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Reaction mechanism populating12C¿16O breakup states in 28Si
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A measurement of the12C116O breakup of28Si following 24Mg scattering from targets of carbon, lithium
oxide, and beryllium has been performed. A study of the relative energy of the correlated12C and 16O
fragments has allowed the excitation energy of states in28Si to be determined. A comparison of the excitation
energy spectra in28Si obtained from the three targets indicates that the same states are populated in the
12C(24Mg,12C16O)8Be, 7Li( 24Mg,12C16O)t , and 9Be(24Mg,12C16O)5He reactions. The data support the hy-
pothesis that the reaction mechanism populating the12C116O breakup states observed in these channels isa
transfer, and rule out an alternative involving resonant, or ‘‘doorway,’’ states in the12C124Mg compound
system.

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

The near-symmetric fission of28Si excited states into12C
and 16O nuclei has been observed in a number of exp
ments in recent years@1–6#. The excitation energy spectrum
of the parent28Si nucleus, obtained from a study of the rel
tive energy of the correlated12C and 16O fragments@7#, is
seen to display discrete peaks in both the12C(20Ne,12C
16O)4He @4# and 12C(24Mg,12C16O)8Be @1–3# reactions. Evi-
dence for the12C116O breakup of28Si states has also bee
seen in the16O(16O,12C16O)4He reaction@6#. The 12C and
16O breakup of28Si may occur from states that are membe
of one or more highly deformed rotational bands, as is
case in the12C112C breakup of 24Mg @8#, and has been
suggested to be the case in the16O116O breakup of32S @9#.
The breakup states in28Si may also be expected to be close
related to the resonances seen in12C and 16O scattering at or
near Coulomb barrier energies, in analogy with the cor
spondence observed in the12C112C breakup of24Mg @10#.

The Nilsson-Strutinsky calculations of Leander and La
son @11# predict several minima in the potential energy s
face for 28Si, calculated as a function of spheroidal deform
tion parameters. In addition to the known oblate ground s
well, secondary minima also appear at triaxial, prolate, an
second oblate deformation. Several quasistable config
tions have also been found in thea-cluster model calcula-
tions of Zhanget al. @12#, and a correspondence was not
between the oblate~ground state! and prolate configuration
found in the Nilsson-Strutinsky work and those found in t
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a-cluster model calculations. The prolate structure seen
the a-cluster model work and associated with the prola
well in the Nilsson-Strutinsky calculations has a12Cg.s.
116Og.s. structure and it is suggested@12# that the higher
members of the corresponding rotational band may be on
the configurations populated in the12C116O elastic scatter-
ing resonances@13,14#. This prolate well has also been su
gested by Freer to be populated by the breakup states
served in the12C(24Mg,12C16O)8Be reaction@2#. However,
this association relies on a tentative spin assignment for
breakup states and more definite assignments would be
quired to enable a full comparison between the experime
data and the rotational band predicted for the prol
a-cluster configuration.

As noted earlier, breakup states are observed in
12C(20Ne,12C16O)4He @4# and 12C(24Mg,12C16O)8Be @1–3#
reactions, although there does not appear to be an obv
overlap between the two sets. However, Bennettet al. have
reported that no evidence is found for the sequential brea
of 28Si following the inelastic scattering of a28Si beam in
the 12C(28Si,12C16O)12C reaction@5#, and this suggests tha
particle transfer plays an important role in the formation
the breakup states observed. Using the model of Harvey@15#,
Bennettet al. @5# have shown that it is not possible for28Si
in the ~oblate! ground state configuration to breakup in
ground state12C and 16O fragments. In this case it is no
possible for the individual nucleons to rearrange themse
from the single-particle shell model orbits of the28Si ground
state to the single-particle orbits of the separate12C and 16O
fragments. The12C116O breakup of28Si is not forbidden by
the Harvey model, however, following, for example, ana
transfer onto a24Mg beam, as such a reaction is not r
stricted to populating the28Si ground state configuration
Indeed, the28Si states formed by combining12C and 16O
fragments in the Harvey model have a four-particle–fo
hole character. The model can therefore account for the
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N. CURTISet al. PHYSICAL REVIEW C 62 034603
servation of 28Si breakup in experiments using20Ne and
24Mg beams and the observed lack of breakup in
12C(28Si,12C16O)12C channel.

In this paper we report on an experiment performed
investigate the possiblea-transfer mechanism populating th
breakup states observed in the12C(24Mg,12C16O)8Be reac-
tion. Studies of this channel and the7Li( 24Mg,12C16O)t and
9Be(24Mg,12C16O)5He reactions have been performed, usi
targets of12C,7Li, and 9Be. The targets of7Li and 9Be were
chosen as these nuclei are known to exhibit strong (a1t)
and (a1a1n) ground state cluster structures, respectiv
~see, for example, Refs.@16,17#!. They are therefore wel
suited to the study ofa-transfer reactions. Experimentally
such a comparison between different targets is an attrac
method of studying the reaction mechanism. In this work
interest centers specifically on the breakup states in28Si, and
to ‘‘tag’’ their population requires the detection of th
breakup fragments. With this extra requirement the meas
ment of a conventional angular distribution for the prima
reaction becomes very difficult experimentally. In additio
the present approach automatically tests whether the12C tar-
get or the combined12C124Mg system has any special prop
erties necessary to populate the breakup states.

II. EXPERIMENTAL DETAILS

The experiment employed a beam of 170 MeV24Mg
ions, provided by the 14UD tandem accelerator of the D
partment of Nuclear Physics at the Australian National U
versity. The beam was incident separately upon target
nominally 380 mg cm22 natural carbon, 300mg cm22

lithium oxide, and 350mg cm22 natural beryllium.
The lithium oxide target was produced by evaporation

the oxide onto a previously prepared thin carbon backi
The elemental composition of an identical target from
same production batch was analyzed using Rutherford b
scattering~RBS! @18#. A beam of 1 MeV1H ions was pro-
vided by The University of Surrey Ion Beam Facility, wit
the scattered1H ions being detected at 165° in a silico
surface barrier detector. The RBS analysis revealed a c
position approximately consistent with LiCO4, with a total
thickness of 385mg cm22 plus the 12mg cm22 carbon
backing. The backing was clearly separated in the spect
analysis. The remaining carbon was distributed uniform
through the target and is believed to be a consequence o
target fabrication process. The lithium thickness w
62 mg cm22. The RBS measurements are believed to h
an absolute uncertainty of less than 20%.

Coincident 12C and 16O nuclei from the breakup of the
excited 28Si nucleus were detected in two gas-silico
scintillator hybrid detector telescopes placed horizontally
either side of the beam axis and centred at laboratory an
of 16°. The first element of each hybrid telescope was a
mm deep longitudinal gas ionization chamber filled to
Torr with propane, which acted as aDE detector. Behind this
was a position sensitive silicon strip detector, comprised
16 independent horizontal strips fabricated onto a sin
50 mm350 mm silicon wafer, 500 microns thick. Eac
strip was 3 mm wide and position sensitive along its leng
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The silicon detector provided both position and energy inf
mation, and when used in conjunction with the gas detec
also provided DE-E particle identification. A 50 mm
350 mm CsI scintillator, 10 mm thick, was placed behi
the silicon strip detector in order to veto light energetic p
ticles ~typically a particles! that passed through the silico
detectors. These light particles could otherwise be mista
for heavy ion events if a heavy ion was stopped simu
neously within the gas detector. These telescopes are an
tension of the gas-silicon hybrid detectors described pre
ously by Curtiset al. @7#. The distance from the target t
each silicon detector was 170 mm, and the angular acc
tance of each telescope was 87 msr. The beam exposure
the carbon, lithium oxide, and beryllium targets were 0.1
0.51, and 0.44 mC, respectively.

III. RESULTS AND DISCUSSION

Figure 1~a! shows the spectrum of the total summed e
ergy (Etot) for the three final fragments from th
12C(24Mg,12C16O)8Be reaction. The kinetic energy of th
unobserved8Be was determined by applying momentu
conservation between the24Mg beam particle and the two
detected breakup fragments, assuming a three-body
state@7#. The peak labeledQggg in Fig. 1~a! corresponds to
events where all three exit channel particles are emitted
their ground states. TheQggg peak therefore appears at
total energy value equal to the beam energy plus the th
body Q value (Q3) for the reaction~after allowances have
been made for the average energy loss of the beam par
and breakup fragments in the target!. For the
12C(24Mg,12C16O)8Be reaction,Q35214.137 MeV. In ob-
taining Fig. 1~a!, a recoil mass of 8 units has been assum
The justification for this comes from Fig. 2 which shows t
missing energy and the missing momentum of the un
served recoil particle. The recoil energy is deduced from
sum of the observed energies, whilst the momentum ca
lation relies on both the energy and position measureme
The quantity plotted on the horizontal axis isPrecoil

2 /2 and
hence theQggg events appear as a line with a slope given
1/mrecoil, wheremrecoil is the recoil mass. The intercept o
this line on the vertical axis is equal toQ3, the three-bodyQ
value for the reaction. The diagonal solid line in Fig. 2 ind
cates the predictedQggg locus for the12C(24Mg,12C16O)8Be
reaction. The region of increased counts along this line, c
responding to events falling under the peak labeledQggg in
Fig. 1~a!, indicate that these events are indeed associa
with a mass 8 recoil. The events appearing atEtot values less
than that of theQggg peak have a spectrum without any cle
narrow peaks, suggesting that they are dominated by ev
where the assumption of a three-body exit channel does
hold.

After selecting events appearing in theQggg peak in the
Etot spectrum the excitation energy in the excited28Si*
nucleus may be determined by considering the relative
ergy of the 12C and 16O breakup fragments@7#. The excita-
tion energy spectrum for the12C(24Mg,12C16O)8Be channel
is shown in Fig. 3~a!. In this spectrum a series of discre
peaks may be observed at excitation energies of appr
3-2
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REACTION MECHANISM POPULATING 12C116O . . . PHYSICAL REVIEW C 62 034603
mately 28.0, 29.8, 30.5, 31.4, 33.4, and 34.5 MeV. The m
sured centroid energies are listed in Table I and compare
a previous measurement@3#. The dashed line in Fig. 3~a!
indicates the predicted coincidence detection efficiency
tained from a Monte Carlo code that has been develope
simulate breakup reactions@10#. The peak detection effi
ciency is 15.7%. In this simulation an exponential fall-o
has been assumed for the angular distribution of the in
scattering, and an isotropic distribution is assumed for
breakup of the28Si nucleus. At excitation energies below 2
MeV the spectrum is suppressed by the proximity to
Coulomb barrier between the breakup fragments. At h
excitation energies there appears to be a reduction in
tected events due to a real fall-off in cross section with

FIG. 1. Total energy spectra for (24Mg,12C16O) reactions on the
carbon, lithium oxide, and beryllium targets. The inset to~a! shows
the limits of the software gate used to filter the data. In~c!, the
spectrum for the lithium oxide target is shown with a restricti
placed on the recoil momentum, as described in the text.
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citation energy. The double differential cross section for
12C(24Mg,12C16O)8Be reaction, integrated over all excita
tions in 28Si and averaged over the detector acceptance
given in Table II and has a value ofd2s/dV1dV25(0.41
60.05) mb sr22.

During the analysis of the data shown in Fig. 3~a! it
has been assumed that the detected12C and 16O nuclei
are fragments from the breakup of28Si. Of course, the
same final state particles may be produced
both the 12C(24Mg,24Mg* )12C,24Mg* →16O18Be and
12C(24Mg,20Ne* )16O,20Ne* →12C18Be reactions. If such
breakup occurred then the excitation energy spectrum re
structed between the detected16O nucleus and the8Be recoil
may show structure corresponding to breakup from spec
excited states in24Mg, as reported by Murgatroydet al. @19#.
Similarly, structure may be observed in20Ne following 12C
18Be reconstruction. Figure 4 shows a two-dimensional p
of the excitation energy as calculated assuming12C116O
breakup of 28Si against that calculated assuming the16O
18Be breakup of24Mg. Although it is possible to see verti
cal loci corresponding to the states seen in Fig. 3~a! in this
plot, there is no evidence for horizontal loci~corresponding
to 16O18Be breakup! or diagonal loci~corresponding to the
12C18Be channel!. Therefore the12C116O excitation en-
ergy spectrum shown in Fig. 3~a! does not appear to contai
contamination from24Mg or 20Ne breakup. This is not sur
prising since in both of these possible contaminant chan
the coincident detection of both a12C and an16O nucleus
would require that one of these detected particles wa
breakup fragment from the excited resonant nucleus and
the other was the recoiling target like nucleus, which w
have a very low energy. For both of these reaction chann
the energy of the recoil falls below the low-energy thresho

FIG. 2. Missing energy in the exit channel plotted againstp2/2,
wherep is the recoil momentum determined from momentum co
servation assuming a three-body final state. The data were obta
for the 12C116O breakup of28Si from the carbon target, and th
diagonal solid line indicates the expectedQggg locus for the
12C(24Mg,12C16O)8Be reaction.
3-3
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N. CURTISet al. PHYSICAL REVIEW C 62 034603
of the detector telescopes~14 MeV for 12C and 16 MeV for
16O) over the angular range covered (7.6° to 24.4° in
laboratory!.

Figure 1~b! shows a spectrum of the total summed ene
(Etot) for the (24Mg,12C16O) reaction on the LiCO4 target
reconstructed assuming a three-body final state and a m
recoil. For the 7Li( 24Mg,12C16O)t reaction, Q35
29.239 MeV. The peak labeledQggg is thus consistent with

FIG. 3. Excitation energy spectra for the12C116O breakup of
28Si from targets of~a! 12C, ~b! 7Li, and ~c! 9Be. The Monte Carlo
predicted efficiency profiles are indicated by the dashed lines.
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the reaction of interest. However, due to the composite
ture of the target, reactions involving the12C and 16O target
nuclei are also present in Fig. 1~b! and give rise to the high
level of background underlying theQggg peak. A clearer
selection of the events of interest is achieved by compa
the missing energy and missing momentum of the un
served recoil particle, as shown in Fig. 5. The predictedQggg

locus for the7Li( 24Mg,12C 16O)t channel is indicated by the
diagonal solid line. The region of increased counts along
line, indicated by the bounded region, corresponds to
Qggg events of interest. The figure shows that for the
events,Precoil

2 /2,7 MeV u, corresponding to triton recoi
energies less than;2.3 MeV. Figure 1~c! shows theEtot

spectrum with this additional requirement on the recoil m
mentum, in which the background underlying theQggg peak
is considerably reduced compared to that in Fig. 1~b! and
reflects the true background level. Events falling within t
bounded region of Fig. 5 were selected for subsequent an
sis @equivalent to selecting the peak region in Fig. 1~c!#. The
excitation energy spectrum thus obtained is shown in F
3~b!, where the dashed line again indicates the Monte Ca
predicted coincidence detection efficiency. Three disti
peaks may be observed at excitation energies of appr
mately 28.3, 29.9, and 33.8 MeV, and these centroids
compared in Table I with the energies observed for the12C
target data. The double differential cross section for
7Li( 24Mg,12C16O)t channel, averaged over the detector a
ceptances isd2s/dV1dV25(1.1660.23) mb sr22 ~Table
II !. The RBS value for the lithium content of the target h
been used. A study of the excitation energy reconstruc
assuming12C116O breakup of28Si plotted against that as
suming 16O1t breakup of19F indicates that there is no19F
or 15N(12C1t) breakup contamination in Fig. 3~b!. This
analysis was similar to that shown in Fig. 4 for the12C target
data.

Figure 1~d! shows the summed total energy (Etot) for the
three final fragments from the9Be(24Mg,12C16O)5He reac-
tion, for which Q3529.239 MeV. The peak labeledQggg
again corresponds to events in which all three particles
emitted in the ground state. Note that, although theEtot reso-
lution is fundamentally limited by the width of the unboun
5He ground state@G5(0.6860.03) MeV@20##, the limiting
TABLE I. Summary of the measured centroid energies of the states observed in the12C116O breakup of
28Si. In the first column the results of a previous measurement by Curtis@3# are shown.

12C(24Mg,12C16O)8Be 12C(24Mg,12C16O)8Be 7Li( 24Mg,12C16O)t 9Be(24Mg,12C16O)5He
Curtis present work present work present work

Ex Ex Ex Ex

~MeV! ~MeV! ~MeV! ~MeV!

28.2260.03 28.0360.02 28.3060.02 28.3560.01
30.0360.03 29.8160.01 29.9460.01 30.0960.01

30.4860.01
31.2960.10 31.4460.05
33.4360.04 33.3960.01 33.7960.02 33.7760.01

34.5060.01
3-4
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REACTION MECHANISM POPULATING 12C116O . . . PHYSICAL REVIEW C 62 034603
factors in the case of all targets are actually the energy
of the beam and fragments in the target, and the dete
energy resolution. For example, these effects contribute
proximately 900 keV to the width of theEtot spectrumQggg
peak for the9Be target data. The excitation energy spectru
discussed below, is unaffected by the recoil width. This
because the breakup of the5He recoil@or 8Be in the case of
the 12C(24Mg,12C16O)8Be reaction# occurs sequentially afte
the production of the excited28Si* nucleus, as indicated b
the peak in the three-bodyQ-value spectrum. A plot of the
recoil energy, obtained from energy conservation, against
missing momentum for the9Be(24Mg,12C16O)5He reaction
is shown in Fig. 6. The predictedQggg locus for this channe
is indicated and an area of increased events is again obse
in this region, indicating that these events are indeed ass
ated with a recoil mass of 5 units.

It is interesting to note that in addition to theQggg trajec-
tory observed in Fig. 6 there is also a region of increa

FIG. 4. Reconstructed excitation energy assuming12C116O
breakup of28Si plotted against that calculated assuming16O18Be
breakup of24Mg.

TABLE II. Cross sections for the12Cg.s.1
16Og.s. breakup of

28Si. The double differential cross sections are given in terms
laboratory solid angle, and are directly measured quantities~aver-
aged over the detector acceptances, and summed over all exci
energies in28Si). The total cross sections have had an efficien
correction applied, based on Monte Carlo simulations~and are
summed over the excitation range 27–36 MeV in28Si). The errors
labeled ‘‘stat’’ include an allowance for target-dependent effects
the efficiency corrections~see text!.

Reaction
d2s

dV1dV2
s(Ex527236 MeV)

Channel (mb sr22) (mb)

12C( 24Mg, 12C16O) 8Be 0.4160.05 13.963.2stat64.2sys
9Be(24Mg, 12C16O) 5He 1.4160.53 37.6613.6stat611.3sys
7Li( 24Mg, 12C16O)t 1.1660.23 33.069.6stat69.9sys
03460
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events intercepting they axis at (Erecoil2Q3)'5 MeV.
These events are identified as arising from the breakup
29Si via either the 9Be(24Mg,12C17O!4He or
9Be(24Mg,13C16O)4He reactions. Such events could be pr
duced by either transfer or incomplete fusion. The parti
identification information provided by the detector tel
scopes is limited to the fragment charge only, and it is the
fore not possible to distinguish between isotopes such as12C
and 13C ~or 16O and17O). In addition, the similar three-bod
Q values for the 9Be(24Mg,12C17O)4He (Q3
524.201 MeV) and 9Be(24Mg,13C16O)4He (Q3
523.398 MeV) reactions means that it is not possible

FIG. 5. As for Fig. 2, but for the lithium oxide target. Th
diagonal solid line indicates the expectedQggg locus for the
7Li( 24Mg,12C16O)t reaction. The position of the software gate us
to filter the data is also indicated.

FIG. 6. As for Figs. 2 and 5, but for the beryllium target. Th
diagonal solid line indicates the expectedQggg locus for the
9Be(24Mg,12C16O)5He reaction.
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N. CURTISet al. PHYSICAL REVIEW C 62 034603
distinguish between these two channels and determin
what extent each is responsible for the region of increa
events below the9Be(24Mg,12C16O)5He Qggg locus.

The excitation energy of the28Si* nucleus produced in
the 9Be(24Mg,12C16O)5He reaction, determined after gatin
on theQggg locus seen in Fig. 6, is shown in Fig. 3~c!. The
predicted coincidence detection efficiency is also sho
Three distinct peaks are observed in this spectrum at ex
tion energies of 28.4, 30.1, and 33.8 MeV~Table I!. These
energies are similar to those measured for both
12C(24Mg,12C16O)8Be and 7Li( 24Mg,12C16O)t reactions.
The double differential cross section, averaged over the
tector acceptances, is listed in Table II. As for the carbon
lithium oxide target data a study of the final state interactio
in 21Ne(16O15He breakup! and 17O(12C15He breakup! via
a plot analogous to Fig. 4 indicates that there is no ba
ground from these channels in the excitation energy sp
trum for the 9Be(24Mg,12C16O)5He reaction@Fig. 3~c!#.

A comparison of the excitation energy spectra for t
12C(24Mg,12C16O)8Be, 7Li( 24Mg,12C16O)t, and
9Be(24Mg,12C16O)5He reactions is given in Fig. 3 an
strongly suggests that the same states are being populat
the different reactions. The data in Table I imply that t
average difference in the measured centroids for the th
clearest peaks is 175 keV, a typical value of the uncerta
generally noted in reconstructed excitation energy spe
obtained from breakup reactions of this kind.

In fact it is possible to improve the resolution of the28Si
excitation energy spectra seen in Fig. 3 by restricting the d
to exclude the lower energy16O fragments. The relevant16O
energies span the range up to;125 MeV in the laboratory
and the threshold was set to reject energies be
;85 MeV ~this is turn places restrictions on the12C frag-
ment, as the energies of the two particles are correlated!. The
energy restriction is equivalent to placing a selection on
decay angle of the correlated fragments, so as to select
ward going 16O ions. Leeet al. @21# have previously noted
that such a reduction in the range of decay angles is kn
to improve the excitation energy resolution obtainable.
Fig. 7~a! the excitation energy spectrum for th
12C(24Mg,12C16O)8Be reaction, obtained following the16O
fragment energy gating, is shown. The improvement in re
lution when compared to the full data set@Fig. 3~a!# is clear,
with peaks now being visible at excitation energies of a
proximately 26.5, 27.9, 28.4, 29.7, 30.5, 31.6, 32.3, 33
33.5, and 34.4 MeV. The centroids and the measured wi
of the peaks are listed in Table III. The gated spectrum
the 7Li( 24Mg,12C16O)t channel is shown in Fig. 7~b!. As for
the carbon target data there is an improvement in the res
tion when compared to the full data set, with peaks n
being visible at excitation energies of approximately 28
28.5, 29.5, 30.4, 31.6, 33.0, 33.7, and 34.4 MeV~Table III!.
In Fig. 7~c! the gated9Be(24Mg,12C16O)5He excitation en-
ergy spectrum is shown. Again an improvement in resolut
is seen, although a large underlying background still rema
below the peaks. The peak centroids and widths are liste
Table III. The dashed lines in Fig. 7 indicate the Monte Ca
predicted coincidence efficiencies taking into account
fragment energy restrictions discussed above.
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The dotted line in Fig. 7~c! corresponds to an estimate o
the background included in the spectrum. This estimate
obtained by producing excitation energy spectra from dat
the regions immediately above and below theQggg peak in
the total energy spectrum for this channel. These data de
from processes other than that of interest and must sa
certain kinematic conditions in order to lie in this region
the total energy spectrum. They are well fitted in the exc
tion energy spectra by Gaussian distributions, with an av
age centroid of 32.6 MeV and a full width half maximum o
7.9 MeV. A Gaussian with these parameters is indicated
the dotted line in Fig. 7~c!, with the area adjusted to matc

FIG. 7. Excitation energy spectra for the12C116O breakup of
28Si obtained by restricting the16O fragment energy. The spectr
are for targets of~a! 12C, ~b! 7Li, ~c! 9Be, and~d! 9Be with back-
ground subtraction. The Monte Carlo predicted efficiency profil
taking into account the restriction on the16O fragment energy, are
indicated by the dashed lines.
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TABLE III. Summary of the measured centroid energies and widths of the states observed in th12C
116O breakup of28Si, obtained after gating on the energy of the16O fragment. The second list of9Be target
centroids and widths corresponds to the background subtracted excitation energy spectrum.

12C target 7Li target 9Be target 9Be target~2!

Ex DE Ex DE Ex DE Ex DE
~MeV! ~keV! ~MeV! ~keV! ~MeV! ~keV! ~MeV! ~keV!

26.5460.01 186650
27.9460.01 220627 28.1160.01 24622

28.2260.01 812631 28.2260.01 918624
28.4060.01 347637 28.5160.01 279635
29.7360.02 524647 29.4760.01 628619 29.5660.01 630618 29.5560.01 624613
30.4860.01 196630 30.4060.01 413621 30.4760.01 637627 30.4660.01 648618
31.5560.06 754678 31.5960.02 511663 31.6960.01 555637 31.6960.01 465622
32.3260.03 229677
32.9660.03 301657 33.0260.02 430644 33.2560.02 1040658 33.2460.01 844632
33.5060.02 507645 33.7060.02 551653 33.8560.01 254626 33.8560.01 283617
34.4460.02 366642 34.4060.02 431638 34.4660.01 574625 34.4660.01 516614
r

ium
3

ec

e
re

ree-
his

ed in
the

er-
nd
lu-
ts
to
the smooth fitted background under theQggg peak in the
gating region of the 9Be(24Mg,12C16O)5He total energy
spectrum. The subtraction of the estimated background
sults in the excitation energy spectrum shown in Fig. 7~d!.
This closely resembles the spectrum seen with the lith
target, with peaks observed at 28.2, 29.6, 30.5, 31.7, 3
33.9, and 34.5 MeV~Table III!.

The similarity noted between the excitation energy sp
tra for the three reactions appears to be enhanced by the16O
fragment energy gating. Not only is the average differenc
the measured centroids for the states listed in Table III
03460
e-

.2,

-

in
-

duced to 125 keV, but there is also a generally good ag
ment between the measured widths of the peaks. T
strongly suggests that the same states are being populat
the different reactions. The lowest widths observed, of
order of 200–250 keV~depending on the target!, are consis-
tent with Monte Carlo predictions@10# of the excitation en-
ergy resolution. These simulations include the detector p
formance, the effects of interactions in the target a
contributions from the reaction kinematics and beam reso
tion ~see Table IV!. The values predicted for the three targe
range from a resolution of 240 keV for the carbon target
mined
en all
TABLE IV. Contributions to the resolution in the reconstructed excitation energy spectrum as deter
from a Monte Carlo simulation. Each effect is simulated individually. The total resolution predicted wh
effects are simulated together is also shown.

Effect 12C target 7Li target 9Be target
contribution contribution contribution

~keV! ~keV! ~keV!

Beam energy loss in target ,1 ,1 ,1
Beam energy spread ,1 ,1 ,1
Beam divergence ,1 ,1 ,1
Beam energy straggle in target ,1 ,1 ,1
Beam spot size 5 4 6
Detector telescope energy resolution 68 66 66
In-plane position resolution 103 105 104
Out-of-plane position resolution 125 132 131
Fragment energy loss in target 95 88 134
Fragment energy straggle in target 14 14 16
Fragment angular straggle in target 83 87 84
Fragment energy straggle in detector window 25 24 25
Fragment angular straggle in detector window 41 39 40
Fragment energy straggle in gas detector 34 34 34
Fragment angular straggle in gas detector 22 22 22

All effects simulated together 239 239 260
3-7
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260 keV for the beryllium target. The errors associated w
these values are expected to be of the order of 10%.
Monte Carlo results suggest that although the lower wid
are likely to be limited by the experimental resolution, it
possible that either the natural widths of many of the wid
states have been observed, or that they are multiplets.

A more complete comparison between the excitation
ergy spectra shown in Fig. 7 requires knowledge of the
gular momenta of the states. From previous work only o
tentative spin assignment exists, for theJ 5 (11) state at
approximately 29.7 MeV in the12C(24Mg,12C16O)8Be chan-
nel @2#. Other work @3# found no structure in the angula
correlations of the breakup fragments. This was also the c
in the present work and can be attributed to two factors
was also noted in the previous work@3#. First, the individual
peaks lie upon a high level of background events which
present due to the significant underlying background
cluded in the gate on theQggg peak in the total energy spec
trum. The width of this gate is determined by the total ene
resolution. Monte Carlo simulations indicate that this is
turn is limited by the thickness of the targets used during
experiment to increase the breakup yield. Secondly, the d
sity of states is expected to be relatively high for the12C
116O breakup of28Si, as suggested by the number of res
nances seen in12C116O scattering measurements@13,14#. In
the 12C(24Mg,12C12C)12C reaction, for which spin assign
ments have been made@8#, the exit channel symmetry dic
tates that only states with even spin may be observed. In
12C116O case, however, no such restriction applies, and
possible to populate both even and odd spins. The obse
resolution of;250 keV in the excitation energy spectru
~see Tables III and IV! could easily be insufficient to resolv
two neighboring states of even and odd~but similar! spins. In
such cases, the structure in the angular correlation will
lost. In principle, a future experiment could improve the e
citation energy resolution by means of improved angu
resolution, requiring a much larger detector array. TheEtot
resolution could also be improved by using thinner targe
which would further improve the excitation energy reso
tion ~see Table IV!. Thus, spin assignments may eventua
become possible.

Although no spin assignments have been made for
states it is important to consider how the angular momen
matching fora transfer varies between the reactions on
three targets (12C,9Be, and 7Li). This has been estimate
using the approach of Brink@22#, wherein the overall good
ness of matching has been calculated as a function of e
tation energy, for each reaction, as described by Any
Weiss et al. @23#. For a given final spin in 28Si, the
functional form for the matching using7Li and 9Be targets
are almost identical, with the overall magnitude enhanced
a factor of approximately 2–4 for7Li. For the 12C target, the
curve closely resembles the9Be results in form and magni
tude, but is shifted down in excitation energy by;7 MeV.
Representative calculations are shown in Fig. 8. Overall,
region of excitation for which the present experiment is o
timized @Ex(

28Si)527–35 MeV# is best matched for
a-transfer populating states withJ5(11 6 3) for all three
targets, with the matching for different spins almost identi
03460
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in the case of7Li and 9Be. This not only strengthens th
inference drawn from the similar shapes of the28Si excita-
tion energy spectra for the three targets, but also provi
some support for theJ5(11) assignment made for the sta
at ;29.7 MeV in the12C(24Mg,12C16O)8Be channel@2#.

The double differential cross sections for reactions w
the three targets (12C,9Be, and7Li), summarized in Table II,
are directly measured quantities~in the laboratory frame!.
However, they are implicitly averaged across the detec
acceptances, and as such are sensitive to the precise ex
mental geometry. A procedure to correct for the coinciden
efficiency has been devised, based on the Monte Carlo si
lations, to give an estimate of the total cross section for
(24Mg,12C16O) reaction. To achieve this, each of the exci
tion energy spectra shown in Fig. 3 were corrected for co
cidence efficiency~indicated by the dashed lines! on a
channel-by-channel basis, and integrated over the excita
energy region 27–36 MeV which spans the observed st
ture. For each target, the background contribution to the
citation energy spectrum was estimated from the peak
background ratio in the gating region of theQggg peak in the
correspondingEtot spectrum@shown in Figs. 1~a!, 1~c!, and
1~d! for the 12C,7Li, and 9Be target data, respectively#, and
this was used to scale the integrated counts accordingly.
statistical errors were combined in quadrature with an ad
tional uncertainty of 20% to account for relative variations
the angular distributions of the scattered28Si* for different
targets ~the angular acceptance in terms of the12C-16O
breakup angle was typically 100°, which is sufficient to i
tegrate over any structure in the breakup correlation!. An
additional estimated systematic error of up to 30% in
efficiency calculations, applicable to the absolute scaling
all targets, is shown separately. The total cross sections
tained using this procedure are included in Table II, a
follow the same systematics as the double differential cr
sections, namely that the7Li and 9Be targets give values o
order three times the12C target value.

Tanabeet al. @24# have studied the (6Li, d) reaction on
24Mg in normal kinematics and observed states in28Si up to

FIG. 8. Angular momentum matching probability for th
(24Mg,28Si) reaction at 170 MeV, fora-cluster transfer to aJ
511 state in28Si, using targets of12C,9Be, and7Li.
3-8



tly
ifi

b
y

a

-
th

at
n

so
tio
e
ts
d
ci
t

am
e
he
lf-

eri-
wer

re

re-

ed in

ia
ther

e-
er

er-
nce-

p-
rch

k
nd
the

ion
uld

ey
at-

REACTION MECHANISM POPULATING 12C116O . . . PHYSICAL REVIEW C 62 034603
;20 MeV, above which the background rose significan
even at the quite high beam energy of 72.7 MeV. No sign
cant breakup of28Si is expected for states below;26 MeV
~see Fig. 3 from the present experiment!, because although
the 12C116O threshold occurs at 16.75 MeV, the Coulom
barrier of approximately 8.5 MeV inhibits low-energ
breakup. Thus, the study of12C116O breakup states in a
conventional (6Li, d) or (7Li, t) experiment is extremely
challenging and inverse kinematics as used here offers m
advantages.

IV. SUMMARY

A comparative study of the12C(24Mg,12C16O)8Be,
7Li( 24Mg,12C16O)t, and 9Be(24Mg,12C16O)5He reactions
strongly suggests that the same excited states in28Si are
populated in the three cases. Ana-transfer process is iden
tified as the most likely reaction mechanism populating
12C116O breakup states observed in28Si. This is consistent
with the suggestion that the reactions are populating st
associated with the prolate minimum in the Nilsso
Strutinsky potential energy surface of28Si, which has a four-
particle–four-hole configuration. In order to extend the as
ciation between the states observed in the different reac
channels it is desirable that a higher resolution measurem
be performed, with the aim of obtaining spin assignmen
This would require the use of thinner targets and better
tector resolution, implying a combined increase in coin
dence efficiency and beam exposure. Carbon would be
best choice from the targets considered here, if the s
techniques were to be employed. This is because ther
very little contribution from background processes in t
12C(24Mg,12C16O)8Be reaction, and because thin se
.
ith

e
o
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supporting carbon targets are readily available. This exp
mental advantage would easily compensate for the lo
cross section measured for the12C target compared to7Li or
9Be. In addition, theJp501 ground states of12C and 8Be
should allow an angular correlation analysis to give mo
complete spin information@25#. Besides providing further
tests of the proposeda-transfer mechanism, such a measu
ment would allow a detailed comparison with the12C116O
scattering resonances, as has been successfully achiev
the 12C112C channel@10#. It is also important to extend
these measurements to12C116O breakup states observed v
other entrance channels and hence populated via o
mechanisms. The 12C(20Ne,12C16O)4He and
16O(16O,12C16O)4He reactions have previously been r
ported@4,6# and are thus candidates for further study. Furth
experiments may also include a comparative study of diff
ent decay channels to provide some measure of any enha
ment above statistical, as has been applied to24Mg breakup
@26#.
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