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Excitation functions of inelastic and transfer channels in 12C112C around Ec.m.532.5 MeV
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A prominent and wide resonance centered atEc.m.532.5 MeV has recently been found in the (02
1 ,02

1)
inelastic channel of the12C112C reaction. It has been suggested that it corresponds to a 6a-particle-chain state
in 24Mg. In the present work we study12C112C excitation functions between center-of-mass energies of 30
and 35 MeV in steps of 250 keV for weakly populated outgoing channels. We present the inelastic channels to
the states above thea-particle decay threshold, (01

1 ,02
1), (01

1 ,31
2), and (01

1 ,41
1), and the one- and two-

nucleon transfer channels. In the inelastic and the transfer channels we observe correlated intermediate-width
structures atEc.m.531, 32.5, and 33.5 MeV, whose widths are appreciably smaller than the width measured in
the (02

1 ,02
1) channel. OurEc.m.532.5 MeV angular distribution of the (01

1 ,02
1) channel exhibits oscillatory

behavior and, unlike that of the (02
1 ,02

1) channel, does not display enhancement arounduc.m.590°. Data were
collected via the kinematic coincidence technique. For data reduction we use a novel approach allowing for the
extraction of results on nonbinary channels.@S0556-2813~97!01603-8#

PACS number~s!: 25.70.Ef, 25.70.Hi, 27.30.1t
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I. INTRODUCTION

The collision of carbon nuclei leading to the24Mg com-
posite nucleus is by far the most studied light-heavy-ion
action. This system shows an overwhelming amount of re
nant structures ranging from deeply below the Coulo
barrier up to projectile energies that are a few times the b
rier value@1–3#. The 12C112C system continuously deliver
surprises to the physics community. The recent discover
the Argonne group reported evidence for a 6a-chain state at
Ec.m.532.5 MeV, i.e., at an excitation energy of 46.4 MeV
24Mg @4#. A claim for the existence of a stretched config
ration of six aligneda particles is based on the observati
of a strong structure of a textbook example for an isola
Breit-Wigner resonance in the angle-integrated cross sec
of the mutually inelastic scattering to 02

1 states in12C nuclei
@4#. The 02

1 state at an excitation of 7.65 MeV in12C is well
known as a state slightly above the 3a-particle decay thresh
old having a rather large deformation@5# to the point of
predicting it as a 3a particle linear or bent, but close to th
linear configuration@6–13#. The 6a-chain state would pref-
erentially decay by fissioning into~two! 3a chains. The ex-
treme deformation of24Mg was foreseen by the Nilsson
Strutinskya-cluster model@14#, by the rotational-vibrationa
model calculations using an anharmonic nucleus-nucleus
tential @15#, and by the crankeda-cluster model@16#.

In addition to the great excitement aroused by the poss
evidence of the extreme deformation of the24Mg nucleus,
these data show a number of peculiarities. A few comme
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should be made on the12C@02
1#1 12C@02

1# inelastic data
around 32.5 MeV@4# at their face value:

~i! A regular background-free Breit-Wigner shape for
resonance amplitude is an exception among heavy-ion r
nances~see, e.g., Refs.@17,18#!.

~ii ! Such behavior suggests that this reaction populate
strongisolatedresonance in24Mg.

~iii ! A resonance width of 4.7 MeV is exceptionally larg
it is by a factor of at least three larger than any isola
light-heavy-ion resonance reported so far.

~iv! The position of maxima and minima in the limite
angular range covered by the setup is oscillatory and con
tent with the squared Legendre polynomial of degr
l514(16).

~v! In spite of the preceding feature, the on-resonan
angular distributions show a very strong enhancement ab
90°. The 90° maximum exceeds the neighboring maxima
a factor of 2 to 4.

~vi! The angular distributions were measured and in
grated effectively only over 20°.~The measurement covere
the angular range 70°<uc.m.<105°. Note the forward-
backward symmetry required by the indistinguishability
identical bosons in the reaction entrance channel.!

~vii ! Despite the strongly mismatched angular mome
of the entrance and the exit channels of 6\ units ~spherical
nuclei assumed!, the reaction cross section is surprising
large. The angle-averaged on-resonance cross sectionsav is
15 mb for (02

1 ,02
1) @4#, which is to be compared with

sav560mb for the (01
1 ,02

1) channel~see also Refs.@19,20#!,
whereas the Coulomb penetrabilities differ by a factor
100.

Among the maxima in the angular distribution of an is
lated resonance one would expect that the maximum at
1312 © 1997 The American Physical Society
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55 1313EXCITATION FUNCTIONS OF INELASTIC AND . . .
has the smallest value~single Legendre polynomial squared!.
The observed resonancelike structure@4# would be expected
to have particular phase shifts in order to exhibit such
strong enhancement around 90°. Indeed, Raeet al. @21,22#
obtained an excellent fit of the on-resonance angular di
butions @4# by assuming that ashape eigenstateformed by
the coherent overlapof states with differentl values was
excited.

In the earlier investigations of the12C112C reaction
around 32.5 MeV structured excitation functions with a fe
correlated intermediate-width structures were repor
@19,23–26#, but a behavior similar to the (02

1 ,02
1) data@4#

was not observed. The more recent studies of the s
(02

1 ,02
1) channel@27,28# are not in favor of the simple, ap

parently coherent shape-eigenstate picture@21,22# that was
inspired by the first data set@4#. Integrated over a large
angular range, the excitation function was not consistent w
a background-free Breit-Wigner resonance and the sh
eigenstate picture failed to reproduce the on-resonance a
lar distribution belowuc.m.'40° @27#.

The recent theoretical investigation of the Kyoto gro
@29# suggested that the 32.5 MeV resonance was not an
lated phenomenon and that the true physical reality w
probably much more complex. Their extended band-cross
model, in which it was assumed that the structure of
underlying excited channels was 3a13a and 3a112C
rather than a 6a-chain configuration, predicted an isolate
resonant state near 32.5 MeV in the (02

1 ,02
1) channel@29#.

Without freely adjustable parameters, the on-resonance
gular distribution was well reproduced foruc.m.>50°. The
crossing of the ground state and the (02

1 ,02
1) bands oc-

curred, however, atl518, which seems not to be supporte
by a careful analysis of the available experimental angu
distributions@30#. At a close energy the ground state ba
crosses also the (01

1 ,31
2) band, the (02

1 ,31
2) band, and the

(01
1 ,02

1) band @29#, in accordance with the measuremen
@20,28# and with the present work.

Surprisingly enough, the12C112C→16Og.s.1
8Beg.s. reac-

tion atEc.m.532.5 MeV exhibited a behavior similar to tha
of the (02

1 ,02
1) channel, although this outgoing channel w

hardly reconcilable with the assumed 6a-chain structure of
the 32.5 MeV resonance@31–35#. In particular, for the on-
resonance angular distribution a large part of the ang
range (50°290°) showed, up to a normalization factor, th
same angular dependence as displayed in the inelastic
surement@4,27#. Although the resonance was prominent
both channels, its width differed appreciably: it was on
about 1.0 MeV wide for the O1Be channel@34#.

The above somewhat confusing and contradictory fa
urge for a coherent study of the12C112C reaction around the
resonance at 32.5 MeV by investigating the energy dep
dence of as many open channels as possible. To insure a
cross-comparison of different channels, it is preferable
record all the data in the same experiment. We previou
performed a measurement of the12C112C reaction using a
kinematic coincidence technique covering also the ene
range of the 32.5 MeV resonance@36#. The technique em-
ployed responds appropriately to the above requirem
Since the dominant elastic and lower inelastic channels
well as the stronga-transfer channel have already been a
a
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lyzed and published@26,34#, we have decided to complet
the analysis of these data for other discernible open chan
in order to contribute to disentangling the 6a-chain state
puzzle in 24Mg.

II. EXPERIMENT AND DATA REDUCTION

The present analysis is a reexamination of our previ
data on the12C112C system@26# and presents the measur
ment hitherto performed with the finest energy step~0.25
MeV! in exploring the excitation functions of this reactio
around the putative 6a-chain state atEc.m.532.5 MeV. The
data were collected using the kinematic coincidence te
nique. Two position-sensitive silicon detectors disposed
either sides of the beam axis were used. One of the detec
subtended the anglesu lab520°250° and the other
u lab540°270°. The geometry was optimized for the mo
efficient recording of the main binary channels of the re
tion @the elastic and the inelastic scattering to the first exci
21 state~s! in 12C#. More details on the conditions of th
experiment~beam, target, experimental setup, data reco
ing, analysis, etc.! can be found elsewhere@26,36,37#.

The advantage of the kinematic coincidence techniq
with large position-sensitive detectors lies in the simul
neous detection over a large range of angles of particles c
ing from different channels. This technique is based on
reaction kinematics in order to determine the masses of
action products and the reactionQ value.

Figure 1~a! shows the reactionQ-value spectrum con-
structed from the conservation-of-energy relationship:

Q5E31E42Ein ~2.1!

obtained with the requirement that each of the detec
should record a particle of energyE3 andE4, respectively,
within a narrow time window which insures that both pa
ticles originate from a single reaction~a coincidence require
ment! @36,37#. HereEin is the projectile laboratory energy
TheQ spectrum is dominated by three equidistant peaks
perimposed on a continuous background. The peaks are
to the particles coming from the elastic scattering, the sin
inelastic, and the mutually inelastic scattering to the1

state~s! in 12C, respectively. The background is due to t
poorly recorded reactions, coming mostly from the inco
pletely recorded nonbinary channels. A much clea
Q-value spectrum is obtained when the analysis is limi
only to events for which the extracted value for the to
mass

mtot5m31m45
Einmp

sin2~u31u4!
S sin2u4E3

1
sin2u3
E4

D ~2.2!

is mtot524 a.m.u. In the above relation,mp stands for the
projectile mass andu3(u4) are the deduced angles~posi-
tions! at which particles of energyE3(E4) were detected. By
imposing a given value form3 ~or, equivalently, form4) via
Eq. ~2.1!, theQ-value spectrum is obtained for this particul
combination of the outgoing particles, i.e., for a particu
binary exit channel. Note, however, that the charge is
detected, so that binary channels with the same mass
similarQ-value spectra cannot be distinguished by the te
nique applied~see also below for the11C113C and the11B
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FIG. 1. TheQ-value spectra of the12C112C
reaction at the beam energyEin533.5 MeV re-
constructed via~a! the unconditioned relationship
of energy conservation given by Eq.~2.1!, ~b! the
restrained relationship given by Eq.~2.3!, and~c!
the relationship given by Eq.~2.3! applied to-
gether with the constraint condition onmtot se-
lecting unbound states.
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113N transfer channels!. A particularly cleanQ-value spec-
trum is obtained when the dominant elastic/inelastic e
channel is selected viam3 ~or m4)512 a.m.u.~see Fig. 1 in
Ref. @26#!.

In the case of a~nearly! monoisotopic target, even nonb
nary channels@‘‘background’’ in Fig. 1~a!# can be analyzed
Indeed, the undetected particle~s! will carry away part of the
total energy. It follows from Eq.~2.2! that this ‘‘missing’’
mass gives a false value for the detectedmtot , which be-
comes larger than the actual total mass of the system u
study. The strategy is to treat one of the detectors, say,
more-forward-mounted detector (m3 ,E3 ,u3) ~which is, nor-
mally, kinematically favorable! as the one that correctly de
tects the particle from a supposed binary channel equiva
to the actual nonbinary channel. In other words, we cons
only those particlesm3 which are detected in one of the
bound states. By ignoring the data coming from the ot
detector ~i.e., m4 ,E4 ,u4), one can calculate theQ-value
spectrum for the particlem3 in the same way as one woul
do for an equivalent binary reaction channel. By choos
m3512 a.m.u., one obtains the following expression for
approximative reactionQ value of the equivalent binary re
action channel:

Q152~Ein2cosu3AEinE3!. ~2.3!

Such aQ1 spectrum is shown in Fig. 1~b!. If one applies Eq.
~2.3! only to those events for which Eq.~2.2! gives
mtot.24, one actually selects nonbinary channels for wh
one of the particles (m3512) is in its bound state. This pro
cedure very efficiently suppresses the elastic and the bo
inelastic channels. Now, the weakly excited 02

1 , 31
2 , and

41
1 ~single! inelastic unbound channels emerge from t
background and their respective peaks can be readily i
grated@Fig. 1~c!#. Although a peak at 12.09 MeV comin
from the ~mutual! (21

1 ,02
1) channel can be discerned, i

extraction has not been attempted owing to both its weakn
and the complex background dominated by a strong w
peak (G53 MeV! at 10.3 MeV @5# superimposed on the
exponentially rising smooth background.

The Monte Carlo simulation of the detection process w
carried out in order to correct the raw data for the comp
it
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but weakly energy-dependent relative detection efficiency
was defined as the ratio of the number of events in wh
Na particles (N51,2,3) are detected in the less-forwar
mounted detector and the number of events in which
12C@01

1# nucleus from the primary12Cg.s.1
12C* binary

scattering was detected in the more-forward-mounted de
tor. The simulation assumed an isotropic center-of-mass
gular distribution for the primary scattering as well as for t
subsequent sequential decays12C*→a18Be and 8Be
→a1a, where 8Be was assumed to be in its ground sta
Owing to the available small breakup energies for the t
subsequent sequential decays~287 and 92 keV, respectively!
in the case of the (01

1 ,02
1) channel, the average efficiency t

detect one or two, out of three emerginga particles, was
70.3271.6 % with our detection setup and in the ener
range considered.@These processes were relevant to o
background-elimination approach, which gavemtot.24 via
Eq. ~2.2!.# The probability to detect a full event for this chan
nel was 9.7~12.3!% for the lowest~highest! energy consid-
ered here. The detection probability for the (01

1 ,31
2) and

(01
1 ,41

1) channels was substantially reduced since appro
mately 2 MeV and 6.5 MeV of additional excitation ene
gies, respectively, were available for the12C* decay in these
two inelastic channels. Thea particles were no longer con
fined within a narrow cone about the recoil direction. T
detection efficiency for 1 or 2a particles was 40.2244.8 %
for the former and 20.8224.7 % for the latter reaction chan
nel. The detection efficiency for the full event dropped dow
to 1.922.7 % and 0.220.5 %, respectively. Figure 2 dis
plays the detailed angular dependence of the detection
ciency for 1 or 2a particles as a function of the~referent!
angle of the more-forward-mounted detector for the abo
three channels andEc.m.532.5 MeV. All the data on particle
unstable channels presented in this paper, i.e., the inel
channels and the previously published16O18Be @34# rear-
rangement channels, are corrected for the detection
ciency.

III. RESULTS AND DISCUSSION

In the present work we report on the results of the ana
sis of weaker channels of the12C112C reaction between
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55 1315EXCITATION FUNCTIONS OF INELASTIC AND . . .
Ec.m.530 and 35 MeV, in particular of the unbound inelas
channels@38# and the one- and two-nucleon transfer cha
nels. Part of the results extracted in the analysis of the s
data were published previously. The results on the ela
scattering and the single and the mutually inelastic scatte
to the first excited12C@21# state~s! were reported for the
complete data set covering the rangeEc.m.530260 MeV
@26#. The analysis of the16O18Beg.s. rearrangement channe
was recently reported @34# for the energy range
Ec.m.530235 MeV.

A. Inelastic channels

The right-hand column of Fig. 3 from top to bottom
shows the angle-integrated cross section as a function o
ergy for the nonbinary ~unbound! inelastic channels
(01

1 ,02
1), (01

1 ,31
2), and (01

1 ,41
1). To compare our data

with the results of Ref. @4#, the full angular range
uc.m.5(40°,100°) is divided into two parts at abou
uc.m.570°. Figure 4 from top to bottom shows the integrat
cross section for the upper, lower, and full angular range;
for the 02

1 and right for the 31
2 channel. All excitation func-

tions are structured. The integration range is larger than
coherence angle@39#. This strongly suppresses the probab
ity for the observed structure to be of statistical origin.

Two intermediate structures show up, respectively,
Ec.m.533.5 and 32.5 MeV. The structure at 33.5 MeV
correlated for all channels and angular ranges, and its w
varies from 0.9 to about 1.6 MeV. The larger-width pe
dominates the (01

1 ,31
2) @see Fig. 3~e! and right panel of Fig.

4# and (01
1 ,41

1) @Fig. 3~f!# excitation functions characterize
by peak-to-valley ratios up to 1.5. These two channels
play a similar energy dependence, which differs from that
the (01

1 ,02
1) channel. The difference is particularly marke

when the latter channel is integrated over either the lo
@Fig. 4~b!# or the full @Fig. 3~d!, Fig. 4~c!# angular range.

The Argonne-group structure observed in the (02
1 ,02

1)
channel at 32.5 MeV@4# appears in our (01

1 ,02
1) data at the

same energy but as a narrow, 1.0 MeV wide, peak@Fig. 3~d!
or Fig. 4~c!#. When we limit the integration to the angula
range of Ref.@4# @Fig. 4~a!#, a very wide (G.2.5 MeV!
peaklike structure appears. One may speculate that

FIG. 2. Angular distributions of the simulated efficiency f
detecting either one or twoa particles coming from the unboun
state of the single inelastic channels (01

1 ,02
1), (01

1 ,31
2), and

(01
1 ,41

1) at Ec.m.532.5 MeV.
-
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larger-width peak which we observed in this and other ex
tation functions is due to the unresolved doublet at 32.5
33.5 MeV. All these peaks seem to be encompassed wi
the strong resonancelike structure of Ref.@4#.

Figure 5~a! shows the (01
1 ,02

1)-channel angular distribu
tion measured atEc.m.532.5 MeV. It exhibits a regular os
cillatory behavior whose maxima and minima are consist
with the l514 squared Legendre polynomial,@P14(cosu)#

2.
From the figure it is obvious that thel512 ~dotted curve!,
l516 ~dashed curve!, or l518 ~dash-dotted curve! Legendre
polynomials cannot account for the data. In the angular ra
covered by our setup the (01

1 ,02
1) angular distribution

shows a usual on-resonance shape without enhance
around uc.m.590°. For the sake of comparison, Fig. 5~b!
shows the on-resonance angular distribution of
16Og.s.1

8Beg.s. channel in the angular range covered by o
setup @33#. This angular distribution displays exactly th
same behavior as that of the12C@02

1#1 12C@02
1# angular dis-

tribution @27#. Although the two distributions shown in Figs
5~a! and 5~b! are measured at the same energy they differ
the positions of their respective maxima and minima. F
thermore, though the shape of the16Og.s.1

8Beg.s. distribu-
tion differs markedly from a single squared Legendre po
nomial, the positions of its maxima and minima are exac
those of anl516 squared Legendre polynomial@Fig. 5~b!#.
This suggests the dominance of thel514 partial wave in the
(01

1 ,02
1) outgoing channel and ofl516 in the (02

1 ,02
1) and

the 16Og.s.1
8Beg.s. outgoing channels atEc.m.532.5 MeV.

FIG. 3. Angle-integrated excitation functions for~a! the elastic,
~b! the single, and~c! the mutually inelastically excited 21 state~s!
in 12C ~left panel! and for the nonbinary~unbound! inelastic chan-
nels ~d! (01

1 ,02
1)@Eexc57.65 MeV#, ~e! (01

1 ,31
2)@9.64 MeV#, and

~f! (01
1 ,41

1)@14.08 MeV# ~right panel!.
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1316 55S. SZILNERet al.
Resonancelike behavior is evident in the same ene
range in the elastic@Fig. 3~a!# and the mutually excited in-
elastic channels@Fig. 3~c!# @26#. The intermediate structure a
33.5 MeV has a width and a peak-to-valley ratio that a
similar to the width and the peak-to-valley ratio obtained
our work. ~We remind the reader that these data come fr
the same experiment.! The correlation of the structure ob
served at 33.5 MeV in at least four channels speaks in fa
of a genuine resonance. A complete list of the observed
termediate structures in the elastic and inelastic channe
given in Table I.

The integrated excitation function for the (01
1 ,31

2) chan-
nel and measured for more forward angles (uc.m.533°255°!
was reported in Ref.@19#. It showed resonancelike structur
at 33 MeV. In the energy range of interest in this paper, so
much weaker structure can also be discerned in
(01

1 ,02
1) and (01

1 ,41
1) channels.

The angle-integrated excitation functions have recen
been studied for a few12C*112C* channels@28#. The ex-

FIG. 4. Excitation functions for the (01
1 ,02

1) ~left panel! and the
(01

1 ,31
2) ~right panel! inelastic channels integrated over the upp

@~a! and ~d!#, the lower@~b! and ~e!#, and the whole@~c! and ~f!#
angular range. The integration limits are indicated in the figure.
y

e

or
n-
is

e
e

y

citation functions for the (02
1 ,02

1) and (02
1 ,31

2) channels
show strong resonancelike structure in the reg
Ec.m.532.5 MeV. In the (31

2 ,31
2) and@02

1 ,(12)# channels a
less pronounced doubletlike behavior appears peaking
32.5 and 35 MeV, respectively.

In their recent work@40# the Argonne group has reporte
on a strong resonance in the (01

1 ,31
2) channel at

Ec.m.533.5 MeV.

B. Transfer channels

The large negative reactionQ value is the reason why
there are only a few studies of the one- and two-nucle
transfer channels of the12C1 12C system. In this paper we
present the excitation functions for the main rearrangem
channels, namely, the one-nucleon transfer chan
~11Cg.s.1

13Cg.s. and/or
11Bg.s.1

13Ng.s.) and the two-nucleon
transfer channel (10Bg.s.1

14Ng.s.). As discussed in Sec. II

r

FIG. 5. Angular distributions of~a! the12C~12C,12C@01
1#!12C@02

1#
inelastic scattering and~b! the 12C(12C,16Og.s.)

8Beg.s. reaction at
Ec.m.532.5 MeV. Shown are also the squared Legendre polyno
als of the degreel514 ~solid curve!, l516 @dashed curve in~a! and
solid curve in ~b!#, l512 ~dotted curve!, and l518 ~dash-dotted
curve!.
TABLE I. Intermediate structures observed in the elastic and inelastic channels of the12C112C reaction
between center-of-mass energies of 30 and 35 MeV.

Ec.m. @MeV# (01
1,01

1) (01
1,21

1) (21
1,21

1) (01
1,02

1) (01
1,31

2) (01
1,41

1)
2Q @MeV# 0.00 4.44 8.88 7.65 9.65 14.05

31.0 yes no yes no no no
32.5 no no no yes no no
33.5 yes no yes yes yes yes
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55 1317EXCITATION FUNCTIONS OF INELASTIC AND . . .
we are not able to distinguish channels having the same m
and similarQ values. The ground-stateQ values for the
m3513 channels differ only by 0.24 MeV; this value
smaller than our resolution. Therefore, both one-nucle
transfer reactions contribute to the reported excitation fu
tion. The conventional analysis with expressions~2.1! and
~2.2! was performed by takingm3513 andm3514, respec-
tively. Since the experimental setup was optimized to de
the main binary channels, a somewhat more limited ang
range was covered for the massesm3513 (50°
<uc.m.<95°) andm3514 (51°<uc.m.<99°).

The right panel in Fig. 6 shows the angle-integrated cr
section for the transfer channels. The main feature of
excitation functions is a strong resonancelike peak cente
at 34 MeV with a width of about 1 MeV. In comparison wit
the structure of the unbound inelastic channels presente
the preceding subsection, this peak is slightly shifted~less
than the peak width! towards higher energy. The width an
peak-to-valley ratios of the structure are the same. The st
ture at about 31 MeV is less convincing and appears only
the 10B114N channel@Fig. 6~c!#. Some nonconclusive ir
regularity can be observed in them3513 data at 32.5 MeV
@Fig. 6~d!#.

The prominent, well-matched rearrangement channe
the16O18Bea-transfer channel. Although the16Og.s.1

8Beg.s.
excitation function of Ref.@34# @Fig. 6~a!# was integrated

FIG. 6. Integrated excitation functions of~a! 16Og.s.1
8Beg.s.,

~b! 16O*18Beg.s. to the group of unresolved states in16O around
an excitation energy of 627 MeV, and ~c! the one- and~d! the
two-nucleon transfer channels.
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over the same angular range as in Ref.@4#, the reported iso-
lated narrow peak (G51.0 MeV! at 32.5 MeV had the char
acteristics of our (01

1 ,02
1) data in the full angular range@Fig.

3~d!# rather than the characteristics of the (02
1 ,02

1) excita-
tion function @4#. The same strong isolated narrow peak
reported for the same channel and the same angular ran
Ref. @35#. These 16Og.s.1

8Beg.s. excitation functions show
no sign of structure at 33.5 MeV, the energy at which
observe strongly correlated peak. On the contrary,
16O*18Beg.s. excitation function for a group of unresolve
states around 6–7 MeV in16O exhibits a strong wide dou
bletlike structure centered at 33.5 MeV@Fig. 6~b!#. A com-
plete list of the intermediate structures observed in the tra
fer channels is given in Table II.

The transfer-channel excitation functions were measu
by the Rochester group covering a more forward angu
range (uc.m.523°251°) @24,25#. Strong structure was
reported for the angle-integrated data at 31 MeV for
10Bg.s.1

14Ng.s. channel and at 33 MeV for the
10B@11#114Ng.s. channel. At 32.5 MeV a peak could be ob
served only in those excitation functions which were me
sured at the most forward angles. The differences obse
in the transfer excitation functions might come from the d
ferent angular range of integration covered in Refs.@24,25#
and in our measurement.

IV. CONCLUSIONS

The present data show that the region of the 32.5 M
resonance is more complex than indicated by the initial
periment@4#. We have analyzed the12C112C reaction be-
tweenEc.m.530–35 MeV. Coming from the same exper
ment, all excitation functions of the outgoing channe
studied previously„elastic, (21

1 ,21
1) mutually inelastic@26#,

and 16O18Beg.s. transfer channels@34#… and presently
@(01

1 ,02
1), (01

1 ,31
2), and (01

1 ,41
1) inelastic and

11Cg.s.1
13Cg.s.,

11Bg.s.1
13Ng.s., and

10Bg.s.1
14Ng.s. transfer

channels# display correlated intermediate-width structur
~see Tables I and II!. In the energy range studied, intermed
ate structures are not observed only in the (01

1 ,21
1) channel

@26#.
Within the width of the putative 6a-chain state@4# we

observe three intermediate-width structures atEc.m.531,
32.5, and 33.5 MeV, which are correlated in most of t
channels studied~see Tables I and II!. The extended band
crossing model is able to qualitatively explain the behav
observed in the inelastic channels@29#. The complexity of
the structure atEc.m.532.5 MeV is clearly evident from the
angular distributions of the resonating channels involv
zero-spin nuclei. The on-resonance angular distribution
TABLE II. Intermediate structures observed in the one- and two-nucleon anda-particle transfer channels
of the 12C112C reaction between center-of-mass energies of 30 and 35 MeV.

Ec.m. @MeV# 11Cg.s.1
13Cg.s.

10Bg.s.1
14Ng.s.

8Be116Og.s.
8Be116O*

11Bg.s.1
13Ng.s.

2Q @MeV# 13.78–14.01 14.9 0.21 6.26–7.33

32.5 yes no yes yes
33.5 yes yes no yes
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the 12C@01
1#1 12C@02

1# channel is consistent with anl514
@Fig. 5~a!#, whereas the on-resonance angular distribution
the 12C@02

1#112C@02
1# and the 16Og.s.1

8Beg.s. outgoing
channels@Fig. 5~b!# reveal a mixture of many partial wave
with the dominant effect on the oscillatory behavior comi
from the last contributing wave,l516 @30#. These data argue
for the conclusion that at 32.5 MeV the12C112C entrance
channel populates a complex structure at an excitation
ergy of 46.4 MeV in 24Mg. From this structure the
12C@02

1#112C@02
1# and the 16Og.s.1

8Beg.s. outgoing chan-
nels pick up one particular configuration that is differe
from that which decays through the12C@01

1#1 12C@02
1#

channel.
The outgoing flux is unequally distributed among cha

nels. TheQ value and the channel spin matching play
important role. For instance, the average angle-integra
cross section for the (01

1 ,41
1) @(01

1 ,31
2)# channel is about 20

~10! times larger than that of the (01
1 ,02

1) channel.
Since the band-crossing model has proved its worth
.
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predicting the energy and angular dependence of a numb
inelastic channels, it would be interesting to make a deta
comparison between the model calculations and the pre
data. The comparison will be even more valuable if the tra
fer channels could be incorporated in the model. We ho
that this new piece of data will encourage the theorists of
Kyoto group to reexamine their calculation in the light of th
new experimental findings.
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