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Investigation of the 12C112C Ec.m.532.5 MeV resonance
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A fine-step excitation function has been measured across the resonance reported at 32.5 MeV in the
12C@12C,12C(02

1)#12C(02
1) reaction. Correlated structure is also observed in other exit channels involving the

02
1 and 31

2 states of12C and in the16O18Be channel.@S0556-2813~97!03404-3#

PACS number~s!: 25.70.Ef, 21.60.Gx, 27.30.1t, 27.20.1n
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I. INTRODUCTION

The discovery of a resonance atEc.m.532.5 MeV in the
12C@12C,12C(02

1)#12C(02
1) reaction by Wuosmaaet al. @1#

aroused considerable interest when it was suggested th
might be evidence for the excitation of a 6-a chain state. A
number of theoretical models predict the existence of a ch
state in24Mg @2–4# and calculations@5# suggest it should be
found at an excitation energy some 15–20 MeV above th
a breakup threshold, in the excitation region in which t
resonance appeared. The justification for linking the re
nance observed in this decay channel to a chain state wa
association of the12C(02

1) state with a highly deformed 3
a configuration, although there is evidence that it may not
a fully aligned chain state@6–12#. Further support was pro
vided by a comparison of the ratio of the cross sections
tained in this decay channel to the12C(02

1)112Cgs channel
with the ratio of the Coulomb penetrabilities for decay to t
two channels. The differences between these suggest th
cay is occurring from a highly deformed structure.

The Ec.m.532.5 MeV resonance observed by Wuosm
et al. is notable for two unusual features. It is particular
broad, with a width of 4.7 MeV, and the on-resonance an
lar distribution is quite distinctive, displaying large enhanc
ments in the yield atuc.m.590°. This latter feature is very
difficult to reproduce using a single partial wave. Howev
both of these features can be explained by a shape eigen
model@13,14# involving the overlap of several nearly dege
erate partial waves. This shape eigenstate model is com
ible with the chain state interpretation.

However, an alternative explanation using the band cro
ing model has been proposed by Hirabayashiet al. @15#.
They have demonstrated, using coupled channels calc
tions with microscopic transition densities@16#, that the cross
section and angular distributions can be reproduced with
the need for an intermediate chain state.

More recent experimental work has provoked further c
troversy regarding the origin of the resonance. Resonant
havior has been reported nearEc.m.532.5 MeV in exit chan-
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nels which do not involve chainlike decay fragments@17–
20#. In particular, resonances have been seen in
16Og.s.1

8Beg.s.and
12C (02

1)112C(31
2) channels, which also

display the characteristic 90° enhancement in the ang
distributions. Since16Og.s. is spherical and12C(31

2) is ob-
late, the observation of the resonance in these channels
not appear to be consistent with the reaction proceeding v
highly prolate intermediate state.

However, the widths of these two later resonances
narrower than the width measured by Wuosmaaet al. In par-
ticular, Freemanet al. @17# measured a width of;1 MeV
for the 16Og.s.1

8Beg.s. channel which is considerably na
rower than the 4.7 MeV measured by Wuosmaaet al. The
data of Chappellet al. @20# for the 12C(02

1)112C(32) chan-
nel are in fairly coarse steps across the resonance
the width is not well defined. However, it appears to be
termediate between the12C(02

1)112C(02
1) and the

16Og.s.1
8Beg.s. channels. Thus the interpretation of the res

nance is complicated further by the need to establish whe
these later data can be linked with the original data of W
osmaaet al.

To address this issue, a12C112C inelastic scattering ex
periment using a thin target was performed to investigate
energy region of theEc.m.532.5 MeV resonance in a serie
of fine energy steps. This has enabled the resonant struc
in the 12C(02

1)112C(02
1) channel to be examined in close

detail. At the same time, the resonance has also been e
ined in the other 6-a breakup channels12C(02

1)112C(31
2)

and 12C(31
2)112C(31

2), as well as the16Og.s.1
8Beg.s. chan-

nel and inelastic channels involving the12Cg.s. and
12C(21

1) states.

II. EXPERIMENTAL METHOD

The experiment was performed at the Australian Natio
University, using a12C beam provided by the 14UD tande
Van de Graaff facility. A laboratory energy range of 60–67
MeV was covered in steps of 0.2 MeV. A 14mg/cm2 natural
carbon target foil was used, limiting the beam energy av
aging to615 keV.

Four position-sensitive silicon strip detectors, one pair
ther side of the beam, were used to detect the emergina
particles. The detectors were positioned with their center
ty,
1881 © 1997 The American Physical Society
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plane, 12.5 cm from the target and at angles of124.7°,
151.5°,231.1°, and257.3° relative to the beam direction
Each detector had an active area of 5 cm3 5 cm and com-
prised 16 independent, position-sensitive strips, each 3
3 5 cm. This allowed the energy and position of each hit
be determined, enabling reconstruction of the event via
ergy and momentum conservation.

Although no explicit particle identification was made du
ing analysis, by requiring three hits in the same pair of d
tectors the multiplicity was sufficiently high to keep th
background level low. Moreover, because breakup from
two states of interest in12C, the 02

1 and the 31
2 , proceeds

largely via the 8Be1a channel@21# the remaining back-
ground could be removed by requiring that two of the thr
hits originated from breakup of a8Be particle. Figure 1~a!
shows the reconstructed relative energies between the t
possible pairs ofa particles from a triple hit in one of the
detector pairs. A check was then made that one of the p
fell in the sharp peak at 92 keV above the8Be→2a thresh-
old.

The excitation energy of the decaying12C nucleus for
such events was calculated using

FIG. 1. ~a! Spectrum showing the relative energies betwe
each possible pair ofa particles when threea particles are de-
tected.~b! Excitation spectrum for12C, generated from the energy
and position of three hits in the detectors.
m
o
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Ex5(
i51

3

Ea i
2

P2

2M
1Qth , ~1!

where the momentum of the12C nucleusP is reconstructed
from thea-particle momentaPa i

using

P25S (
i51

3

Pa i xD 21S (
i51

3

Pa i yD 21S (
i51

3

Pa i zD 2. ~2!

Ea i
are the energies of thea particles,Qth is the threshold

energy for 12C breakup to threea ~7.27 MeV!, M is the
mass of the12C. Figure 1~b! is an example of the resulting
spectrum in which the 02

1 and 31
2 peaks can be clearly seen

Software gates were then placed on each of these peaks
the excitation of the undetected12C calculated. Examples o
the two excitation energy spectra obtained are shown in
2.

In addition, detection of double hits allowed reconstru
tion of 8Be116O events in an analogous manner. The res
ing 16O excitation spectrum enabled investigation of t
16Og.s.1

8Beg.s. channel.

n
FIG. 2. Q-value spectra obtained by requiring one of the resu

ing 12C nuclei to be~a! in the 02
1 state and~b! in the 31

2 state.
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III. RESULTS

Figures 3 and 4 show the excitation functions obtained
the eight exit channels investigated. The center of mass
gular region covered in each channel is indicated on the
ures.

A Monte Carlo simulation of the scattering and detecti
process was used to make efficiency corrections at each

FIG. 3. Excitation functions following12C112C scattering for
the 6-a channels over the unrestricted angular ranges indicated
the excitation function for the16Og.s.1

8Beg.s. channel over an an
gular range ofuc.m.573°–109°. The dotted curve shows the data
Freemanet al. @17# (uc.m.573°–109°) and the dot-dashed curv
show the raw data of Chappellet al. @20# (uc.m.560°–110° in the
02

1102
1 channel,uc.m.565°–115° in the 02

1131
2 channel and

uc.m.565°–115° in the 31
2131

2 channel!. The earlier data of Wu-
osmaaet al. @1# (uc.m.570°–105°) is shown by a Breit Wigne
curve which was fitted to the data points using the parameters
fined in @1# and the diamond symbols show the later measurem
(uc.m.520°–105°)@22#. Both the data sets of Wuosmaaet al.have
been scaled by a factor of 0.7. The dashed curves show the
ciency variation in each channel.
r
n-
-

n-

ergy. A multiparticle detection efficiency was determined
comparing the efficiency for detection of threea particles
after breakup with the efficiency for detection of the excit
12C nucleus assuming that it remained bound. Similarly,
the detection of twoa particles from a8Be nucleus. The
detection simulation includes position-dependent ene
thresholds and the inability to record events in which tw
particles strike the same strip. In all cases the calcula
efficiencies vary little across the energy range~see Figs. 3, 4,
8, and 9!.

The reconstruction of the data involved the detection

nd

f

e-
nt

ffi-

FIG. 4. Excitation functions following12C112C scattering for
the four exit channels involving the 02

1 or 31
2 state with the second

12C in a bound state. The angular regions covered are indica
The dashed curves show the efficiency variation in each chann
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FIG. 5. Angular distributions for the 02
11g.s. exit channel for the left- and right-hand side detectors below, on and above resonanc

filled circles show how the efficiency varies with angle in this channel.
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a particles from the breakup of only one of the two e
channel nuclei. For the symmetric channels 02

1102
1 and

31
2131

2 there is double the probability for detecting the pa
ticular final state, which is not accounted for in the efficien
corrections and hence a factor of two has been divided ou
these cross sections. The resulting excitation functions
tained for the three 6-a channels are shown in Fig. 3, alon
with that for the16Og.s.1

8Beg.s. channel.
Due to the low yield in the 02

1102
1 and 02

1131
2 channel,

the data for each set of three adjacent energies have
summed. In this case, the efficiency has been calculated
the middle energy, but typically changes by,1 % between
the three energies.

The resonance in the 02
1102

1 channel appears very sim
lar to previous measurements, although the cross sec
measured here are about 70% of the values measure
Wuosmaaet al. Therefore, the data of Wuosmaaet al. have
been scaled in order to make comparison of the two data
easier. The solid curve represents the earlier measure
covering an angular range of 70–105@1#, and the diamond
symbols a later measurement covering a somewhat la
angular range (uc.m.520°–105°)@22#. There is a reasonabl
agreement in the present data with these measurements
-

in
b-

en
or

ns
by

ts
ent

er

and

with the data of Chappellet al. @20# ~dot-dashed curve on
figure!.

By contrast, the 02
1131

2 channel appears not to show th
structure observed in the measurement of Chappellet al. @20#
~dot-dashed curve on figure!. However, it should be noted
that this measurement covers a wider angular range.

The most interesting result is the very striking resonan
in the 31

2131
2 channel. Previous evidence for resonant str

ture was observed in the data of Chappell@23#, prior to mak-
ing efficiency corrections~dot-dashed curve on figure!. How-
ever, this new measurement reveals the resonance to
considerably narrower, with a width of around 1.5 MeV, a
there is no evidence for fine structure.

The data for the16Og.s.1
8Beg.s. channel have been re

stricted to the angular rangeuc.m.573°–109° as covered in
the measurements of Freemanet al. ~dotted curve on the fig-
ure!. There is very good agreement between the two m
surements and again there is no evidence for fine structur
should, however, be noted that the electronics setup was
marily designed to detect multiplicity 3 events which r
sulted in some difficulty in calculating the cross sections
this channel. To overcome this problem, the data were n
malized to the data in Ref.@19# at uc.m.590° on resonance
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FIG. 6. Angular distributions for the 02
1102

1 exit channel for the left- and right-hand side detectors show, on and above resonanc
filled circles show how the efficiency varies with angle in this channel.
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As a result, there may be some degree of systematic err
this channel, and detailed comparisons of cross-sections
tween this and other channels may not be possible.

Figure 4 shows the excitation functions for the four cha
nels involving the 02

1 or 31
2 state in association with th

second12C in a bound state@either the ground state~g.s.! or
the 21

1#. Two of these are relatively featureless, but t
02

11g.s. channel again shows a noticeable resonance a
aboveEc.m.532 MeV with a width of around 1.5 MeV and
interestingly, there is a prominent dip in the 31

2121
1 channel

at the same energy.
Angular distributions for those channels with spin ze

particles are shown in Figs. 5–7 for three energies below
and above the resonance energy. Because of the low yie
the 02

1102
1 channel, three adjacent energy runs have b

summed for the on and above resonance spectra and
energies for the below resonance spectrum. Similarly, for
02

11g.s. channel and16Og.s.1
8Beg.s. two adjacent energy

runs have been summed for each spectrum. The filled cir
show the detection efficiency as a function of angle. Os
latory structure is clearly defined in all three channels and
the case of the 02

1102
1 and 16Og.s.1

8Beg.s. channels, the
in
e-

-

ust

n
in
n
ve
e

es
l-
n

previously noted on-resonance enhancements at 90°
;54° @22# are clearly visible. The data are not sufficient
sensitive to confirm any such enhancement in the 02

11g.s.
channel. Angular distributions in the channels with nonze
spin are not shown here as the structure is less well defi

The observation that the resonance appeared particu
in the yield around 90° suggested that measurements aro
this angular region might be more sensitive to the resona
In order to investigate this, we have reanalyzed the exis
data over a restricted angular range between 70–105°.
also allowed a more direct comparison of the present m
surements with the earlier measurement of Wuosmaaet al.
and provided a comparison of the different exit chann
over the same angular range. Figure 8 shows the resu
excitation functions for the three 6-a channels.

Although there is little significant difference in the profi
of the resonance in either the 02

1102
1 and 31

2131
2 channels,

the 02
1102

1 appears to follow the trend in the earlier me
surement of Wuosmaaet al.more closely. As before, there i
a difference in the cross sections of the two sets of data
that of Wuosmaaet al. has been scaled.~Wuosmaaet al.
reported an on-resonance cross section of 15mb sr21.! In the
02

1131
2 channel, there is now an indication of a simil
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FIG. 7. Angular distributions for the16Og.s.1
8Beg.s. exit channel for the left- and right-hand side detectors below, on and a

resonance. The filled circles show how the efficiency varies with angle in this channel.
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structure which was not apparent in the excitation funct
taken from the wider angle data set.

The effect of this restriction in angular coverage in cha
nels involving the ground state or 21

1 state is shown in Fig.
9. A comparison of the excitation functions obtained fro
the restricted angular range~Fig. 9! with the wider angle
range shows the resonance in the 02

11g.s. channel to be
even narrower~500 keV!, with a similar narrow~0.5–1
MeV! structure appearing in the 02

1121
1 channel. There is

also weaker evidence for this structure in the 31
21g.s. chan-

nel.

IV. DISCUSSION

The most dramatic aspect of the present measuremen
that the resonance atEc.m.532.5 MeV previously observed
in the 02

1102
1 channel appears very strongly in a number

other inelastic channels, in particular the 31
2131

2 and
02

11g.s. channels. In addition, there is evidence for struct
in further channels 02

1131
2 , 02

1121
1 , and 31

21g.s. if the
angular region investigated is restricted to around 90°. F
thermore, the width of the resonance is very narrow~1.0–1.5
n

-

is

f

e

r-

MeV! in several of these channels, and even narrower~0.5
MeV in the 02

11g.s. channel! in the restricted angular rang
measurements.

Whether or not all the observed structures arise from
common resonance is still open to debate. This measurem
shows the structures to all appear at the same energy.
thermore, the similarity of the angular distributions in th
02

1102
1 and 16Og.s.1

8Beg.s. channels and the enhanceme
in structure around the 90° region in these and other ch
nels appears to provide a common link. Conversely, the
crepancy in widths may cast doubt on this link. However
the enhancement in the yield does arise from a true re
nance, it is possible for the apparent width and position
the resonance to vary in different exit channels and in diff
ent angular regions, depending on the degree of backgro
yield with which the resonant yield can interfere. In whic
case, the variation in the width of the structures observed
the angular coverage is changed must reflect interfere
with a different background yield. This observation grea
complicates our task of interpreting the data, in particu
because the present thin target data do not cover a suffic
energy range for the background level to be identified in
the channels. Moreover, in such circumstances total cr
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section data is needed, requiring a full angular covera
Even with such an extensive data set, a comprehensive in
pretation of the structures seen in all the channels in term
direct and resonant processes would be difficult as the re
tion processes leading to the background will probably
very different in the low lying~well matched! channels and
the higher channels.

If we do assume that the structures observed arise fro
common resonance, the strength in the different chann
must in some part be reflected by the different decay p
etrabilities in each channel. Table I shows the relative Co
lomb penetration factors for each channel calculated ass
ing a channel radius of 1.4(A1

1/31A2
1/3) and angular momenta

of 12, 14, and 16. For decay involving nonzero channel sp
full alignment is assumed. To some extent the different ch
nel strengths in the restricted angular region do appear to

FIG. 8. Excitation functions for the 6-a channels over an angu
lar range ofuc.m.570°–105°. The dotted curves show the data
Wuosmaaet al. @1# (uc.m.570°–105°) and the dot-dashed curve
show that of Chappellet al. @20# (uc.m.560°–110° in the
02

1102
1 channel,uc.m.565°–115° in the 02

1131
2 channel and

uc.m.565°–115° in the 31
2131

2 channel!. The later data of Wuos-
maaet al. @22# (uc.m.520°–105°) is shown by the diamond sym
bols. Both the data sets of Wuosmaaet al. have been scaled by a
factor of 0.7. The dashed curves show the efficiency variation
each channel.
e.
er-
of
c-
e

a
ls
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-
m-

,
n-
be

consistent with the trend shown in the penetration facto
However, the magnitude of difference between these fac
for the different channels varies with angular momentu
precluding a conclusive interpretation.

V. SUMMARY

Previous measurements have reported a dramatic r
nance in the 12C@12C,12C(02

1)#12C(02
1) reaction at

Ec.m.532.5 MeV. The present work shows that structure

f

n

FIG. 9. Excitation functions over an angular range
uc.m.570°–105° for the four exit channels involving the 02

1 or
31

2 state with the second12C in a bound state. The dashed curv
show the efficiency variation in each channel.
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TABLE I. Comparison of the Coulomb penetrabilities of the exit channels under investigation

a
1 P(02

11g.s.)/P(g.s.) P(02
1121

1)/P(g.s.) P(02
1102

1)/P(g.s.) P(02
1131

2)/P(g.s.)

12 0.71 0.71 0.19 0.46
14 0.53 0.54 0.039 0.21
16 0.27 0.27 0.0043 0.048

b
1 P(31

21g.s.)/P(g.s.) P(31
2121

1)/P(g.s. ) P(31
2131

2)/P(g.s.) P(16Og.s.1
8Be)/P(g.s.)

12 0.96 0.95 0.69 0.95
14 0.92 0.91 0.50 0.88
16 0.82 0.79 0.24 0.75
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also observed at the same energy in a number of othe
elastic scattering channels. The width of the resonanc
very narrow~1.5 MeV! in some of them and the appearan
of structure is enhanced in the 90° region.

The measurements point to the difficulties in interpret
coincidence data taken over a limited range of angular c
erage. Without a sufficiently extensive measurement i
possible that the yield will not reflect the total cross sect
in the various channels, making the extraction of par
widths difficult. Moreover, the measured position and wid
of a structure may not correctly reflect the true position a
width of the resonance. The continuing development of la
detector arrays will help in this respect.

The nature of the exit channels in which the resonanc
observed make the formation of an intermediate chain s
appear unlikely since a number of them have no struct
overlap with highly deformed prolate shapes. On the ot
hand, the narrow width of the resonances also poses p
lems for the band crossing model interpretation@15#. A weak
coupling model such as this must include couplings to m
more channels in order to reproduce widths of around
MeV. In particular, it would be of interest to see how th
.
ev

ro

s.
in-
is

v-
is
n
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d
e
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te
al
r
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y
1

inclusion of the 16Og.s.1
8Beg.s. channel affects the calcula

tion. An alternative explanation has been suggested@24,25#,
following the observation of structure in the 31

2131
2 chan-

nel. The proposed mechanism is based upon a reson
process involving the 31

2131
2 channel, similar to that in-

volved in the dramatic resonances observed in the 21
1121

1

channel@26#. The striking resonance in this channel appe
to provide some support for this model. However, the vari
of channels in which prominent structure is observed sugg
that further investigation of these resonances is required
fore any conclusions can be made.
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