channel in

approximate agreement with the results of Ref.@11#, how-
ever, a calculation that explicitly includes this channel, a
makes detailed predictions for its behavior would be ve
useful.

VI. CONCLUSION

We have performed detailed particle-particle angul
correlation measurements for resonances observed
12C(31

2)112C(01
1) inelastic scattering. The present da

support spin assignments ofJp5161 and 181 for reso-
nances atEc.m.527.5 MeV and 33.1 MeV, respectively
These resonances decay with dominantL values ofL513
and 15, and a predominantly aligned configuration (L5J
2S), consistent with the expectations for a dinuclear m
lecular system. These data provide additional constraints
theoretical attempts to describe resonance behavior in
inelastic scattering of12C112C, and add to the rather sma
body of available spectroscopic data for resonances in ch
nels with nonzero channel spin.
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