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Angular correlation, spin alignment, and resonance behavior in*2C+12C inelastic scattering
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We have studied-12C angular correlations for peaks observed in e[ 12C,12C(37)]*2C(0;) inelastic-
scattering excitation function in the energy range betwegp =25 to 35 MeV. The excitation-function data
for a-particle angles that correspond to the population of specific magnetic substates in the excited, decaying
2C nucleus suggest that these peaks are associated with a preferentially aligned configuration. The angular-
correlation data are consistent with spin assignment3”ef16" and 18 for the resonancelike structures
observed aE;,,=27.5 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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[. INTRODUCTION ity to reaction dynamics, as well as to the nuclear structure of

the colliding ions and of the composite system. With the
The observation of resonances in elastic and inelasticenewed interest in nuclear properties at the extreme condi-
scattering reactions between light, heavy ions has intriguetons of angular momentum and excitation energy that has
nuclear physicists for the better part of four decades. Theccompanied the study of “superdeformed” states in heavier
system in which this phenomenon figures most prominentlyyuclei, and with the availability of sophisticated new detector

is °C+'C [1], where a variety of features have been re-systems, a revisitation of these issues is appropriate.

ported over a wide range of bombarding energies, in the pespite considerable experimental and theoretical effort
elastic channel, as well as in many inelastic and other reagyer the years, progress in the understanding of many of
tion channels. Generally, two paradigms have been employg@ese phenomena has been slow. One problem is that, while
to describe this behavior. In one picture, the resonances ar_i§ﬁe energy dependence of the scattering cross section in
as a consequence of the nuclear structure at high excitatigfj,,y reaction channels has been well studied, the detailed
energy in Mg, as suggested by calculations carried out us"spectroscopic data necessary to test theories are still lacking.
ing the cranked-shell mod§2], cranked-cluster modgB] or As an example, consider the situation encountered in the

Hartree FocK4] formalism. An alternative description liesin 1 . .
the idea that peaks in the elastic or inelastic scattering cro ZC;n;C‘lSylaf\T ir:Otrth?:Sr?trgrbg;dr:wnz?s:ns’ilrsqc)ér:weg:)er:ebest\év\?:rgl
sections represent scattering phenomena, i.e., they corré= ™" . ) o ' ’

P g p y rominent, intermediate-width structures were observed by

spond to scattering resonances in the ion-ion potential, ieret al.in sinal d mutual inelast ttering to th
even more simply to kinematic windows with favorable mo- ormieret al. in singlé, and mutual inefastic scattering o the

mentum and angular-momentum matching properties. Al'St excited Z (4.443 MeV) state[12,13, and by Fulton
number of reaction-model formalisms have been qualita€tal. in inelastic scattering to the ;39.64 MeV)
tively successful in describing many features of these inelas* 01 (0.0 MeV) and § (7.65 MeV)+0; , final state§14].
tic scattering reaction&@.g.,[5—8)). In light of recent experi- The features in these different channels appear at approxi-
mental developments, these methods have been refined aft@tely similar, but not identical beam energies. Also, the
some new predictions have become availdi§le11). The nuclear structures of the states™C for these inelastic scat-
common idea that has persisted for many years is that th&€ring channels are somewhat different. It remains uncertain
resonances in the scattering of t4&C nuclei correspond to whether the observed cross section peaks are in some way
a very extended, dinuclear molecular configuration, wherdelated to each other, or simply appear at common bombard-
the properties of the scattering system may reflect a sensitivag energies due to the complicated overall spectrum of reso-
nancelike structures in virtually a’C+1°C inelastic scat-
tering channels. A correspondence between peaks in the
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were probably in error by two units of angular momentum

[16,17. Particle—y-ray angular-correlation methods also DSSD —{

proved useful in understanding resonance behavior in this ‘

[18] and other heavy-ion scattering systefi9—22, and in

some cases unambiguous resonance spin assignments could l?\

be obtained. Target™ s s e
Such angular-correlation measurements have also proved 12C recoil vy 0 m—"

useful in the evaluation of reaction mechanisms, via the S

study of spin alignment. Trombikt al. [23] and Konnerth

et al. [24] performed detailed particlg; and particley-y “ /

angular-correlation measurements in e+ 1%C system for DSSD

single, and mutual R inelastic scattering, respectively. They

demonstrated that the configuration in which the spins of thc?eol lines d S .

L . . . . enote the directions afparticles from the decay of the
excited °C nuclei .are" .allgned W!th the orbltal, angular mo- excited 12C nucleus, and the dashed line the direction of the recoil-
mentum plays a significant role in the scattering process, afg 12C.
expected in the simple picture of a dinuclear, molecular com-
plex.

For states that decay by particle, rather tharay, emis-
sion, similar measurements can be done. If the emitted par- The techniques for studying charged-particle angular cor-
ticle is an« particle, with zero intrinsic spin, the interpreta- relations used in this work have been described previously
tion of the angular-correlation data may, in principle, also bg27,33. Briefly, to study the'’C(*2C,*2C[3;1)**C[0; ] re-
used to obtain spin assignments for resonances in inelastition, thea particles from the decayingfC(3;) state were
scattering reactions involving nonzero channel §gB-28.  detected in a large solid-angle array of four double-sided
One example is in inelastic scattering to tHE€(3]) state at  silicon strip detector§DSSDS3, each 5 cmx5 cm in area,
9.64 MeV, where Fultoret al. have reported resonancelike placed on one side of the beam. The two faces of each DSSD
features. Reactions populating th€(3; ) state are interest- were divided into sets of 16 strips. The two sets were or-
ing from the point of view of nuclear structure, as well asthogonal to each other, and yielded an arrangement of 256
reaction mechanisms. The; 3state in 1°C state has been “gquasipixels.” Each quasipixel had an angular acceptance of
attributed to an equilateral-triangular arrangementgfar- ~ @pproximately 1° in the laboratory. The typical energy reso-
ticles similar to that of the ground state, but with a largerlution of each strip was between 50 and 100 keV for 8 MeV
separation between the-cluster center§29-32. With a @ particles. The detectors making up this array were placed
large channel excitation energy, but modest channel spin, th distances between 16 and 19 cm from the target. The com-
37 +0; channel is not as well matched in angular momenplete_ array subtended a total Iaboratory.sohd angle of ap-
tum as channels involving the; 2state, but these kinematic Proximately 330 msr. Data were taken with the four DSSD
factors could be compensated by an increased moment gfray Ce’FFefed at two angle§$ab=25 . and 35° 10 increase
inertia introduced by the larger effective radius of thg 3 the sensitive angle range. Two additional DSSDs, located on

state. Also, channel coupling effects for the 3tate might ;lxr:e opposite side of the beam, were used only to check the

o particles .-
Beam Axis .

FIG. 1. Schematic diagram of the experimental setup. The dot-

Il. EXPERIMENT

be expected to be between th involving th m eam energy as described below. Also, two monitor detectors
pected 1o be betwee ose oving th€ CoMpPaGkare ysed to measure the beam flux and target thickness

9“’““9‘ state, or 2 excnano_ns, and extended, cluster con- through small angle elastic scattering. A schematic diagram
figurations such as the excited Gtate. of the experimental setup appears in Fig. 1.

Previously, we have presented resultg from one sugh study The experiment was carried out withiC beams produced
for a peak observed by Fultoetal. in the *’C(3;) by the ATLAS accelerator at Argonne National Laboratory.
+12C(0;) excitation function neaE;,=33 MeV [27]. In  Beams with intensities of approximately 10-15 pnA, at 13
that measurement, the sequentiatiecay of the 3 state to  energies betweeH,,,=50 to 69 MeV, bombarded?C foils
the ground state ofBe [1?C(3;)— a+®Be(2«)] was ob-  with an areal density of 5@.g/cn?. The beam was bunched
served using silicon strip detectors at five bombarding enerin buckets of width~500 ps, 82 ns apart, and the time of
gies across the peak in the excitation function, and the medlight of the particles relative to the accelerator rf signal was
sured angular correlations were used to assign a spin to thesed for particle identification. The beam current was inte-
resonance. In the current work, we present a more detailegrated in a Faraday cup to provide a cross-check on the ab-
study of this reaction, performed over a wider bombardingsolute normalization obtained from the monitor detectors. All
energy range, and using a more powerful experimental setugxperimental parameters, including the energy, flight time,
that provides significantly enhanced efficiency and accepand position of each detected particle, were recorded on tape.
tance than that used previously. These results extend our ufithe total dead time of the acquisition system was measured
derstanding of the properties of this inelastic scattering chandsing a pulser, and was typically no more than 20—30 %. The
nel and support the interpretation of cross section peaks asolute value of the beam energy was checked by recording
“dinuclear” resonances characterized by unique angularevents in which botht?C nuclei were dissociated into three
momentum quantum numbers. a particles, and all six of these were detected. In that case,
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the total energy deposited in the strip detectors was equal t« 160 - . T - T .
the beam energy minus the sixparticle breakup energy of i (@) ]
. s - . 140 mg N .
approximately 15 MeV. Although limited by statistics, this — I o - Rl |
measurement was able to determine the beam energy to £ 50 % Sett'”g‘. n" i
precision of approximately 500 keV in the laboratory, and § |} .
was in good agreement with the value obtained from the §100|- OOOO .
accelerator beam-energy measurement sy$8in 3 [ 35° Setting Q0 ]
The efficiency for the coincident detection of threear- 80 [ @© ]
ticles in the four DSSD array is a complicated function of 60 . |d) . 1 . I .
bombarding energy, scattering ameparticle emission angle, 20 25 30 35 40
and was determined using a Monte Carlo simulation. For E, . (MeV)
each beam energy, we generatedx @’ %C(3]) 4 , . | . , ;
+12C(0y) events in which the decayin¢’C nucleus was B (b) 1
emitted into the solid angle subtended by the four DSSD % 3 -
array. The excitedC nucleus was then made to decay se- & | .
guentially int0a+8Beg_s(2a). The detector efficiency was ®§ o N - -
determined by counting the number of simulated events in 2 L 7 - \\ i
which all threea particles struck the four DSSD array. Ef- & 4L / \ _
fects such as multiple particles hitting single strips, andthe &° | ,/ M
presence of nonworking strips, were included in the simula- © L/, < ! . ! s
tions. In all cases the inelastt’C+ °C scattering angular 30 60 90 120
distribution was assumed to be isotropic, as was the angula 6, (deg)

distribution of thea-BBeg_s,decay. The sensitivity of the total
detection efficiency to these angular distributions was in gen- FIG. 2. (a) Bombarding energy dependence of the thuede-
eral small in the center of the acceptance. tection efficiency for the 3+ 07 excitation, expressed as the effec-
Some results of these calculations are summarized in Fidive solid angle in the center-of-mass system. The filled squares, and
2. Figure 2a) displays the bombarding energy dependence ofPen circles symbols correspond to the values for the_ 25° and 35°
the threea detection efficiency, integrated over all angles, S€ttings of the four DSSD array, respectively) Scattering angle
expressed in terms of the effective solid angle seen by théépendence for the three-detection efficiency for the 3+0,
scattered12C(31’) nuclei. The total efficiency of the four excitation atE|abo=65.15 l\AeV..The solid and dashed lines corre-
DSSD array varied from approximately 10% to 12% for thesfpolnd to the 25° and 35° settings of the four DSSD array, respec-
25° detector setting over the range of bombarding energiesve y
covered. For the 35° setting, the efficiency was reduced due ) ) 8 )
to the smaller average recoil velocities of the decaytRg ~ Nucleus is observed to decay intot "B, are included.
nuclei, and ranged from 6% to 9% f&,, =52 to 70 MeV. This requqement reduces backgrounq contributions from
Figure 2b) illustrates the scattering-angle dependence of th@ther reaction .chann%s or from scattering. ,
efficiency at a bombarding energy Bf,,=65.15 MeV, for After deducing the*“C excitation energy from Fig.(B),

the two angle settings of the four DSSD array. The efficiencyin€ kinetic energy and scattering angle were reconstructed
is roughly constant for a range @ff, ,~40° in the center from the a-particle momenta, and these were used to calcu-

of the acceptance. late the reactiorQ value, as shown in Fig.(8). Here, only
events for which the decayintfC nucleus is in the 3 state
IIl. DATA REDUCTION AND ANALYSIS are histogrammed. The most prominent feature in the spec-

trum corresponds to the channel of interest, the-®, peak

The method for reducing the raw experimental data—atQ=—9.64 MeV. All subsequent analysis focuses on the
a-particle energies and angles—into the quantities needed vents associated with this peak.
extract the angular-correlation results have been described in
previous publicationd27,33 and will only be reviewed
briefly here. The energies and the angles of the three detected
a particles are used to compute their momentum vectors. To extract the 3 +0; angular distribution, the data for
This information, combined with the beam energy, is suffi-this excitation were sorted according to the scattering angle,
cient to reconstruct the excitation energy of the decayingand then corrected for the angle-dependent threketection
12C, to identify which two of the three particles came from efficiency described above. The absolute normalization for
the decaying SBeg_s, fragment, and to calculate th&"C  each energy was obtained from forward-angle elastic-
+12C scattering angle an@ value. Typical results are sum- scattering data measured with the small solid-angle monitor
marized in Fig. 3. Figures(8) and 3b) display the excita- detectors. These data were compared with the results of
tion energy spectra reconstructed ot pairs and 3 com-  optical-model calculations carried out using the potential pa-
binations, respectively, assuming that they are produced bsameters of Reillyet al. [35]. The total inelastic-scattering
the decay of®Be, s and '°C. For the '“C excitation-energy cross section was determined at each energy by integrating
spectrum in Fig. @), only events in which the excitetfC  the measured angular distribution.

A. Angular distributions
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Q Value (MeV) ton et al. data, however, the double-peak structure reported

in Ref.[14] between 25 and 29 MeV is not fully reproduced.
Instead, a single, smaller peak is observed here at 28 MeV. In
the prior work, these structures were compared with the pre-
dictions of the band crossing mod@CM) [6—8], with the
suggestion that the dominant angular momentg gt~ 26,
and 32 MeV were 14 and 1@, respectively. The complex-
ity of the spectrum, however, suggested that the simple BCM
was not able to reproduce all the features of the data.

It has been shown in other reactions that the energy de-

An important facet of the present work is the extraction ofpendence of the cross section for particular magnetic sub-
the angular correlation, or the double-differential cross secstates can provide considerable additional information about
tion do/dQ,d ),,. The angled corresponds to the scatter- the scattering proce$46,20,21. In principle, such informa-
ing angle in the'®C(37)+*2C(0;) center-of-mass system tion may be obtained by studying the energy dependence of
6.m., while  represents the angle of the relative  the o-2C angular correlations. In the present case, however,
- 8Begls_velocity in the center-of-mass frame of the decayingthe lack of complete cylindrical symmetry and a complicated
12C nucleus, measured relative to the beam axis, as describadceptance preclude a reliable extraction of the cross section
in Refs.[25—-27]. The data were sorted in#, ,, — ¢ matrices  associated with each magnetic substate. Some of this infor-
as described in Ref27]. The threea detection efficiency mation can be obtained, however, by examining the data at
was obtained from Monte Carlo simulations as a function ofparticular values of thex-particle emission anglé.. For ex-
0. m and, and was used to transform the raw data into theample, if the decayr particle is detected at=0° or 180°,
appropriate angular correlations. The dependence of this efhen regardless of th&C scattering angl®, the data reflect
ficiency on 6., and ¢ is similar to that described in Ref. the behavior of then=0 magnetic substate in the coordinate
[27]. system with the quantization axis chosen to lie along the
beam direction. Other choices gfhave similar significance.
At »=90°, only odd magnetic substates can contribute to the
angular correlation and therefore, the data reflect the behav-
ior of o= 1 ando = 3. If the system is strongly aligned, then

The measured energy dependence of the yield for théhe cross section from then=3 substate is small, and the
3, +0; channelisillustrated in Fig.(d), which presents the yield here is dominated by then=1 magnetic substate.
scattering cross section integrated between the center-oBimilarly, at~63° or 117°, the associated Legendre Poly-
mass scattering angles 40° to 105ben circley and com- nomial P3(y) is approximately zero form=1. For a
pared with the cross sections reported by Fukoral. [14]  strongly aligned configuration, then=3 contribution is
from 6,,,=15° to 25° (filled squarel corresponding to again small, and the yield is now dominatedray-0 and 2.
center-of-mass angles between 35° and 57° Egj, Figures %a)—(c) show the energy dependence of the cross
=50 MeV, to between 32° and 54° Bi{,,=68 MeV. The section integrated fron¥.,=40° to 105°, forA=10°
present data show enhancements riegy =28 and, more wide intervals centered gt=5° and 175°,~63° and 117°,
notably, 33 MeV. The 33 MeV peak is prominent in the Ful- and 90°, respectively. The cross section integrated over the

FIG. 3. (9 ReconstructedSBeg_S_ excitation-energy spectrum
from a-particle pairs detected in the four-DSSD arréy). Recon-
structed*?C excitation-energy spectrum from threeparticles de-
tected in the four DSSD array, for events willEX(sBeg_s)
=0 MeV. (c¢) Reconstructed®®C+%C Q-value spectrum for
events withEy(®Be,s)=0.0 MeV andEy(*?C)=9.64 MeV.

B. Angular correlations

IV. RESULTS

A. Excitation functions
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FIG. 5. 12C(37) +'C(07) excitation-function data integrated ~ FIG. 6. Ratio of angle-averaged cross section f8€(3;)
from 6,,=40°—95° for (a) ¥~0°,180°,(b) ~63°,117°, and  +12C(0;) inelastic scattering ay~0°,180° (a) =63°,117°(b),
(©) ¥=~90°. (d) Total integrated cross section fof,,=40°  and ~90° to the cross sectiony=0°—180°). (d) Total inte-
—105°. grated cross section.

angular range covered in the present experiment is given fdpations, but rather could reflect interesting reaction phenom-
comparison in Fig. &). The largest yield is observed for ~ €M@
~0° and 180°, suggesting an enhancement imtke0 sub- o
state population relative to other valuesafas expected for B. Angular distributions
an aligned configuration. The enhancements observed in the For elastic or inelastic scattering to a spin-zero final state,
integrated cross section also appear in ghangle selected the conventional method used to determine spin assignments
data, with the peak-to-“background” ratio largest for datainvolves performing a partial-wave decomposition of the an-
obtained withgy=0° and 180°. gular distributions. For final states with nonzero spin, this
The magnetic-substate population parametBfs are  method is no longer suitable as the oscillations in the angular
given by the ratio between the cross section for individualistributions for different magnetic substates are out of phase
magnetic substates,, and the total cross section. Although with one another, yielding a total angular distribution that is
the present data are insufficient to extract all of the, the  largely featureless. For single inelastic scattering through an
behavior related to that of the individual magnetic-substatdsolated resonance with spihdecaying with a single partial
population parameters can be obtained by studying the croggavel in the exit channel with channel sp#) the angular
section obtained at different angles divided by the inte- distribution is given by
grated cross section, as illustrated in Fig. 6. The ratioyfor
=0° and 180°, directly related to then=0 magnetic- o(Oem)=> [(LS—mmMJI0YPM(6;.m)|2, (1)
substate population parameter, shows the strongest enhance- ' m '
ment at the energies near those corresponding to the reso-
nances previously identified by Fultost al., whereas the where the relative amplitudes of the associated Legendre
ratios for the other values af are approximately constant polynomials P[" are given by the Clebsch-Gordan coeffi-
with bombarding energy. This result suggests that the orieneients, andm ranges from—S to S For the aligned choice
tation of the spin of the excite?C(3;) fragment is prefer- L=J—S, this angular distribution is completely featureless.
entially perpendicular to the beam direction, as was previ- Figures 7 and 8 show the angular-distribution data ob-
ously observed in the particle—~ay angular-correlation tained at each beam energy for tH€(0; ) +2C(3;) chan-
measurements of Trombé al.[23] and Konnertret al.[24] nel. The falloff of the data at the most forward and backward
for other 12C+12C inelastic scattering channels, and indicateangles, and the resulting apparent asymmetry about 90°,
that the observed peaks may not be simple cross section flulikely reflect an imperfect calculation of the experimental
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efficiency at the edges of the experimental acceptance. The
data exhibit some oscillatory features, likely reflecting the
fact that several partial waves are present in the exit channel,
and that the very simple assumption implicit in E) for a

fully aligned configuration is not entirely fulfilled. These fea-
tures, however, give no obvious clues to the values of the
dominant orbital angular momenta. Clearly without further
analysis, these data are of little use in determining the values
of the spins of resonances in this energy region.

C. Angular correlations
1. ¢=0°, 180°

In order to address more fully the questions of contribut-
ing angular momenta, we decompose the cross section into
components characterized by the correlated decagrticle
and the *C+1%C scattering anglesy and 6. As discussed
above, measurements at a particular anglgermit a nearly
model-independent analysis of the data. The most obvious
choice isgy=0° or 180°, where only then=0 substate can
contribute. In a partial-wave decomposition of the=0
cross section, the angular distributiom( ac_m)|¢,zooylgoo
=0y(6.m) can be expressed simply as a coherent sum of
Legendre polynomials,

2

oo(Oem)= 2 a P (cosm)| - 2

Figures 9 and 10 present scattering angular distributions for
the 3, +0; channel at the various beam energies studied,
where thex particle from the'®C(3;) — a+°Be, s decay is
observed neag=0° or 180°. In contrast to the data shown
in Figs. 7 and 8, they=0°,180° angular distributions are
strongly oscillatory. In particular, at the energies correspond-
ing to the peaks in the excitation function, the oscillations are
remarkably regular. The maxima and minima in the angular
distributions at these energies are nearly in phase with those
in the curves calculated from pure squared Legendre polyno-
mials of degree 13 and 15 ne&f ,,=27.5, and 33.1 MeV,
respectively, as illustrated by the dashed curves in Figs. 9
and 10. This comparison suggests that these partial waves are
the dominant ones in the outgoing channel at these energies.
We have performed partial-wave fits to these data, using
an expression of the form of Eq2), where the complex
parametersa, represent the different partial-wave ampli-
tudes. Two sets of fits were carried out, using three, and then
four partial wavesl. =(11,13,15), and. =(11,13,15,17), re-
spectively. A variety of starting conditions were used for
each set of fits. The introduction of additional partial waves
with L less than 11 or greater than 17 did not significantly
improve the quality of the fits. The fit results were chained
together, so that the final results of the fit at one energy
formed the starting point for the chi-square minimization
procedure at the next energy. The results were found to be
stable with respect to variations in starting parameters. The
results appear as the solid curves in Figs. 9 and 10. The thin
dot-dashed, and thick curves represent the fit results with
three, and four partial waves, respectively. The quality of the
fits is fair, with the best results obtained at the maxima of the
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excitation function where, if the peak does actually represent 8
a resonance in the reaction, a single partial wave shoulc
make a significant contribution to the cross section. At most
energies, the addition df=17 does not change the quality = 10—

. . > L (e L (k) T eese ]
of the fit appreciably; one exception isBt ,,=29.9 MeV, 5L L M _
where neither fit can reproduce the maximum near 90°,2 | - Y "N .
which must reflect complex interference phenomena, or ar€ O T s T ITotial ]
m=#0 contribution introduced by the fact that the measure-g 20[ T 2) 7]
ment is not carried out strictly at=0°. e 10 T B

The energy dependence of the extracteet0 partial- Lo 2'5 a0 3|5 ' ' 2|5 ) 3|0 ) 3|5 0
wave cross sectionsy, =4|a, |?/(2L+ 1) appears in Figs.
E, . (MeV) E, . (MeV)

11(a)—(c) for L=11,13, and 15, and Figs. @—(j) for L
:11’1.3’15’ and 17. Flgures (# and 11") .ShOW the corre- FIG. 11. Results of partial-wave fits to thm=0 angular-
sponding results Obta_“ned from the fits Int:agrate(ii over Nistribution data.(a)—(c) Partial cross sectionr, =4r|a,|?/(2L
angle range C_O\lered in the eXpe”m?m’ 40° to 957, W'th the, 1) from the fits withL=11-15.(e) Three partial-wave fit result
measured points shown for comparison as open diamondgyegrated frome, ,,=40° to 95° (solid symbol and data(open
Finally, Figs. 11f) and 11I) display the totalm=0 Cross  symbol3. (f) o= oo from the three partial-wave fitg)—(j)
section ogio1= 2 47|a [?/(2L+1). The results of the fits Ppartial cross sectionr, =4|a |?/(2L+1) from the fits with
with three partial waves confirm our previous expectationg =11-17. (k) Four partial-wave fit result integrated from,
from simple inspection of then=0 angular distributions, =40° to 95° (solid symbol$ and data(open symbols (1) ogtor
namely, that. = 13 is the most important partial wave for the ==, o, from the four partial-wave fit.
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lower energy peak, andg, —;5 shows a narrow enhance- 15 T

ment atE; ,,=33 MeV. The comparison between the data 10k
and the fit results for the angle-integrated cross section ir
Fig. 11(e) is reasonably good except for aE. S
=29.9 MeV, where the threk-fit clearly under predicts the ;
data in Fig. 9. The situation with the four partial-wave fits is
more complicated. Whereas the only significant improve-—
ment in the fit quality gained from the additionlo&=17 is at
E.m=29.9 MeV, as seen in Fig. 1}, the energy depen-
dence of then=0 partial-wave cross sections, as well as the Z
m=0 total cross section, has changed dramatically compareis> ¢
to the three partial-wave fit. Specifically, a strong peak is;L
seen forL=13, 15, and 17, ned,,=27 MeV, that does 5
not appear in then=0 angle-integrated cross section in Fig. i
11(k). This observation suggests that the total cross sectior
results from these latter fits are dominated by contributionsai 20
forward angles where the fits are not constrained by data, an
may not be reliable. Still, folE. ,=33 MeV, theL=15
component is the only one that displays a narrow peak con- 20 L 25 30 35 20
sistent with that observed in the total 30, excitation

curve shown in Fig. 4. E. . (MeV)

The partial-wave analysis is consistent with the current .
partial-wave assignments &f=13 and 15 for the two peak FIG. 12_. Energy dependence of _the=0 cross section at the
energies, however, due to the differences between the twgrros Of different Legendre polynomial, (o, Eqm). The arrows
sets of fits, as well as the quality of the fits, it is desirable to'nd'cate the positions of total cross section maxima.
e b et o s e e e iami=P2(1) (1) are spproumately i phase, an
study the energy dependence of the cross section at anglBs(?) iS out of phase with the®'s with evenm. For an
corresponding to zeros of different Legendre polynomials. ifselated resonance with spihdecaying through a single
such an analysis, a resonance in a particular partial wav2!ue, as seen from Eql), the contributions from the dif-
should appear as a peak in the zero-angle excitation curvd§'€Nt magnetic substates are given by the squares of the
for every value ofL exceptfor the one that resonates. We values of the Clebsch-Gordan coefficief{tsS—mmJ0)|*.
have analyzed ours=0°,180° angular-correlation data in The relevant CIebsch-Gord_an coefficients for the aligned
this manner. The results are shown in Fig. 12, which reprell=J—S), and one nonaligned case. £J—S+2) are
sents the zero functiong, = 3;0(6,;), where thed,; are !lsted in Table I. For the aligned case, _Im-:c3 contribution
the angles at which the Legendre polynomial of ortleis is neg!|g|ble, and thelangular correlatloq fatangles corre-
zero, and the cross section is summed over a 1° wide integPonding to zeros dP(¢) should be oscillatory. If the sys-
val around each,;. For the lower energy peak &, tem is not strongly ah_gned, the mtrqduptlon of am=3 '
=275 MeV, the peak is observed clearly # for L component can result in weaker oscnllatlc_ms,_ or a possible
—11,15, and 17, but is completely absentlfer 13, support- ~maximum atf. ,=90°, in the angular distribution for these
ing the L= 13 assignment at this energy. For the higher enValues ofi. _ o
ergy peak, some structure is observed in each of the Zour Figures 13 and 14 show the scattering angular distribu-
functions, although the data fdr=15 show the weakest tions for the 3 +0; channel, at the different beam energies
such behavior. This result, combined with the energy depen- - ot
dence of the partial-wave amplitudes, and the simple com- 'ABLE I. Clebsch-Gordan coefficients relevant tg 80, in-
parison of the data to single squared Legendre polynomial$!2Stc scattering, for @=18 resonance, decaying either to the

. . dligned L=J—3=15) or nonalignedl{=J—3+2=17) cases.
all support a firmL=15 assignment for the structure at

20
10

Q  (ub/sr

>

10

Ecm=33.1 MeV. J L s m  (2— 6no)|(LS—mmJ0)[2
2. =63°, 117° 18 15 3 0 0.342
This picture is reinforced by angular-correlation data ob-18 1: g ; 8;'28
tained at decayr-particle angles ofy=63° and 117°. Here, 18 15 3 3 0'020
we defineo(eclm)|¢,263,117Eom¢1, as these angles corre- :
spond to zeros oP3(¢), and thus there is nm=1 substate 18 17 3 0 0.194
contribution to the cross section. The character ofdhde- 18 17 3 1 0.015
pendence of the yield can then provide some information ong 17 3 2 0.390
the degree of alignment of the system. At thengles cov- 13 17 3 3 0.400

ered in the present experiment, the associated Legendre poly
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1000 ] FIG. 14. Angular distributions foE;,=30.1 MeV to 29.9
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"0 .‘o'.. prery ° ’ ) c.m.
29.0 Me¥ Kol ,0’. AN W S represent$P5(cos6, m)|>.
100}~ lﬁ*#*” o o ~
1000 . V. DISCUSSION
. o, S o . : -
100 —29-9+M f\:o”“o,’ “-"“"-. R '-._.-" * .-"." | It is interesting to examine the present results in light of
+f,¢+” ! hal , 4 ‘o | earlier speculations about inelastic scattering in this energy
30 60 90 region, as well as in the context of structure model, and
6. (deg) reaction-model descriptions of resonances@+ 1“C scat-
c.m.

tering. The angular momenta suggested by the present data
appear to be inconsistent with the spin “suggestions” made
for resonances in the;2and 2/ +2; channels at approxi-
mately the same energies, where Corneéral. [12] pro-
posed spins of ¥ and 1@ at energies oE. ,,=25, and 31

. S . MeV, respectively. This conclusion could mean either that
studied, where the decay patrticle is detected near either . ot
the resonances in thg 3-0; channel are unrelated to those

y=63° or 117°. These angular distributions are not asm the light-particle evaporation channels upon which the ear-
strongly oscillatory as those obtained with=(0°,180°),

. lier spin suggestions were based, or that the prior spin sug-
although they show considerably more structure than what i estions are incorrect, or both. The magnetic-substate

seen in the total angular distributions. The data at theng|ar_distribution measurements of Sugiyaghal. tend to
eXC|tat|on-funct|on_peaks are in phase with pure squaregupport spin assignments for resonances in ther @;
Legendre polynomials of degree 13, and 15, as was observegha el that are closer to those obtained in the present work.
for the data taken a=0°,180°. For example, the dashed it e siryctures observed in thg 3-0; channel are linked
curves in Figs. 13 and 14 represefRyy(cos6)|® and to those present in other channels, it is likely that the spins of

) < :
|P1s(cosd)|*, for Eqq=28.1 and 33.1 MeV, respectively, those resonances are two units of angular momentum higher
and are in reasonable agreement with the data. This result, §an previously suggested.

well as the observation that there exists no discernible maxi- The results of the present measurements may also be
mum in these angular distributions ne&r,, =90°, supports  compared to simple pictures of th&C+*°C system. For

the the assumption that the system is preferentially aligned astance, assuming centroid energies d&,s=27.5

the energies at which the cross section shows resonancelike0.5 MeV, andE;g=33.1+0.25MeV for the 16, and 18
behavior, as well as the-value assignments obtained from states, respectively, and assuming further that these two reso-
the ¢=0°,180° data. With the demonstration of an alignednances are part of a rotational sequence wik=E,
configuration withJ=L + S, we may extend out-value de-  +(2%/21)xJ(J+ 1), we deduce a moment-of-inertia param-
terminations to spin assignments df =16 at E., eter#2/21=80+10 keV. This value is very close to that
=27.5 MeV, andJ"=18" at E.,=33.1 MeV. For the obtained from a simple calculation assuming two touching
peak atE.,,=33.1 MeV, these results are in agreementspheres each with R, =1.2A"%=2.74 fm (#?/2]

with our previous measuremerjia7]. =79 keV), although it is somewhat smaller than that ob-

FIG. 13. Angular distributions foE;,=25.4 MeV to 29.9
MeV, for =63°,117°. The dashed curve f&,,=28.1 MeV
represent$P;5(coS6, m)|>.
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tained from the cranked-cluster model calculations of the=<1-2 MeV, are also comparable to those of the observed
12C+12C band in?*Mg (configuration “F1” in Ref.[3], with  features. The effects of channel coupling fragment the
#2/21=90 keV). Kamimura tabulates the calculated rmsstrength for each partial wave, producing narrow features
mass radii of various states itfC [32], and givesR(0;) dominated by wave-function components in the various par-
=2.40 fm, andR(37)=2.76 fm. These radii lead to a ticipating channels. Little evidence is seen in the present data
value of #2/21=100 keV for a hypothetical ground-state for such narrow [;,<100 keV) features, although the
band—very close to the value &F/21 =105 keV derived center-of-mass energy resolution for the current data set
from the sequence of states in thé 20; channel if one might p_reclude the o_bservation of such narrow _structure.
adjusts the spins in Ref12] upward by two units. A rota- As discussed earlier, the strugture apd excnat.lon energy of
tional sequence from two touching spheres, one RitB;) f[he 12.C(31’.) state suggest that inelastic scattering reactions
and one withR(3), has#2/21=88 keV, closer to that m_voIvmg it WI|| behave somewh_ere bet_ween those exclu-
from the present data. Although the uncertainties on th&!Vely involving the ground and first exute@?levels, and
moment-of-inertia parameters from the present data, anthe clustered  states. Referencgll] predicts that the
from the Cormieret al. assignments, are large due to the dominant contributions td”=16" and 18 strength be-
uncertainty in the centroid energies for the different resoiweenE. =25 MeV and 35 MeV are predominantly from
nances, there appears to be a difference in the moment e#sonances  in  the [2]®0)]j_5 52, [27
inertia between the resonances in the two reaction channel®.2y 1j-41—3-4, [27 ®2{ ]j=21=3-2, [2{®0] =213,
Additional measurements for thg 3 0; channel could bear and[21+®21+],:4,L:J_2 SG subchannels, where in the nota-
out this suggestion. tion of Ref.[11] | is the channel spin] is the resonance spin,
Finally, it is also useful to place the current results into theand L the decay angular momentum. These subchannels are
context of past, and recent, reaction-model calculations fofor the most part either partially, or fully aligned in angular
12C+12C scattering. The early BCM calculatiof8—8] for ~ momentum. The angular-momentum matching properties of
the 3 +0; channel placed the centroids of the™l4and  the 3] +0; excitation may be expected to lie between those
16" strength atE.,,~26 MeV and 32 MeV, respectively. ofthe[27®27],_4 —j_4and[2"®2"],_4, —;_, subchan-
These calculations were in general agreement with the earligrels, while the nuclear structure of the 3tate suggests a
spin assignments for the;2-0; and 2 +2; excitations. rotational band with a slightly larger moment of inertia than
The current results suggest that these calculations are, #sose for the “SG” channels in Ref11]. These speculations
with the prior spin assignments, two units of angular mo-would place our current results for thg 3 0; channel in
mentum too low. One earlier problem with the results of theapproximate agreement with the results of Héfl], how-
BCM for the 3] +0; excitation was that the experimental ever, a calculation that explicitly includes this channel, and
spectrum was more complicated, and the states narrowemakes detailed predictions for its behavior would be very
than given by the BCM. Our data suggest that the spectrumseful.
may actually be simpler than previously thought, and that at
least theJ™=16" resonance may be somewhat wider than VI. CONCLUSION

the individual members of the previously reported doublet, in We have performed detailed particle-particle angular-

better agreement with the simple BCM predictions. ) .
correlation measurements for resonances observed in

A comparison of our results for the;3-0; channel with 1 PN . .
; : . + .
new calculations is complicated by the fact that the most “C(3,)+%C(0;) inelastic scattering. The present data

. . support spin assignments d=16" and 18 for reso-
recent coupled-channels results of Hirabayatal. [9] and = )
Ito et al.[10,11] do not report any predictions for the behav- ?22(;?@&255%2557'gegevwﬁﬂd dsri}iamz?ﬁe;ez?f c_t|1/3e ly.
ior of this particular excitation. The method of Hirabayashi y -

and Ito attempts to treat thEC+ 1°C scattering problem by ing 15, na?dt .’;l]tpvtltiatﬂomlnar:(tly e:h%nﬁd fc ornf|géjirnat|d:n:$] m
considering both shell-model like stat€shell group” or ), consiste € expectations 1or a dinuclear mo-

SG) and with 3« particle cluster charactétcluster group” lecular system. These data provide additional constraints for

or CO in 2C in a coupled-channels formalism. In Contrastf[heorencal attempts to describe resonance behavior in the

; i 1
to the earlier BCM calculations, the ion-ion potential is de-gféasgfas\/;ai‘lt;%rg% ngg;rsczg’igrg;gd% :?etgfn;arfgzé ‘isr:n:rtlan-
rived from a double-folding prescription, and also includes y P P

the effects of quadrupole distortions in the mass distributiongIeIS with nonzero channel spin.
of the excited states. This modification substantially alters
the band-crossing properties of the different reaction chan-
nels. Without the effects of channel coupling, the calculation This work was supported by the U.S. Department of En-
predicts a series of potential resonances with thé a6d  ergy, Nuclear Physics Division under Contract No. W-31-
18" states lying near the structures observed in the currert09-Eng38. A.H.W. wishes to thank R. H. Siemssen for help-
data. The widths of the potential resonances, With,  ful comments and discussions.
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