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12C1 12C and 16O18Be decay of24Mg states excited in the12C„

16O,24Mg…a reaction
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The population and decay of excited states in24Mg has been investigated through the12C~16O,12C12C)a and
12C~16O,8Be16O!a reactions, at beam energies of 75, 85, and 115 MeV. The fragments from the breakup of the
24Mg nucleus were detected in coincidence, permitting a study of both the excitation energies and the spins of
the fissioning states. These measurements indicate a series of states in24Mg between 20 and 40 MeV with
spins ranging fromJ54 to 14 \. The results are discussed in the context of the12C112C quasimolecular
scattering resonances and other24Mg breakup reactions.
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I. INTRODUCTION

There are a wide range of experimental techniques wh
may be used to probe highly excited nuclear states. Am
these, breakup studies have proved extremely profitable,
ticularly in the case of lights-d shell nuclei. In this experi-
mental approach the projectilelike nucleus is excited ab
particle decay thresholds in an interaction with a tar
nucleus and subsequently decays by particle emission.
excited states are then reconstructed following the coincid
detection of the breakup products. This technique has a n
ber of key advantages: for example, a broad spectrum
states can be accessed in a single measurement withou
need for detailed excitation function studies and, moreo
the reconstruction of the angular correlations of the brea
fragments can in many circumstances lead to a model in
pendent spin analysis.

The application of this technique to the nuclei24Mg @1,2#,
28Si @1,3#, and 32S @3,4# has provided evidence for symme
ric and near symmetric fission in these light systems.
example, a sequence of24Mg excited states (Ex.20 MeV!
are observed to decay into two12C nuclei. Similarly28Si and
32S have been shown to breakup into12C116O and
16O116O final states, respectively. Considerable effort h
been devoted to understanding the nature of these st
through the measurement of their spins and the study o
actions involving similar systems which differ by either o
proton or one neutron. The spin information@2# suggests tha
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the 24Mg states observed in the reactio
12C(24Mg,12C12C)12C may be associated with a rotation
structure with a moment of inertia corresponding to a hyp
deformed (e251.0–1.2! nuclear state. Furthermore, the d
cay process is observed to be highly selective in that
breakup proceeds from only a few states in an excitat
energy region in which there are several hundred states
MeV with similar spins. This selectivity may suggest that t
fissioning states possess a clusterlike structure. Moreove
study of the breakup of the nucleus25Mg @5# into 12C113C
found no evidence for such a process, indicating a dep
dence on the details of the structure of these nuclei.

Excitation function measurements have also provid
considerable evidence for such cluster structures@6#. For ex-
ample, a whole spectrum of so-calledquasimolecularreso-
nances are observed in the12C112C system, and this phe
nomenon extends to numerous other reactions involving
interaction of s-d shell nuclei. Detailed spin and partia
width analyses of these resonances suggest a common
with a molecularlike, dinuclear cluster structure. Howev
the complexity of the resonance structures in these syst
has prevented a definitive understanding of their origin, a
the precise nature and behavior of the underlying clus
structure.

It is interesting to speculate if the same resonant states
observed in the breakup and resonant scattering meas
ments, i.e., if the same nuclear configurations play a do
nant role in the fusion and fission processes. A high reso
tion measurement of the12C(24Mg,12C12C)12C reaction@7#
does indeed indicate that the quasimolecular resonance
represented in the spectrum of breakup states. In princ
this link could provide a new insight into the nature of th
quasimolecular resonances. The much broader spectru
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1278 57M. FREERet al.
processes which may be used to excite the resonant st
including inelastic excitation and single or multinucleo
transfer reactions, may provide additional information on
structure of the states and their relationship to the gro
state configurations. To this end, many breakup meas
ments have been performed, which in the24Mg system in-
clude 12C(24Mg,12C12C)12C @1,2,8#, 12C(24Mg,16O8Be)12C
@9#, 12C(20Ne,12C12C)8Be @10#, 12C(20Ne,16O8Be)8Be @11#,
12C(24Mg,20Ne a)12C @11#, 12C(20Ne,20Ne a)8Be @11#, and
12C(16O,12C12C)a @12–15#.

The studies of the 12C(24Mg,12C12C)12C and
12C(20Ne,12C12C)8Be reactions appeared to indicate that t
breakup process proceeded through a series of24Mg states
with a 4p-4h configuration. Consequently, these states h
been identified with the20Ne1a clusterlike configuration
which appears in the Alpha Cluster Model calculations
Marsh and Rae@16# and the hyperdeformed prolate min
mum (e251.0! in the Nilsson–Strutinsky calculations of Le
ander and Larsson@17#. On the other hand, there is som
evidence that the states observed in the above two reac
and the12C(16O,12C12C)a reaction are different to those i
the 20Ne1a and 16O18Be breakup channels@18#. Hence, it
is not clear if the same states are strongly sampled in
different decay channels. One possibility is that the vario
breakup channels are probing different clusterlike structu
and the breakup states have large partial decay widths to
respective final states. Certainly, both the Alpha Clus
Model and Nilsson-Strutinsky calculations predict the ex
tence of a variety of deformed structures, including triax
and oblate shape isomeric configurations. In order to test
hypothesis that different configurations are probed in diff
ent reactions, detailed measurements are required for a b
range of exit channels over a wide range of excitation en
gies, including the determination of spins of the decay
states. The data available at present in the literature are
fortunately incomplete, either in the sense that the spins
the states have not been identified or that the data are
stricted to narrow intervals of excitation energy.

In this paper we present the results of a wide rang
study of the 12C(16O,24Mg)a reaction, in which the24Mg
excited states decayed into the nuclei12C112C and
16O18Be. From the angular correlations of the decay pro
ucts we are able to deduce spins for many of the states
served. These data span the excitation interval from 20 to
MeV, which contains most of the previously observ
breakup states and quasimolecular resonances.

II. EXPERIMENTAL DETAILS

The 12C(16O,12C 12C)a and 12C(16O,16O 8Be)a reac-
tions have been studied with16O beams of energies of 75
85, and 115 MeV, provided by the Australian National Un
versity’s 14UD tandem accelerator. The integrated beam
posures at the three energies were 5.8, 7.0, and 6.4
respectively. The target was a 50mg cm22 natural carbon
foil.

Reaction products were detected in two gas-silicon hyb
detectors. The silicon elements of the detectors were 535
cm2, 16 strip, position-sensitive silicon strip detecto
~PSSSDs! @19#. The strips were oriented horizontally whic
provided a measurement of the position of the incident nu
tes,
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in this plane to within;1 mm ~this resolution is somewha
poorer than that cited in@19# due to the low energies of th
nuclei being detected!. The out-of-plane position was dete
mined from the vertical location of the active strip, an
hence the resolution in this direction was equal to the s
pitch ~3.125 mm!. The gas elements of the hybrid detecto
possessed 5 cm deep active volumes and were operated
pressure of 50 torr of propane, with 3.5mm thick mylar
windows. This gas pressure permitted the detection of12C
and 16O nuclei with energies as small as 15 and 18 Me
respectively, while still retaining sufficient charge (Z) reso-
lution to perform particle identification. The energy and p
sition responses of the detector telescopes were calibr
using the elastic scattering of 45 and 65 MeV12C nuclei
from 12C, 27Al, and 197Au targets.

The use of a strip detector within the gas volume a
allowed the identification of events in which8Be nuclei were
produced, since the subsequent decay to two alpha part
could be identified in separate strips. The two hybrid te
scopes were positioned symmetrically about the beam
and covered the in-plane angular intervals 11.9° to 28.1°
the beam energies of 75 and 85 MeV, and 15.9° to 32.1°
the 115 MeV measurement.

These gas-silicon hybrid detectors provided a determ
tion of the charge, energy and emission angle, and hence
assuming the mass, the momenta for each of the dete
nuclei could be calculated. From the recorded informat
and the principle of conservation of momentum, the mom
tum of the undetected recoil-like alpha particle was det
mined. This measurement of the complete reaction kinem
ics permitted a detailed study of the decay processes gi
rise to each particular final state.

III. DATA ANALYSIS AND RESULTS

A. The 12C„

16O,12C 12C…a reaction

Figure 1~a! shows the three bodyQ-value spectrum for
events in which two12C nuclei were detected and the ener
of the unobserved alpha-particle was reconstructed from
measured parameters. The peaks in this spectrum corres
to the three possible combinations of the two12C nuclei
being produced in their ground and first excited state~4.4
MeV!. TheQ-value resolution for this channel is;900 keV
and is dominated by the energy resolution of the hybrid
tectors.

The final state consisting of the two12C nuclei and one
alpha particle can be produced via two main processes
elastic scattering of the16O projectile followed by the decay
of the excited states into12C1a, or alternatively the decay
of 24Mg excited states into12C112C. In order to determine
the relative contributions from these two processes the
responding excitation energy in the three possible exc
systems has been calculated. The excitation energy in
24Mg nucleus was calculated from a measurement of
relative velocities of the two12C nuclei,

Ex~
24Mg!5

1

2
mv rel~122!

2 2Qbu, ~1!

where m is the reduced mass of the decaying syste
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57 127912C112C AND 16O18Be DECAY OF24Mg STATES . . .
v rel(122) is the relative velocity of the two12C fragments,
and Qbu ~213.93 MeV! is the breakup threshold for thi
decay channel.

The excitation energies of the two possible16O nuclei
were deduced from the reactionQ value by assuming, in
turn, that each of the two detected12C nuclei was the recoi
from the reaction12C(16O,16O* )12C,

Ex~
16O!5Qgs1Ebeam2E12C2

Pbeam
2 1P12C

2
22Pbeam–P12C

2M 16O

,

~2!

whereQgs is the reactionQ value for the case when the12C
and 16O nuclei are produced in the ground state~in this case
Qgs50 MeV!. Figure 2 shows a two dimensional spectrum
the possible16O excitations for the beam energy of 11
MeV. The horizontal and vertical lines in this spectrum co
respond to16O excited states at 10.4, 11.1, 14.8, 16.2, a
21.0 MeV, which are in good agreement with the tabula
values for two rotational bands in this nucleus@10.4 MeV
(41), 11.1 MeV (41), 14.8 MeV (61), 16.2 MeV (61),
and 20.8 MeV (81)# @20#. On the other hand, the diagon
lines correspond to the decay of excited states in24Mg. In
order to remove the dominant contribution from the16O ex-
cited states, only the data in the region above the loci of
21.0 MeV 16O excited states were selected for further ana

FIG. 1. Q-value spectra for the reactions~a! 12C(16O,12C12C)a
and ~b! 12C( 16O,16O8Be)a.
f

-
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sis, a procedure also performed in Refs.@12–15#. Figure 3~a!
shows the resulting spectrum of24Mg excited states which
decay into two12C nuclei.

A similar analysis was performed for the 75 and 85 Me
data, where dominant16O excited states were again remov
in order to reduce the background contributions to the24Mg
excitation energy spectra. In the case of the 75 MeV and
MeV data sets, the region above the 16.2 MeV16O excited
states was selected for analysis of24Mg excited states, and
the state at;21 MeV was selectively removed. The resu
ing 24Mg excitation energy spectra are shown in Figs. 3~b!
and 3~c!. The spectra for the three different beam energ
indicate the existence of excited states over the inte
Ex(

24Mg)520 to 39 MeV. The widths of the states appear
be rather uniform, suggesting they are dominated by the
perimental excitation energy resolution. The expected e
tation energy resolution and theQ-value resolution have
been estimated using Monte Carlo techniques. These s
lations suggest that theQ-value resolution should be;1
MeV and the excitation energy resolution for theEbeam5115
MeV measurement should be 480 keV, reducing to 350 k
for theEbeam575 and 85 MeV data. These values are close
those observed in the data. This experimental resolution
provides an upper limit for the widths of these states.

In the high excitation energy region (Ex.25 MeV! the
states observed at the three different beam energies ap
well correlated. The difference in the reconstructed exc
tion energy of the states is,200 keV, consistent with the
expected uncertainty of the absolute excitation energ
Table I lists the energies of the states observed in the th
measurements, and in the instance that states were obs
in more than one spectrum then the mean energy is quo
In the region between 20 and 25 MeV, several peaks app
only at one beam energy. For example, a peak at 23.4 M
appears only at the 85 MeV beam energy and a peak app
at 23.8 MeV only at the 75 MeV beam energy.

FIG. 2. The final state interaction in the12C(16O,12C12C)a re-
action atEbeam5115 MeV. The plot shows the two reconstructe
16O excitation energies corresponding to an association of the re
a particle with either of the two detected12C nuclei. The horizontal
and vertical loci correspond to16O excited states, and the diagon
loci correspond to24Mg excited states.
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1280 57M. FREERet al.
The solid curves shown in Fig. 3 are the results of Mo
Carlo calculations of the detection efficiency for th
12C(16O,12C12C)a reaction. The Monte Carlo code simulat
the sensitivity and performance of the detection system,
cluding the position dependent energy thresholds of the s
detectors, and also assumes realistic energy and angula
tributions. In the case of the above reaction the primary
gular distribution was taken to reproduce the angular dep
dence observed in the12C(16O,24Mg)a reaction shown in
Fig. 8 of Ref. @15#. The decay angular distributions we
modeled with an isotropic dependence. The effects of
restricted range of16O excitation energies imposed by th
selective analysis of the data were also included.

Figure 6 shows the excitation energy spectra for the
and 115 MeV summed together. This spectrum is compa
with the states observed in singles by Becharaet al. @21# in

FIG. 3. The 24Mg excitation energy spectra for the reactio
12C(16O,12C12C)a at the beam energies~a! 115 MeV, ~b! 85 MeV,
and~c! 75 MeV. The solid curve is the detection efficiency acco
ing to a Monte Carlo calculation, and the peak absolute efficien
are indicated.
e

-
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is-
-

n-

e

5
d

the 12C(16O,a)24Mg* reaction~vertical dashed lines!. In the
higher excitation energy region there appears to be rea
able agreement with the observed number of states and
energies, although a more detailed comparison is not p
sible due to the number of overlapping states, and espec
the incomplete spin information~see below!. There is also
the possibility of systematic uncertainties in the energy c
brations for both measurements. As is evident from the m
surements of Becharaet al., the level density over the mea
sured excitation energy region is higher than observed in
present measurement, particularly at low energies. T
could be due to a selective property of the12C112C decay
channel, for nuclear structure reasons. Alternatively, it co
also be that in this region the spectrum of states decay
into two 12C nuclei is more complex than revealed in th
present measurement.

B. The 12C„

16O,16O 8Be…a reaction

The analysis of the12C(16O,16O8Be)a reaction was per-
formed in a similar fashion to that for the12C( 16O,12C12C)a
reaction. However, in this instance the8Be nuclei were iden-
tified via the reconstruction of the relative energy@using Eq.
~1!# for all events in which two strips within a single tele

FIG. 4. The final state interaction in the12C(16O,16O8Be)a re-
action atEbeam5115 MeV. The plot shows the reconstructed12C
~horizontal loci! and 20Ne ~vertical loci! excitation energies. The
diagonal loci correspond to the decay of24Mg excited states.

TABLE I. Excitation energies and spins of24Mg states observed
in the 12C112C decay channel.

Ex(
24Mg) J Ex(

24Mg) J Ex(
24Mg) J

20.9 ~6! 25.9 ~10! 31.9 12
21.7 ~6! 26.4 ~10! ~32.5! ~12!

22.7 ~4/6! 27.0 10 33.2 12
23.4 ~4! 28.0 10 35.6 14
23.8 ~6! 28.4 10 36.7 ~14!

24.2 ~8! 29.2 12
25.0 8 30.0 10

-
s
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57 128112C112C AND 16O18Be DECAY OF24Mg STATES . . .
scope recorded particles. The8Be ground state was identifie
as a sharp peak in the relative energy spectrum at an en
of 92 keV, and only these events were selected for furt
analysis. Figure 1~b! shows theQ-value spectrum for the
reaction in which8Be and16O nuclei were detected. The tw
peaks correspond to the16O nucleus being formed in eithe
the ground state~Q527.36 MeV! or the unresolved 6.0
6.1, and 6.9 MeV excited states~Q5213.9 MeV!. The
Q-value resolution in this instance is 1.7 MeV.

The remainder of the reaction kinematics were rec
structed assuming the final state particles were8Be, 16O, and
4He nuclei. As in the preceding section, this final state c
also result from a number of different reaction process
including, the decay of12C excited states into8Be1a, 20Ne
excited states into16O1a or 24Mg states into16O18Be nu-
clei. The possible excitations of the nuclei12C and 20Ne
were calculated from the relations

FIG. 5. The 24Mg excitation energy spectra for the reactio
12C( 16O,16O8Be)a at the beam energies~a! 115 MeV,~b! 85 MeV,
and ~c! 75 MeV. The solid curve is the calculated detection e
ciency, as in Fig. 3.
rgy
r

-

n
s,

Ex~
12C!5Qgs1Ebeam2E16O2

Pbeam
2 1P16O

2
22Pbeam–P16O

2M 12C

,

~3!

Ex~
20Ne!5Qgs1Ebeam2E8Be

2
Pbeam

2 1P8Be
2

22Pbeam–P8Be

2M 20Ne

, ~4!

with Qgs50 and22.63 MeV, respectively. The excitation o
the 24Mg nucleus was calculated from Eq.~1! with
Qbu5214.14 MeV.

Figure 4 shows the reconstructed excitation energies
the 20Ne and12C nuclei produced in the12C(16O,8Be)20Ne*
and 12C(16O,16O)12C* reactions, plotted for the data wit
Ebeam5115 MeV data. This spectrum shows both horizon
and vertical loci, associated with peaks at excitation energ
of 14.5 and 18.8 MeV in12C and 20.8 MeV in20Ne. The
14.5 and 18.8 MeV peaks may be associated with the 1
MeV (41) and 18.6 MeV (32) 12C states and the peak i
the 20Ne spectrum lies close to a state previously observe
this reaction atEx(

20Ne)521.06 MeV@22#. There are strong
diagonal loci in this spectrum which may be attributed
excited states in24Mg decaying into the final state16O18Be.
In order to remove the background from the ‘‘contaminan
reactions, the data belowEx(

12C)519 MeV have been ex-
cluded and the state atEx(

20Ne)520.8 MeV has been selec
tively removed. The resulting24Mg excitation energy spec
trum is shown in Fig. 5~a!.

A similar analysis was performed for the beam energ
of 75 and 85 MeV, and the resulting excitation energy sp
tra as shown in Figs. 5~b! and 5~c!, respectively. For these
latter energies there was no evidence for the decay of12C
excited states, possibly due to the reduced excitation p

FIG. 6. The combined24Mg→12C112C ~solid line! and 24Mg
→16O18Be ~dotted line! excitation energy spectra for the 85 an
115 MeV data. The24Mg→16O18Be data have been multiplied b
a factor of 5. The vertical dashed lines in the figure correspond
the excitation energies of the24Mg states observed in the
12C( 16O,a) reaction@21#. The length of the lines indicate the dif
ferential cross section with which the state was observed to
excited.
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1282 57M. FREERet al.
ability for the smaller incident energies, and the spectra c
respond to the regionsEx(

20Ne).17 MeV and Ex(
20Ne)

.23 MeV for the beam energies 75 and 85 MeV, resp
tively. The solid curves in this figure correspond to Mon
Carlo calculations of the detection efficiency, as describe
the preceding section. The decay of the8Be into two alpha
particles and their subsequent detection in two differ
strips in the silicon strip detectors has been treated explic
in this calculation. The16O18Be decay channel can conta
contributions from both odd and even spin states~as opposed
to the 12C112C channel which possesses only even s
states!, and there is some evidence that the large widths
many of the peaks results from contributions from seve
unresolved states. The peaks observed in this decay cha
are listed in Table II. The reconstructed excitation ene
resolution is;700 keV. This is slightly worse than for th
12C1 12C decay channel and is, primarily, a consequence
the reconstruction of the24Mg excitation energy from three
particles rather than two. Figure 6 also shows the combi
spectrum for the 85 and 115 MeV beam energies, which
been multiplied by a factor of 5, and superimposed on
spectrum for the12C1 12C decay channel.

C. Angular correlation measurements

The complete determination of the reaction kinematics
the above reactions permits the effects of the alpha-par
emission from the primary28Si center of mass system, an
the subsequent decay from the24Mg excited states to be
decoupled. In certain circumstances, this allows the de
process to be studied model independently and he
through angular distribution measurements, the spins of
states to be unambiguously determined. In essence, the
gular correlations between the alpha-particle angle and
breakup angle are analyzed, providing information on
dominant entrance channel angular momenta in additio
the spin of the state populated. These correlations are ca
lated as a function of the two in-plane or axial@23# correla-

TABLE II. Excitation energies and possible spins of24Mg states
observed in the16O18Be decay channel. Spins which are also a
parently excluded are listed.

Ex(
24Mg) Possible spins Excluded spins

20.8
22.1 6,8
23.1 6
23.0
23.4 8
24.8 9,11 8,10,12
25.7 9,11 8,10,12
26.7
27.3 9,11 8,10,12
28.8 10,12 8,9,11
30.1 10,12 11
31.6 ~12!

32.5 13 10,12,14
33.4 11,13 10,12
34.2 11 10,12
r-
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in
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tion anglesu* andc, whereu* is the emission angle of the
24Mg nucleus in the scattering (28Si) center of mass frame
and c describes the subsequent decay process in the24Mg
center of mass system, with both angles measured with
spect to the beam axis.

Figure 7 shows an example of an angular correlation
the 12C1 12C decay of the state at 31.9 MeV. This spectru
demonstrates the nature of the angular correlations; there
a series of diagonal ridges. There are two independent m
ods for analyzing such correlation patterns. The first of th
is a study of the periodicity of the correlation structur
Since, in the above measurements, all the final state part
are in their ground states with zero spin (Jp501), for u* 50
the 24Mg nucleus is aligned in them50 magnetic substate
~taking the quantization axis to be the beam directio!.
Hence, under the above constraint, the angular distribut
of the decay products are described by Legendre polyno
als of orderJ, whereJ is the spin of the24Mg excited state.
At scattering angles away fromu* 50, the magnetic substat
populations of the24Mg nucleus are no longer constraine
and a variety of reaction amplitudes contribute to the angu
distributions. However, rather than removing the structure
the correlations which is evident atu* 50, the correlation
pattern becomes shifted such that

d2s

du* dc
}uPJ„cos~c1Dc!…u2, ~5!

whereDc5Du* l f /J andl f is the final state grazing angula
momentum in the28Si center of mass system. Consequen
the u* -c correlations appear as a series of diagonal rid
which intercept theu* 50, c axis at points corresponding t
the maxima of the functionuPJ(cosc)u2. This result was ar-
rived at by da Silviera@24# by considering the classical rela
tionship between the angular momenta involved in the re
tion, and later quantum mechanically by Marsh and Rae@25#.
The spin of the24Mg states can thus be deduced through
examination of thec dependence of the correlations alon
theu* 50 axis. Noting the ridge structure, the statistical s

-

FIG. 7. Theu* -c angular correlation for the 31.9 MeV, 121

state observed in the12C112C decay channel.
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FIG. 8. The projected angular correlations for the24Mg states observed in the12C112C decay channel. The solid lines correspond
Legendre polynomials of the order indicated on the figure, and represent the periodicity of the correlations.
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nificance of the data can be improved by performing a p
jection of the correlations onto theu* 50 axis at an angle
parallel to the ridges. This then results in angular distrib
tions whose periodicity, but not necessarily amplitude,
flects the spin of the nucleus,J. Clearly, the gradient of the
ridge structure is related to the spin of the state in a way
depends on the reaction mechanism through the magn
substate populations. If it is assumed that the entrance c
nel partial wave can be related toJ and l f through the rela-
tionship l i5J1 l f , which is the ‘‘stretched’’ configuration
corresponding to the lowest centrifugal barrier, then the rid
gradient gives a measurement ofl i , usingJ as determined
from the periodicity atu* 50. Conversely, ifl i is specified
thenJ determines the angle of the ridge structure.

Figure 8 shows a series of the correlations, for the exc
states observed in the12C112C decay channel, projected a
an angle which is consistent with the order of Legendre po
nomial shown in the figure~the appropriate value ofl i for
each beam energy is discussed below!. The quality of the
correlations in general can be seen to improve with incre
ing excitation energy. This could be a consequence of ei
an increased density of strongly selected states at the lo
excitation energies, resulting in overlapping peaks with d
ferent spins, or an increase in the selectivity of breakup st
compared to unresolved background states at the highe
citation energies. Monte Carlo simulations of the break
-

-
-

at
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n-

e

d

-
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-
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p

reaction have been used to provide an estimate of the r
lution with which the correlation angles are reconstruct
given the energy and position resolutions of the detect
These calculations imply that the uncertainties inu* andc
are;5° and;2°, respectively. Theu* resolution is domi-
nated by the size of the beam spot~1.531.5 mm2) whereas
the main factor effecting the reconstruction of the anglec is
the position resolution of the detectors. Further, the calcu
tions indicate that these resolutions remain constant for
three beam energies, and do not have an important effec
the change in quality of the correlations.

By requiring consistency between the periodicity of t
projected data and the angle of projection, it is sometim
possible to extend the spin assignments to cases where
correlations do not in themselves define a clear ridge an
The quality of the spin determinations depends to a la
extent on the quality of the correlation structure and
number of minima and maxima spanned by the data. T
correlation for the 31.9 MeV state~see Fig. 7! is an example
of a data set for which the spin can be assigned with a h
degree of confidence and the grazing angular momentum
termined. The diminishing structure at lower excitation en
gies implies that spins can be assigned with less certai
For example, the states at 20.9 and 21.7 MeV possess c
lations which suggestJ56 spin assignments, but for in
stance,J54 cannot be excluded with a high degree of c
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FIG. 9. The projected angular correlations for the24Mg states observed in the16O18Be decay channel. The solid lines correspond
Legendre polynomials of the order indicated on the figure, and represent the periodicity of the correlations.
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tainty. The spins implied by the angular correlation analy
are listed in Table I, where uncertain assignments are i
cated by brackets. Typically the magnitude of this unc
tainty is 62\. The entrance channel angular momentuml i
was not explicitly fixed in the analysis, but was found to
consistent for a given bombarding energy. The average
ues of the correlation gradients suggest that at the three
ter of mass energies, 32.1, 36.4, and 49.3 MeV, the domin
entrance channel partial waves werel i51661\, 1861\,
and 2261\. This trend is in general agreement with th
sequence of resonances observed in12C1 16O reactions
@26,27#, and the reported values ofl i519 and 21\ at the
center of mass energies of 34.5 and 42.4 MeV, respecti
@15#.

Figure 9 shows the projected angular correlations t
could be measured for states observed in the16O18Be decay
channel. Clearly, the quality of the angular distributions
not match those observed in the12C112C data, and corre-
spondingly the level of confidence in the associated spin
reduced. However, it is possible to suggest spins for man
the states and these are listed in Table II. Also presente
Table II are the spins which the correlations appear to
clude. In the instance that the correlations are consistent
two spins, both are listed in the table, with the preferred s
in boldface type. Once again, this analysis suggests domi
s
i-
-

l-
n-
nt

ly

t

is
of
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-

ith
n
nt

entrance channel partial waves ofl i51661\, 1861\, and
2261\ at the three energies, consistent with those measu
in the 12C112C decay channel.

IV. DISCUSSION

The states observed in the present measurement of
12C(16O,12C12C)a reaction can be compared with those r
ported in previous studies of this system@12–15#. Costanzo
et al. @12–14# have reported states at the excitation energ
of 26.3, 27.3, 28.4, 29.2, 30.7 (121), 31.6 (121), 35.1
(141), and 36.5 MeV (141). We have previously reported
states at 25.4, 26.2, 27.2 (101), 27.9 (121), 29.0 (121),
and 31.5 MeV (141) @15#. We believe that this latter se
quence of states corresponds to states in the present mea
ment at 25.0 (81), 25.9126.4 (101), 27.0 (101), 28.0
128.4 (101), 29.2 (121), and 31.9 MeV (121). There are
discrepancies between these two latter measurement
2400 keV for low excitation energies and1400 keV at the
other end of the excitation energy range, which is larger th
the combined uncertainties quoted in the two measureme
However, we note that in the previous measurement the
tection efficiency fell away extremely rapidly at the two e
tremes of the excitation energy spectrum and this may h
resulted in a distortion shifting the centroid energies of
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states at the end of the spectrum towards the center.
present measurement appears to confirm the findings of
tanzoet al. @14# for the states at 35.1 and 36.5 MeV, whic
we associate with the structures observed at 35.6 and
MeV, and confirm the assignment ofJ514. We are also able
to confirm the assignment of spinsJ510 and 12 to the state
at 27.2 and 29.0 reported in our earlier work@15#, which we
associate with the peaks at 27.0 and 29.2 MeV in the pre
data. However, the spins assigned to the states at
(J512! and 31.5 MeV (J514! in Ref. @15# cannot be con-
firmed. The beam energies for Ref.@15# were 80.5 and 99
MeV, and in principle it is possible that these two sta
could simply be absent from the present data. However,
more likely that the states observed here at similar excita
energies are indeed the same states, and the original
assignments should be revised. We conclude that these s
are in factJ510 ~28.0 MeV! and 12~31.9 MeV!. The latter
spin is in agreement with the assignment made by Costa
et al. @12# for a state at 31.6 MeV. Note, we interpret the da
of Ref. @12# as requiring a shift in the absolute excitatio
energies according to the arguments in Ref.@15#.

A. Comparison with the quasimolecular resonances

It is also interesting to compare the present sequenc
energies and spins with the so-called quasimolecular r
nances. For example, the results of James and Flet
@28,29#, from a measurement of the12C(12C,16O) 8Be reac-
tion, are listed in Table III. The similarities of the two sets
states is compelling, as there appears to be good agree
both in terms of the energies and spins of almost all of
structures in the present data. This strongly suggests a
between the present data and the quasimolecular band
served in the12C(12C,8Be) reaction. There is also a stron
correlation between resonances observed inu590°
12C112C elastic scattering yields as reported by Cosm
et al. @30# and the24Mg states decaying into two12C nuclei
observed in the present measurement. This correlation is
ticularly evident for the series of states in the excitation
ergy interval 28 to 34 MeV~see Table III!. The elastic partial
widths for the states listed in Table III, measured Cosm
et al. @30# indicate that in the case of the quasimolecu
resonances there is a strong link to the12C112C decay chan-
nel and only a weak connection with the16O18Be channel.
This would indicate that the states have a dominant12C112C
cluster structure. Curtiset al. @7# have also reported on
possible link between the breakup states measured in
12C(24Mg,12C12C)12C reaction and J54 quasimolecular
resonances observed in12C112C reactions. This relationship
appears to be verified by the present data.

B. Comparison with other breakup reactions

Figure 10 provides a comparison of the24Mg states
observed in the 12C112C decay channel, excite
in the 12C(16O,24Mg)a, 12C(24Mg,24Mg)12C, and
12C(20Ne,24Mg)8Be reactions@10,8#.1 The complexity of the

1Note that the states in Fig. 11~b! have been shifted by 200 keV i
order to coincide with those in Fig. 11~c!, as in Ref.@8#.
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three spectra make comparisons difficult. However, Led
et al. @8# have already commented on the similarity of t
states observed in the 12C(24Mg,12C12C)12C and
12C(20Ne,12C12C)8Be reactions, although this is based o
structural similarities and not measurements of spins or p
tial decay widths. Nevertheless, the similarities are striki
A measurement of the12C(24Mg,12C12C)12C reaction@2# in-
dicated that the states at 21.0, 21.7, 22.2 could be assoc
with spin 41 and the states at 22.8 and 24.8, 61 and 81,
respectively. Leddyet al. suggested that the states at 26
and 27.2 MeV in the12C(24Mg,12C12C)12C reaction pos-
sessed spins of>101. In the present measurement we o
serve a strong 81 state at 25.0 MeV, and 101 states at 25.9,
26.4, and 27.0 MeV, in close proximity to the possible 101

states in the12C(24Mg,12C12C)12C reaction, suggesting som
similarities between the two reactions. However, in the low
excitation energy region (20,Ex,24 MeV! there is dis-
agreement. Where the present measurement indicates
dominantly J56 structures the previous study foundJ54
states. Although we cannot completely excludeJ54 assign-
ments for the 20.9 and 21.7 MeV states, it does appear
the excitation energy spectra in the12C(16O,24Mg)a reaction
are more complex and structurally different in this regio

TABLE III. A comparison between the quasimolecular res
nances observed in the12C(12C,16O) 8Be @29# and 12C(12C,12C) 12C
@30# reactions, and the12C112C breakup states from the prese
measurement.

12C(12C,8Be)16O 12C112C elastic Present data
Ec.m. Ex Gc.m. J Ex J Ex J

9.05 23.0 6
9.98 23.9 200 6 23.8 ~6!

10.30 24.2 ~200! 8 24.2 ~8!

10.45 24.4 ~400! 6
10.62 24.6 300 8
10.96 24.9 300 8 25.0 8
11.20 25.1 ,450 ~6!

11.38 25.3 200 8 25.28 ~8!

11.90 25.8 500 8 25.88 ~8! 25.9 ~10!

12.36 26.3 300 8 26.4 ~10!

12.98 26.9 340 8 26.73 ~10!

13.37 27.3 300 10 27.13 ~10! 27.0 10
13.87 27.8 240 10 28.0 10
~14.15! 8
14.36 28.3 340 10 28.39 ~10! 28.4 10

28.58 ~10!

15.35 29.5 ;700 10 29.08 ~10! 29.2 12
16.13 30.1 ,400 10 30.38 ~10! 30.0 10
16.45 30.4 ,400 10
17.19 31.1 320 10 31.08 ~12!

17.78 31.7 500 12 31.43 ~12! 31.9 12
~18.6! 300 10
18.8 32.7 ;500 12 32.28 ~12! 32.5 12
19.46 33.4 230 12 33.28 ~12! 33.2 12

34.33 ~12!

35.6 14
36.43 ~12! 36.7 ~14!

37.23 ~14!
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Certainly there are several states in the present reaction
have no counterparts in the12C(20Ne,12C12C)8Be reaction.
For example, the states at 24.2, 25.9 and possibly 29.2 M
Due to the poorer resolution in the12C(24Mg,12C12C)12C
measurement it is difficult to conclude if these states
present or absent. Any differences of course reflect the
ferent reaction mechanisms populating the states in the t
instances. The12C(20Ne,24Mg)8Be reaction is likely to be
dominated by alpha-transfer processes strongly popula
4p-4h states in24Mg, and hence is highly selective. Furthe
more, the present measurement finds evidence for stat
35.1 and 36.5 MeV, whereas Murgatroydet al. @10# found
that states populated in the12C(20Ne,24Mg)8Be reaction ter-
minated at;33 MeV, again pointing to the selective pop
lation of states in the alpha-transfer reaction.

FIG. 10. A comparison of the24Mg excited states observed i
the 12C112C decay channel, populated in the reactions~a!
12C(16O,24Mg* ), ~b! 12C(24Mg,24Mg* ) @8#, and ~c!
12C(20Ne,24Mg* ) @10,8#.
at

V.

e
if-
ee

g

at

Previous studies of the12C(16O,24Mg)a reaction@15,21#
have indicated that the28Si compound system plays an im
portant role, and the alpha decay of the highly excited28Si
nucleus to states in24Mg might not be expected to be a
selective as alpha transfer. This decay of the compo
nucleus might be expected to populate higher spin states
which the angular momentum barriers are smaller. Statist
model calculations using the codeSTATIS @31# and the poten-
tials from Ref. @31# ~Table IV! indicate that atEc.m.532
MeV, l i516 \, there is an order of magnitude difference
the cross section for populatingJ54 and J56 state. The
small probability for excitingJ54 states compared toJ56
may account for the difference in the12C(16O,24Mg)a and
12C(24Mg,24Mg)12C reactions, with the latter seemingly fa
voring the population of the lower spin states. Furthermo
there does appear to be some evidence for a possibleJ56
state at 22.7 MeV in the present measurement which m
correspond to the 61 state at 22.8 MeV observed in th
12C( 24Mg,12C12C) 12C studies.

The conclusion from this comparison must be that
spectrum of breakup states is in fact complex, being co
posed of not only the 4p-4h configurations based on a20Ne
ground state, strongly fed by alpha transfer, but also ot
configurations. Previously@3#, the breakup or fission of24Mg
has been linked with particular cluster configurations co
nected with shape isomeric minima in the deformed24Mg
potential. The present data would be consistent with an
terpretation that more than one cluster configuration cont
utes to this process and hence presumably more than
minimum or alternatively more complex structures within
single minimum.

C. The 16O18Be decay channel and statistical model
calculations

In contrast to the similarities observed in the12C112C
decay channel, it is difficult to find the same level of agre
ment between the energies and spins of states observed i
16O18Be and 12C112C final states in the present data. Th
may in part be the result of an increased density of state
the 16O18Be channel due to the inclusion of states with o
spins. Certainly, in the low excitation energy regio
(20,Ex,24 MeV! there appear to be states of similar spi
in the two channels, and given the differences in the exc
tion energy spectra for the12C112C decay channel at 75 an
85 MeV, differences between the two decay channels in
energy region may not be significant. However, in the hig
excitation energy region (Ex.25 MeV! there do appear to
real and significant differences. Figure 11 shows a comp
son of the 16O18Be and 12C112C spectra atEbeam5115
5

0
9

TABLE IV. The potentials used in the28Si statistical model calculations, from Ref.@31#.

Channel
V1

~MeV!
V2

~MeV!
Rr

~fm!
ar

~fm!
W1

~MeV!
W2

~MeV!
Ri

~fm!
ai

~fm! Shape
Rc

~fm!

n127Si 48.2 20.3 3.75 0.65 11.5 0 3.75 0.47 Surf. 0
p127Al 52.2 20.3 3.75 0.65 11.5 0 3.75 0.47 Surf. 3.7
a124Mg 54.4 0 4.90 0.53 9.8 0 4.90 0.53 Vol. 4.04
8Be120Ne 14.0 0 6.10 0.49 0.4 0.15 6.10 0.49 Vol. 6.1
12C116O 17.0 0 6.49 0.49 0.80 0.20 6.10 0.15 Vol. 6.4
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MeV. In this instance the relative intensities of the sta
should indicate their preference for decay into these
channels. These spectra are clearly different. For exam
there is no evidence for the strongJ510 state at 27.0 MeV
in the 16O18Be decay channel. Also, apparently th
12C112C 121 and 101 states at 29.2 and 30.0 MeV, respe
tively, appear to coincide with 101 and 121 states 28.8 and

FIG. 11. A comparison of theEbeam5115 MeV excitation en-
ergy spectra with the results of the statistical model calculati
using the codeSTATIS @31# and the potentials given in Table V.
s
o
le,

-

30.1 MeV. However, given the uncertainty in the spin a
signments for the16O18Be channel, these may in fact be th
same states. The12C112C 121 state at 31.9 MeV may have
a counterpart at 31.6 MeV~121) in the 16O18Be data, but
the 33.2 MeV~121) state would appear to be absent. Fu
thermore, the doublet of 101 states which appear in th
12C112C spectrum at 28.0 and 28.4 MeV coincide with
minimum in the 16O18Be spectrum.

In order to assess the significance of the differences
similarities of the two spectra in Fig. 11 we have perform
a statistical model analysis of the decay probabilities us
the codeSTATIS @31# and the optical model parameters give
in Table V @32#. The results of these calculations are sho
in Fig. 11, where we have plotted the ratiosGCC/GOBe and
GCC/GTot . There are two features which are important. T
12C112C decay channel opens before the16O18Be channel,
and the ratios of the decay probabilities above the bar
tend toGCC/GOBe;0.6. Interestingly, the 101 12C112C de-
cay probability peaks at 27 MeV withGCC/GOBe;2. After
correction for detection efficiency, the;350 peak counts in
the 12C112C spectrum for the 27.0 MeV 101 state would
correspond to;45 16O18Be counts forGCC/GOBe.1 and
half this value for statistical decay. Hence, the lack of e
dence for this state in the16O18Be channel is not surprising
If the possible 121 state in the12C112C channel at 31.9
MeV corresponds to the16O18Be 121 state at 31.6 MeV,
then this indicates thatGCC/GOBe;1.5, which is agreemen
with statistical expectations. Similarly, if the states at 29
MeV (12C112C) and 28.8 MeV (16O18Be) both can be
identified with Jp5121, then this would sugges
GCC/GOBe;0.9, compared to the statistical expectation
1.3. Finally, if also the states at 30.0 MeV (12C112C) and
30.1 MeV (16O18Be) haveJp5101 then GCC/GOBe;0.9
compared with the statically expected value of 0.5, althou
this needs to be verified.

Thus, there is perhaps some evidence for the statis
decay of24Mg excited states in the region 25,Ex,33 MeV.
However, the doublet of 101 states at 28.0 and 28.4 MeV
would be expected to be represented in the16O18Be spec-
trum by peaks of;70 and;100 peak counts, respectively
for statistical decay. The present data indicate that an up
limit for the ratio GCC/GOBe is 5.661.5. This value of
GCC/GOBe has been determined by subtracting Gauss
peaks at 27.3 and 28.8 MeV with FWHM 0.7 MeV, and is
factor of 4 to 5 larger than statistical model predictions. T
difference would appear to be significant, although an imp
tant influence could be the proximity of these states to
16O18Be barrier. For example, a 10% decrease in the de
of the 16O18Be real and imaginary potentials results in

s

1
6
2
9

TABLE V. The potentials used in the24Mg statistical model calculations, from Ref.@32#.

Channel
V1

~MeV!
V2

~MeV!
Rr

~fm!
ar

~fm!
W1

~MeV!
W2

~MeV!
Ri

~fm!
ai

~fm! Shape
Rc

~fm!

n123Mg 48.2 20.3 3.56 0.65 11.5 0 3.55 0.47 Surf. 0
p123Na 56.0 20.55 3.56 0.65 13.5 0 3.56 0.47 Surf. 3.4
a120Ne 50.0 0 4.94 0.59 2.0 0 4.94 0.46 Vol. 5.1
8Be116O 14.0 0 6.10 0.49 0.4 0.15 6.10 0.49 Vol. 5.4
12C112C 14.0 0 6.18 0.35 0.82 0 6.41 0.56 Vol. 5.4
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1288 57M. FREERet al.
increase ofGCC/GOBe of 40% at 28 MeV. However, it should
be noted that 101 states are observed strongly in th
12C(12C,8Be) reaction at excitation energies of 27.3, 27
and 28.3 MeV, and these are presumably unattenuated b
barrier. The enhanced12C112C partial widths for these
states at;28 MeV is in agreement with the measurements
Cosmanet al. @30# further strengthening the association b
tween the breakup states and the quasimolecular resona

V. SUMMARY AND CONCLUSIONS

The 12C(16O,12C12C)a and 12C(16O,16O8Be)a reactions
have been studied at the beam energies of 75, 85, and
MeV. Evidence for the decay of24Mg states over the exci
tation energy interval 20,Ex,40 MeV can be found in both
reactions. We have performed an angular correlation ana
of the decay products and are able to deduce spins for m
of the states. A comparison of the two decay channels in
cates that some states may decay into the12C112C and
16O18Be final states with statistical probabilities. Howeve
more interestingly several states appear to favor the12C112C
decay channel. A comparison of resonant structures obse
in the 12C(12C,12C)12C and 12C(12C,16O)8Be reactions sug-
gests that the states observed in the12C112C decay channe
may be linked with the so-called quasimolecular resonan
in 24Mg. There are also indications that the24Mg states ex-
cited in the 12C(24Mg,24Mg) and 12C(20Ne,24Mg) reactions
which decay into two12C nuclei are also populated in th
12C(16O,24Mg)a reaction. However, this latter reaction a
.
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pears to be less selective in that a greater number of s
are excited.

These studies would benefit from higher quality data
the 16O18Be decay channel in order to more precisely d
termine the spins of the24Mg states which decay into thi
final state, and this would provide a more concrete comp
son with the12C112C decay channel. Measurements of t
absolute partial decay widths of the states observed in
breakup reactions could also provide an important insi
into the structure of these states. Further, a measureme
the 12C(16O,12C12C)a reaction at a significantly lower beam
energy might be expected to more strongly populate the
spin states in the barrier region (Ex520 MeV!, which would
provide an interesting comparison with the states observe
the 12C(24Mg,12C12C)12C reaction and the low spin quasimo
lecular resonances.
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