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16O18Be breakup of 24Mg via the 12C„

20Ne,16O8Be…8Be and 12C„
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A study of the12C~20Ne,16O 8Be!8Be and12C~24Mg, 16O 8Be!12C reactions has revealed16O18Be breakup
occurring from specific states in the24Mg nucleus at high-excitation energies. A spin assignment has been
determined for one of these states from an angular correlation measurement of the breakup fragments. In the
20Ne beam reaction, states have been identified at 22.33, 22.96, 24.00, 24.43, 24.88, 25.53, 27.35, 27.97, 28.88,
and 30.13 MeV, and in the24Mg beam reaction states have been identified at 20.58, 21.54, 22.70, and 24.31
MeV. The results have been compared with previous measurements of the12C112C breakup channel.
@S0556-2813~98!03209-9#

PACS number~s!: 25.70.Ef, 21.10.Re, 27.30.1t
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I. INTRODUCTION

Following the initial observation of the12C112C molecu-
lar resonances by Almqvistet al. @1#, many experiments
have been performed in an attempt to establish a link
tween these resonances and states in24Mg and hence infer
some cluster structure within that nucleus. One line of
proach has been a study of the fission of24Mg into two 12C
nuclei in order to identify any correspondence with the sc
tering resonances and provide further insight into the str
tural properties of these states. Early studies used the e
trofission of 24Mg @2# and the inverse process of radiativ
capture@3#. Both these measurements revealed the existe
of a series of states around an excitation energy of 22 M
in the 24Mg nucleus. However, these states did not appea
coincide with the resonances observed in the12C112C sys-
tem. Inelastic scattering of alpha particles@4# and protons@5#
have also been used to excite the24Mg nucleus in an attemp
to probe these breakup states and, while these measurem
removed the low multipolarity restriction of the electrofi
sion and radiative capture measurements, the low detec
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efficiencies resulted in low breakup yields making interp
tation difficult.

More recently, inverse kinematic reactions have provid
a successful means of studying the12C112C breakup of
states in24Mg by scattering a24Mg beam from a12C target
~e.g. @6,7#!. For example, a measurement of th
12C~24Mg, 12C12C!12C reaction at 170 MeV indicated a serie
of states in24Mg displaying energy-spin systematics chara
teristic of a rotational band with large deformation@8#. Fur-
thermore, the moment of inertia deduced from these m
surements was close to that observed for the scatte
resonances. While these breakup results suggest the
tence of high lying excited states in24Mg with a pronounced
12C112C cluster configuration, no definite association
these states with the scattering resonances was poss
However, the results from a recent high resolution measu
ment of the12C~24Mg, 12C12C!12C reaction@9# would suggest
that the energies, spins and widths of the12C112C breakup
states are in good agreement with those of the molec
resonances. This gives a strong indication that there is a
rect relationship between these two phenomena.

Alongside the experimental evidence for the existence
highly deformed states in24Mg with a possible cluster struc
ture, theoretical calculations also indicate that such structu
may exist. Nilsson-Strutinsky calculations for the potent
energy surface in24Mg predict the existence of several stab
configurations at high deformation@10#. The cranked cluster
model developed by Marsh and Rae@11# also predicts that a
number of quasi-stable cluster configurations should exis
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1570 PRC 58J. T. MURGATROYDet al.
this nucleus and, on the basis of their deformation and s
model configuration, these cluster states have been as
ated with the minima in the Nilsson-Strutinsky calculatio
@12#. Cranked calculations suggest several of the minima
appear have moments of inertia consistent with that de
mined from the12C112C breakup results.

A study of the12C~20Ne,12C12C!8Be reaction@13#, using
an alpha transfer process to excite the states of interes
vealed states in24Mg showing close agreement with thos
seen in the24Mg beam data. The selective nature of t
transfer reaction suggests the association between t
structures and the octupole stabilized prolate minimum p
dicted by the Nilsson-Strutinsky calculations, which has
dominant 4p-4h configuration in its wave function. This
structure has a 3:1 axis deformation and in the cranked c
ter model regime corresponds to ana-16O-a configuration.
Interestingly, this prolate configuration has been associa
with the 12C112C molecular resonances by several auth
@11,14,15#, supporting the view that the12C112C breakup
reactions may be populating the same states seen in
12C112C scattering measurements.

If the prolate shape isomer is indeed responsible for
12C112C breakup yield, then theoretical models sugg
similar yields should be observed in other breakup chann
For example, the oscillator model developed by Harvey@16#
suggests that excited structures based on this configura
would be expected to break up into either the12C112C or
16O18Be partitions, with both fragments in their groun
states. In addition, time-dependent Hartree-Fock calculat
@17,18# suggest the vibrational motion of a12Cgs1

12C~02
1!

system gives rise to ana-16O-a or 16O-a-a configuration
for a considerable portion of the time which would aga
enhance decay to the16O18Be channel. Observation of th
same states breaking up into both the12C112C and16O18Be
channels would, therefore, support the association of
breakup states with the deformed prolate structure. Furt
more, a study of the asymmetric fission channel allows
possible identification of any odd parity states in the ro
tional sequence which are forbidden to decay by symme
fission and have therefore not been observed in ea
12C112C breakup measurements.

A measurement of the reaction12C~24Mg, 16O8Be!12C
has previously been reported by Fultonet al. @19# and did
indeed show breakup occurring from the excitation reg
of interest between 20–25 MeV. However, due to the rat
poor resolution and detection efficiency, no evidence w
seen in the16O18Be breakup yield for states similar to thos
seen in the12C112C channel. This measurement has the
fore been repeated with an improved detection arrangem
and, to complement this, a similar excitation region h
also been studied using the alpha transfer react
12C~20Ne,16O8Be!8Be.

II. EXPERIMENTAL PROCEDURE

The first experiment was carried out at the Nuclear Str
ture Facility at Daresbury using a 170 MeV24Mg beam to
study the12C~24Mg, 16O8Be!12C reaction. The second exper
ment was performed using a 160 MeV20Ne beam from the
88-Inch Cyclotron at the Lawrence Berkeley Laboratory
study the 12C~20Ne,16O8Be!8Be reaction. The detection
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arrangements used were identical in both experiments.
In order to reconstruct events with three-body final stat

it is necessary to obtain position and energy information
two of the three final-state particles. To detect and iden
the 16O nuclei, three heavy ion detector telescopes were
ployed. Each telescope consisted of three silicon surface
rier detectors; a relatively thinDE passing detector~30 mm!,
an intermediate thicknessE detector~300 mm!, and a final
stopping detector~2000 mm!. The stopping detectors wer
thick enough to stop alpha-particles passing through the t
scopes and could therefore be used in the offline analys
eliminate pile-up events involving alpha particles~of which
there was a very high flux!. The DE and E detectors were
position sensitive in one dimension, with orthogonal axes
as to determine both in-plane and out-of-plane position
formation. The three telescopes were mounted in a vert
arrangement to provide coverage for both in-plane and o
of-plane coincidences. In both experiments, the two te
scopes mounted above and below the horizontal scatte
plane were angled at 10° to the horizontal plane such tha
three telescopes were an equal distance from the target~120
mm!. In this configuration the solid angle subtended by ea
telescope was 6.94 msr.

In order to detect the two alpha particles from the break
of 8Beg.s., a 1000mm thick silicon strip detector was situate
on the other side of the beam axis. This detector consiste
sixteen position sensitive strips formed on a single silic
slice, with the horizontal and vertical dimensions of ea
strip being 50 mm and 3 mm, respectively. Using resist
charge division in the horizontal plane, signals were tak
from both ends of each strip. These signals then provided
energy and in-plane position information for each incide
alpha-particle. The vertical position of the strip in the arr
provided the out-of-plane position information for each d
tected alpha particle. A sheet of 175mm thick mylar ab-
sorber was mounted in front of this detector to prevent
damaging flux of elastically scattered beam particles fr
entering the detector. This detector was also situated 120
from the target position giving a solid angle of 170 msr.

In order to obtain the energy and position response of
heavy ion telescopes, a grid consisting of accurately p
tioned holes was placed in front of each telescope and e
tically scattered ions of known energy were recorded throu
each hole. This technique also enabled estimates of the
ergy and position resolutions to be determined. The16O en-
ergy resolution of the heavy ion telescopes was 400 keV
550 keV for the24Mg and 20Ne beam experiments, respe
tively, whilst the in-plane and out-of-plane position resol
tions were estimated to be' 0.6 mm.

The energy calibration of the alpha detector was obtai
using known states in 20Ne observed in the
12C~20Ne,16Oa!12C reaction, which was recorded simulta
neously with the data of interest. In both experiments,
energy resolution of each strip in the alpha detector was
tween 300 and 500 keV for single alpha particle events. T
position response of the strips in the alpha detector was
sumed to be linear and the in-plane position resolution fo
single alpha particle was estimated to be about 0.5 mm.
out-of-plane position resolution was governed by the hei
of the strips, which was 3 mm.

In the first experiment, data were obtained for one se
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PRC 58 157116O18Be BREAKUP OF24Mg VIA THE . . .
detector angles, 11.0° and 18.0° for the heavy ion telesco
and strip detector, respectively. Natural carbon targets
both 200mg cm22 and 400mg cm22 thickness were used
during this experiment, and the accumulated beam charg
the two targets was 1.23 mC and 5.57 mC, respectively, a
accounting for the dead-time of the data acquisition ha
ware.

In the second experiment, the strip detector was situa
at 21.0°, but data were taken at two angle settings of
heavy ion telescopes, namely 15.5° and 12.0°. A natural
bon target of thickness 240mg cm22 was used, and the ac
cumulated beam charge, after accounting for dead-time,
2.58 mC at the 15.5°/21.0° setting, and 1.64 mC at the 12
21.0° setting. The uncertainty in the accumulated be
charge is estimated to be about 25% due to an intermit
hardware malfunction.

III. ANALYSIS

The analysis of the data from both experiments follow
an identical procedure. The heavy ion telescopes provide
necessary particle identification to distinguish the16O nuclei
of interest in the breakup channel and also yield the ene
and angle information for each incident ion. The relati
energy of the alpha particles from the8Be decay is obtained
from the energies and angles of two coincident alpha p
ticles in the strip detector, after a correction has been m
for the energy loss in the mylar absorber. Figure 1 shows
reconstructed relative energy spectrum for coincident al
particles during the12C~20Ne,16O8Be!8Be experiment. The
Q-value for8Beg.s.breakup into two alpha particles is 92 ke
and 8Beg.s. events can, therefore, be selected by applyin
software gate on the peak at 92 keV in the relative ene
spectrum.

By obtaining the energy and angle information of t
16O18Be breakup fragments, conservation of moment
then gives the kinematic information on the unobserved
coil nucleus. The total energy in the exit channelEtot is the
sum of the measured16O and8Be energies and the calculate
recoil energy and this gives a measure of theQ value for a
particular reaction.

Only coincidences involving the middle of the thre

FIG. 1. Reconstructed relative energy spectrum for coincid
alpha particles in the strip detector. The peak at 92 keV signifies
breakup from8Beg.s. events.
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heavy-ion telescopes will be presented here because
statistics in the other two telescopes were rather poor. Fig
2 shows typical Etot spectra obtained from the
12C~24Mg,16O8Be!12C and 12C~20Ne,16O8Be!8Be reactions.
The peaks labeledQggg correspond to all three final stat
particles emitted in their ground states and subsequent lo
energy peaks correspond to excitation of one or more of
fragments.Qggg events are selected in software and the re
tive energy of the two detected breakup fragments is rec
structed to give a measure of the excitation in the24Mg
nucleus.

Figure 3 shows the reconstructed excitation spectra
tained from both reactions. The dotted lines on this figure
detection efficiency curves which have been calculated us
a Monte Carlo simulation, taking into account angle cov
age and energy detection thresholds, and requiring that
two alphas from the8Be breakup arrive in different strips o
the strip detector. The simulation assumes an expone
falloff of the primary reaction cross section with center-o
mass scattering angle and isotropic distributions for the24Mg
and 8Be breakup. It should be noted that while the variati
of the calculated efficiency with excitation is rather insen
tive to these assumptions, the absolute value of the efficie
is not, and hence the cross sections for different reacti
and different angle settings cannot be compared. Howe
as a guide to the order of magnitude, the Monte Carlo sim
lations indicate a detection efficiency of around 1% at
peak of the curve for both of the reactions studied.

The energy centroids and widths~FWHM! of the peaks in
Fig. 3 are shown in Tables I and II and have been obtai

t
e

FIG. 2. Total energy spectra for coincident16O18Be nuclei
from the 12C~24Mg, 16O 8Be!12C and the 12C~20Ne,16O 8Be!8Be
measurements. The peaks labeledQggg correspond to all three par
ticles being emitted in their ground states.
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1572 PRC 58J. T. MURGATROYDet al.
from a Gaussian peak fitting routine@20#. In addition to the
random error quoted on the excitation energy, all centro
are subject to an additional uncertainty of approximately 2
keV due to systematic uncertainties in the absolute excita
energy scale. Using a Monte Carlo computer code to sim
late the breakup process, the excitation energy resolutio
estimated to be'450–550 keV. Since the measured widt
are considerably greater than the simulated resolution, th
measured widths may represent the natural widths of
states. However, it is more likely that some or all of the
states are multiplets.

Information on the spin of the breakup states can be
tained from the angular correlation of the breakup fragme
@21#. This angular correlation can be expressed in terms
the center-of-mass scattering angleu* of the excited24Mg
nucleus and the breakup anglec, being the angle betwee

FIG. 3. 24Mg excitation spectra for the12C~24Mg, 16O8Be!12C
and 12C~20Ne,16O8Be!8Be reactions at two different angle setting
after gating on theQggg peaks of the correspondingEtot spectra.
The dotted lines show the relative coincidence detection efficie
as a function of excitation, calculated using a Monte Carlo simu
tion, as described in the text.
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the beam axis and the relative velocity vector of the brea
fragments. For24Mg nuclei scattered atu* 50°, and with a
spinless recoil nucleus, conservation ofJz determines that
only them50 substate can be populated for any state of s
J, where the beam direction is taken as the quantization a
If the breakup fragments also have zero spin, the distribu
of the breakup yield as a function ofc is then represented b
the square of a Legendre polynomial of orderJ. A measure
of the periodicity of the minima atu* 50° then identifies the
spin of the state.

Away from u* 50°, the restriction on populatingm50
substates is removed and the angular correlation beco
more complicated. However, if, as in these measureme
the breakup fragments are restricted by the detector arra
ment to be emitted approximately in the primary scatter
plane, some simplicity in the correlation is retained. Spec
cally, while the dependence of the yield onc is no longer a
squared Legendre polynomial of orderJ, it still oscillates
with the same periodicity, but with the phase shifted in p
portion to the value ofu* . Hence the angular correlatio
takes the form of a series of diagonal ridges in theu* -c
plane whose minima at theu* 50° axis coincide with those
of a squared Legendre polynomial of orderJ. A derivation of
this behavior is given in Ref.@21#. By projecting the data
back along the ridges onto theu* 50 axis, the spin of the
state can be determined by comparing the position of
minima in the projected data with squared Legendre poly
mials of various orders.

y
-

TABLE I. Excitation energies for the states identified in th
12C~20Ne,16O8Be!8Be reaction. The energy centroids, associated
rors and widths~FWHM! have been extracted using a Gauss
peak fitting routine@20#. Each peak is subject to an additional sy
tematic uncertainty of;250 keV. Using a Monte Carlo compute
code to simulate the reaction, the excitation energy resolution
each state is estimated to be'450–550 keV.

Ex (MeV) Error DEx (keV) Measured width~keV!

22.33 28 620
22.96 53 840
24.00 40 750
24.43 24 800
24.88 24 550
25.53 70 600
27.35 28 700
27.97 25 900
28.88 30 920
30.13 36 1080

TABLE II. States identified in the12C~24Mg,16O8Be!12C reac-
tion. Using a Monte Carlo computer code, the experimental res
tion is estimated to be'450 keV. For details, see caption for Tab
I.

Ex (MeV) Error DEx (keV) Measured width~keV!

20.58 40 1050
21.54 46 1320
22.70 64 1450
24.31 115 1800
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PRC 58 157316O18Be BREAKUP OF24Mg VIA THE . . .
It has also been shown@22,21# that the gradient of the
ridges in theu* -c plane is given by

du*

dc
5

J

l f
, ~1!

provided thatu* is small andJ! l f , where l f denotes the
dominant partial wave in the exit channel. IfJ is determined
from the periodicity of the ridges, a value forl f can then be
obtained from the gradient.

Figure 4 shows the two dimensional angular correlat
for the state identified at 24.43 MeV in th
12C~20Ne,16O8Be!8Be reaction, with data from the two ang
settings combined. In this plot, instead of using a spher
polar coordinate system, we have used the so-called ‘‘ax
coordinate system in which the anglesu* and c are pro-
jected into the horizontal scattering plane to giveuax* and
cax . It has been shown by Freer@23# that for detector ge-
ometries of the kind employed in these measurements,
axial coordinate system enhances the ridge structure in
correlation. The solid line around the data shows the ca
lated boundary of theu* -c acceptance for the two angl
settings combined, based on the energy and angle thresh
of the detectors. The dashed lines indicate the expected
sitions of the ridges in the correlation, based on a spin
signment ofJ59, l f522.

The corresponding projection along the ridges onto
uax* 50 axis is shown in Fig. 5. There is some uncertainty
the true angle of the ridges, and hence the angle wh
should be used for projecting the data. The angle we use
this case was that which provided the optimum peak
valley ratio in the projection. The projection has been ov
laid with squared Legendre polynomials of various ord
and on this basis it can be seen that the most suitable

FIG. 4. Angular correlation for the state identified at 24.43 Me
in the 12C~20Ne,16O8Be!8Be reaction. The solid line indicates th
calculated region of phase space accessible, whilst the dashed
indicate the expected positions of ridges in the angular correla
for a J59 state.
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assignment for this state isJ59. Based on the angle used
project the data, this assignment implies a value forl f of 22.
If we assume a stretched configuration such thatl i5 l f1J,
where l i denotes the dominant partial wave in the entran
channel, we obtain a value forl i of 31. This is somewhat
smaller than the value of the grazingl predicted by optical
model calculations using potential parameters obtained
fitting to elastic scattering data atEcm523.3 MeV @24# and
Ecm5146.3 MeV @25#. However, both potentials indicat
that a wide spread of partial waves is active in the surf
region, with T( l ) falling from 0.9 to 0.1 over the rangel
;30– 40. Hence, a value of 31 for the dominantl in this
reaction is not inconsistent with these calculations.

Unfortunately, the angular correlations for the other pea
observed in the two reactions studied do not have sufficie
well-defined ridge structure to allow definite spin assig
ments to be made. One likely reason for this is that the
served peaks are composed of two or more states of diffe
spins, and hence the structure in the angular correlatio
washed out.

nes
n

FIG. 5. Projection of the angular correlation data onto theuax*
50 axis for the state at 24.43 MeV identified in th
12C~20Ne,16O8Be!8Be reaction. The projection is overlaid wit
squared Legendre polynomials of various orders as indicated in
figure. On this basis the most suitable spin assignment for this s
is J59.
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1574 PRC 58J. T. MURGATROYDet al.
IV. DISCUSSION

Figure 3 shows the reconstructed excitation spectra
tained from the 16O18Be breakup measurements. Th
breakup is seen to occur from a series of discrete states in
range 20–30 MeV excitation in the24Mg nucleus. The exci-
tation energies of the individual states identified in the t
reactions are shown in Tables I and II. An interesting feat
of the breakup yields is that the12C~20Ne,24Mg* !8Be reaction
is seen to populate states towards slightly higher excita
energies than the12C~24Mg,24Mg* !12C reaction. This may be
explained by angular momentum matching favoring
population of higher-energy states by alpha transfer. The
fortunate consequence of this is that the region of overla
excitation energy observed with the two entrance channe
too small to allow a direct correspondence to be made
tween the individual states identified in each case. A sim
problem was encountered in previous measurements o
12C112C channel@8,13#.

The results from those measurements are shown in Fi
for comparison with the present measurements. In the
sence of spin assignments, it is difficult to make a definit
statement about the similarity of the states observed in
two decay channels. The16O18Be channel appears to have
larger density of states than the12C112C channel, but this
may be a result of the fact that observation of breakup st
with odd spin is not possible in the12C112C measurements
due to the symmetry of the final12C112C system, whereas
both odd and even spin states may contribute to the as
metric breakup yield. This hypothesis is supported by
observation of aJ59 state in the present work.

In an additional measurement of the12C~20Ne,12C12C!8Be
reaction carried out at a beam energy of 300 MeV@26#, no
breakup yield was observed from states above; 33 MeV
excitation in the24Mg nucleus, despite the higher energy a
angular momentum introduced into the system. The ce
tion of the yield in the12C112C breakup measurements wa
therefore, thought to arise from the termination of the ro
tional band associated with these states. Interestingly,
breakup yield in the12C~20Ne,16O8Be!8Be reaction dies away
at a similar excitation energy as in the12C~20Ne,12C12C!8Be
reaction despite the efficiency for detection remaining h
in this region in both cases.

V. SUMMARY

Two reactions have been studied to look for16O18Be
breakup of highly excited deformed states in24Mg. In the
reaction 12C~24Mg,16O8Be!12C, breakup has been observe
from a series of states in the range 20–25 MeV excitati
with individual states identified at 20.58, 21.54, 22.70, a
24.31 MeV. The alpha transfer reaction12C~20Ne,16O8Be!8Be
has revealed breakup occurring from a slightly higher ex
tation region in the24Mg nucleus, with states identified a
22.33, 22.96, 24.00, 24.43 24.88, 25.53, 27.35, 27.97, 28
and 30.13 MeV. The angular correlation of the breakup fr
ments has been used to obtain a spin assignment ofJ59 for
the state at 24.43 MeV.

The previously measured12C112C breakup states hav
been associated with a highly deformeda-16O-a structure in
24Mg with a dominant 4p-4h configuration. Theoretical cal
culations based on the cranked cluster model@11# suggest
b-
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this structure would readily breakup into16O18Be frag-
ments, and time-dependent Hartree-Fock calculations@17,18#
also suggest the importance of this channel. The present
show that breakup is indeed observed in the16O18Be chan-
nel, but the lack of spin assignments precludes any di
comparison with the12C112C breakup results. The singl
spin assignment which has been possible in this study is
a state withJ59. If the same states are being observed
both breakup channels, then measurements of this kind o
the possibility of investigating odd spin members of t
24Mg molecular band.
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FIG. 6. Comparison of breakup states observed in various r
tions, as indicated in the figure. The data for t
12C~20Ne,16O8Be!8Be reaction is the combined data from both t
angle settings used in the present work.
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