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Evidence for a highly deformed band in 12C¿16O breakup of 28Si
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The 16O(16O,12C16O)a reaction has been studied at incident energies of 90 and 97 MeV. States in28Si are
reconstructed over the excitation energy range 22–45 MeV, and the spins of six states, ranging from 92 to
172, were obtained from angular correlation measurements. A comparison of these breakup states with scat-
tering resonances indicates that some of the breakup states lie below the locus of the12C116O scattering
resonances, and may belong to a highly deformed band with a rotational parameter of (4265) keV and a
bandhead energy ofEx5(26.360.9) MeV.
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I. INTRODUCTION

In the last decade much evidence has emerged for a
between the resonances observed in the elastic scatteri
alpha-conjugate light heavy ions such as12C112C and 16O
116O @1–3# and the excited states of the respective co
pound nuclei seen in symmetric cluster breakup initiated
various reactions@4–9#. Early breakup studies used inelas
scattering to excite the incident heavy ions and invari
mass or resonant particle spectroscopy@10# to obtain the ex-
citation energy of the states in the compound nucleus;
spins of the states can also be determined using angular
relation techniques@11–14#. A high resolution study of the
12C112C breakup states of24Mg was carried out by Curtis
et al. @15# which indicated a close overlap between the en
gies, spins, and widths of the breakup states with those o
scattering resonances. A greater understanding of
breakup reactions was provided by the Harvey model@16#
which led to predictions@9# that four-particle–four-hole
~4p-4h! transfer reactions were required to observe brea
of 32S into 16O116O. The Harvey rules were later shown
emerge naturally from a model using a two-center deform
harmonic oscillator@17#. Using the 12C(24Mg,16O16O)a re-
action, Curtiset al. @18# provided evidence for a highly de
formed dinuclear configuration in32S with a rotational pa-
rameter which followed the trend of the16O116O scattering
resonances.

The experimental situation for cluster asymmetric nuc
such as28Si is more difficult, because there is an increas
density of states for the breakup into nonidentical clust
which form natural parity bands with both even and odd s
sequences. This demands a higher experimental resolu
for the states to be resolved. Bennettet al. @9# first observed
breakup yield to unresolved states in28Si via the
12C(24Mg,12C16O)8Be reaction, and later work by Freer@19#,
0556-2813/2001/63~3!/034315~8!/$15.00 63 0343
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using the same reaction, obtained the spin of one state a
excitation of 30.0 MeV in28Si. Murgatroydet al. @20# saw
states of excitation energies of 30–40 MeV via t
12C(20Ne,12C16O)a reaction, but were unable to resolve th
states or to see any structure in the angular correlations

Freeret al. @21# investigated the reactions of16O at 80.5
MeV and 99.0 MeV with both12C and16O targets and found
evidence for a strong final state interaction to popul
breakup states in24Mg and 28Si. For the12C(16O,12C12C)a
reaction, the angular correlations for24Mg determined the
spins of four new states and, interestingly, these lay outs
~and below! the locus of the scattering resonance on the p
of Ex vs J(J11). However, the yield for the
16O(16O,12C16O)a reaction was a factor of 5 smaller, an
most of the12C and 16O coincidences were shown to aris
from inelastic scattering from the carbon backing on the t
get, followed by breakup of the excited16O to 12C1a.
Hence, the excitation energy spectrum obtained for28Si at
80.5 MeV showed only unresolved peaks and no yield w
obtained at 99 MeV. Further work by Shawcross@22# using
the 12C(24Mg,12C16O)8Be, 7Li( 24Mg,12C16O)3H, and
8Be(24Mg,12C16O)5He reactions, at 170 MeV, has dete
mined the spins of two states, which, like the state obser
by Freer@19#, appear to lie below the boundary of the loc
of the scattering resonances@23–25#.

The present work follows from the initial observations
Freeret al. @21# and uses the16O(16O,12C16O)a reaction at
energies of 90 and 97 MeV to make new measurement
12C116O breakup of states in28Si using a lithium oxide
target and a detector array which was optimized for t
reaction. In Sec. II, the experimental setup is described,
in Sec. III some brief details of the analysis techniques
given, as well as a discussion of the results of the spin
signments made using angular correlation techniques, w
Sec. IV compares the existing and present measuremen
©2001 The American Physical Society15-1
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the context of some theoretical models using the two-ce
harmonic oscillator shell model@26,27# and the alpha-cluste
model @28#.

II. EXPERIMENT

This experiment was carried out at the Australian N
tional University, Canberra. The 14UD tandem Van
Graaff accelerator was used to accelerate16O ions onto a
Li2O (100 mg cm22) target mounted on a12C backing
(10 mg cm22), producing the reaction16O(16O,28Si)a with
a Q value of27.16 MeV. This leads to the breakup of th
28Si compound nucleus, with the observed channel be
12C116O (Q5216.76 MeV). Beam energies of 90 Me
and 97 MeV were used.

The breakup fragments from the reaction were detec
by two gas-Si hybrid detectors@29# placed asymmetrically
on either side of the optical beam line in the scattering cha
ber. AtEbeam590 MeV detector 1 was at a polar laborato
angle of 21.4 ° and detector 2 was at 27.6 °. AtEbeam
597 MeV the angles were 30.2 ° and 23.6 °, respective

The detectors were placed asymmetrically about the b
axis so that the breakup fragments could be observed
ciently at both beam energies. As16O is the heavier of the
two breakup products it will be projected at more forwa
angles than the lighter12C, thus requiring one detector at
forward angle to pick up the16O and the other detecting th
12C. It is still possible to record coincidences with the ions
the other detectors, although the efficiency is lower in t
case.

The hybrid detectors used in this experiment consist o
longitudinal ionization chamber, with a Mylar window, and
16-element position sensitive silicon strip detector~PSSSD!.
They are similar to detectors used in other experime
@15,30–32# carried out by the CHARISSA Collaboration.

III. ANALYSIS AND RESULTS

To analyze these data the resonant particle spectros
~RPS! technique was used, first proposed by Robson@33#
and developed by Rae@34#. This method is used to provide
full kinematic reconstruction of breakup reactions.

The three-bodyQ value is defined as the difference b
tween the kinetic energy of the reaction and the beam
ergy, and is given by

Q5~E11E21Erecoil!2Ebeam, ~1!

whereE1 andE2 are the energies of the breakup fragmen
The final total energy spectrum, which is the energy of

three final state particles, reveals a peak, denotedQggg ,
which corresponds to all three decay products emergin
their ground states. ForEbeam590 MeV the centroid of the
Qggg peak is at (82.6560.01) MeV which is in good agree
ment with the expected value of 82.57 MeV. ForEbeam
597 MeV the centroid of theQggg peak is at (89.87
60.01) MeV which is also in good agreement with the e
pected value of 89.58 MeV. The total energy spectrum for
MeV is shown in Fig. 1. A Monte Carlo simulation@35# of
the reaction and detection processes indicates an energy
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lution of 1.6 MeV@full width at half maximum~FWHM!# in
reasonable agreement with the measured experimental v
of 2.2 MeV.

Selecting events within theQggg peak allows the rejection
of any exit channel particles which are in their excited stat
The excitation energy (Ex) of the resonant nucleus can the
be obtained from the relative energy of the breakup partic
(Erel) and the two-bodyQ value (Q12516.7 MeV for the
12C116O breakup of28Si) for the breakup reaction, i.e.,

Ex5Erel1Q12. ~2!

However, particles detected in the experiment may
come from the28Si resonant nucleus, but from the break
of other nuclei, leading to states created by the final s
interactions between the breakup and recoil particles. P
ting the relative energy between the12C anda nuclei against
the relative energy between the16O and thea nuclei will
produce spectra, such as that shown in Fig. 2, with horiz
tal, vertical, and diagonal loci. The horizontal and vertic
loci show final state interactions between the breakup fr
ments and the recoil nucleus, which correspond to state
16O and20Ne. The vertical loci in Fig. 2 show states of 7.3
10.50, and 15.69 MeV in20Ne and the horizontal loci show
states of 8.83 and 13.16 MeV in16O. These correspond to
known states in20Ne @36# and 16O @37# that decay bya
emission. The diagonal loci are the final state interactions
the two detected fragments, i.e., states in28Si. A gate, with
lower limits of 21.0 MeV inErel(

16O-a) and 16.5 MeV in
Erel(

12C-a) ~upper right quadrant in Fig. 2!, was used selec
only those states which are found in the28Si nucleus, reduc-
ing any background created by states in the20Ne and 16O
nuclei. The projection of the spectrum, within this window
onto thex and y axes is also shown in Fig. 2. Outside th
window the peaks correspond to the states seen in16O and
20Ne. However, inside the window the spectra are featu
less, indicating that there is no background from reson
states in16O or 20Ne, and thus this data should correspond
the decay of states in28Si. The excitation energy spectra fo
28Si at beam energies of 90 and 97 MeV are shown in F
3 and 4, respectively. The dashed lines in Figs. 3 an

FIG. 1. The total energy spectrum for the16O(16O,12C16O)a
reaction atEbeam590 MeV.
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EVIDENCE FOR A HIGHLY DEFORMED BAND IN 12C . . . PHYSICAL REVIEW C 63 034315
indicate the detection efficiency determined by the Mo
Carlo simulation code. Indicated are the peaks where ang
correlations were taken and spin assignments found. Th
states were at 30.27 and 32.87 MeV atEbeam590 MeV and
at 32.81, 34.50, 36.60, and 37.87 MeV atEbeam
597 MeV. A region centered on 39.01 MeV was also an
lyzed atEbeam597 MeV. Figures 3 and 4 show that on
one state atEx532.87 MeV seems to be populated at bo
beam energies, despite similar efficiencies at the two e
gies. The state atEx530.27 MeV, which is strongly excited

FIG. 2. Relative energy between each breakup product and
alpha for16O112C coincidences atEbeam590 MeV. The software
window used to select the states in28Si is the upper right quadrant
The spectrum on they axis shows the projection of these data to t
left of the line at 21 MeV and the spectrum on thex axis shows the
projection above the line at 16.5 MeV.

FIG. 3. Excitation energy spectra of28Si at Ebeam590 MeV.
The dashed line represents the Monte Carlo simulation of the
ciency.
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at 90 MeV, is only weakly excited at 97 MeV, and no ang
lar correlation could be obtained to confirm the spin assi
ment made at 90 MeV. These rapid changes in the spect
with a small change in energy are not consistent with a dir
reaction mechanism which would produce smooth chan
with energy, but suggest that these states are populate
resonances in the32S compound nucleus whicha decay into
states in28Si.

Angular correlations

Once a complete kinematic reconstruction of these dat
achieved, then the angular momentum of the state may
extracted. To do this, an angular correlation technique
used. A two-dimensional plot of the angle (c) between the
relative velocity vector (v rel) and the beam axis is plotte
against the emission angle (u* ) of the 28Si in the center-of-
mass frame@11–14#. An example of this plot is shown in
Fig. 5 for the state at 32.87 MeV.

In the reaction16O(16O,12C16O)a, the two 16O nuclei in
the entrance channel have a spin of zero, so foru* 50, the
excited 28Si nucleus will be in them50 magnetic substate
For this case the angular distributions of the12C and 16O
decay products from a particular state will be described
the square of a Legendre polynomial,

d2s

du* dc
}uPJ~cosc!u2, ~3!

where the order of the polynomial~J! is the spin of the ex-
cited state of the28Si nucleus.

At scattering angles away fromu* 50 the 28Si nucleus
can be populated in other magnetic substates, with a var
of amplitudes contributing to the angular distributions.
however, the contributions from nonzero magnetic substa
vary slowly with scattering angle, the correlation becom
shifted @38,39#, so that

he

fi-

FIG. 4. Excitation energy spectra of28Si at Ebeam597 MeV.
The dashed line represents the Monte Carlo simulation of the
ciency.
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N. I. ASHWOOD et al. PHYSICAL REVIEW C 63 034315
d2s

du* dc
}uPJ@cos~c1Dc!#u2, ~4!

whereDc5Du* l f /J andl f is the dominant angular momen
tum of the exit channel, usually taken as the grazing ang
momentum.

If c is plotted againstu* , a series of diagonal ridges i
typically seen in these data. At the intercept point on
u* 50 axis the ridges will correspond to the maxima a
minima of the functionuPJ(cosc)u2.

To extract the spin of the nucleus, the order of the Le
endre polynomial is selected so that the periodicity of
peaks in the polynomial matches those of the ridges w
projected onto theu* 50 axis. The parity of the state wil
then be given byp5(21)J. Figure 6~a! shows the projec-
tion of the ridges seen in Fig. 5 onto theu* 5 0 axis.

The projected correlation for the state at 30.27 MeV
shown in Fig. 6. In this case the projection of these data o
the u* 50 axis, at two different angles, can be equally w
described byJ59 andJ511. As these data are limited to
narrow band it is not possible to produce a unique spin
signment. The minimum atc0590 ° indicates a state o
negative parity which is also consistent with this assignme
These assignments are in good agreement with that of F
@19# for the same state.

The state at 32.87 MeV can be seen in the excitat
energy spectrum at both beam energies. However, ang
correlations produced different spin assignments at e
bombardment energy. AtEbeam590 MeV a spin assign-
ment of (112) was made and atEbeam597 MeV a spin of
(121). The projection at each energy are shown in Figs. 7~a!
and 7~b!, respectively. There are two possible reasons
this discrepancy. Ambiguities will arise in the data due to
small widths of the bands formed in the angular correlat
plots, such as that in Fig. 5. The angular correlation can t
be projected at different angles onto theu* 50 axis and thus
different polynomials can fit these data; however, as th
data spanu* 50, the spin assignments always possess

FIG. 5. Plot ofu* -c for the state atEx532.87 MeV atEbeam

590 MeV. The solid lines representu* 50 and c590 °. The
dashed line represents the angle of projection.
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same parity. The parity assignments for the peak at 32
MeV are different at each beam energy. One explanation
this is that a state of 112 is populated at a beam energy
Ebeam590 MeV, whereas atEbeam597 MeV a different,
but unresolvable, state of 121 is populated. This would be
consistent with the ideas of compound nucleus resonance
32S. The quality of the projection atEbeam590 MeV ap-
pears to indicate that a unique spin is not sufficient to
scribe these data.

FIG. 6. Projection of theu* 2c spectrum for the state atEx

530.27 MeV onto theu* 50 axis atEbeam590 MeV.

FIG. 7. Projection of theu* 2c spectrum for the state atEx

532.87 MeV onto theu* 50 axis at~a! Ebeam590 MeV and~b!
Ebeam597 MeV.
5-4
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EVIDENCE FOR A HIGHLY DEFORMED BAND IN 12C . . . PHYSICAL REVIEW C 63 034315
Many of the measured states were found to have wid
much larger than others. This could be evidence of un
solved~possibly mixed-spin! doublets. This results from th
high density of states in28Si, where, unlike for the24Mg or
32S cases previously studied, both odd and even spin s
can be observed in the asymmetric breakup channel. A
example, Fig. 8~a! shows the state at 34.50 MeV with Leg
endre polynomials of order 13 superimposed. The minim
at c0590 ° indicates that the state is of negative pari
which is consistent with a 132 state. However, the pea
seems to be split into two. A software window on the rig
side of the peak produced the angular correlation in F
8~b!. This correlation, with a minimum atc0590 °, also
indicates a negative parity and is consistent with a state w
spin (132). This assignment is in good agreement with tho
of Shawcross@22# for the same state. In addition, a sp
assignment of 161 ~shown in Fig. 9! was also made for the
state at 37.87 MeV.

We have investigated the background to the excitat
spectrum by gating on all the regions between the vis
peaks. In onlyone region, centered atEx539.01 MeV of
the spectrum atEbeam597 MeV, could we find a structured
angular correlation~Fig. 10! where there was no dominan
peak. A polynomial of order 17 has a good match with t
periodicity of the ridges, and there is a minimum atc0
590 ° indicating negative parity, so that a spin ofJ
5(172) is tentatively assigned. One explanation for th
structure in the correlation is that it reflects a set of un
solved states whose spins must beJ517 ~or close to this
value!. An alternative explanation is that the structure of t
angular correlation results from interference arising fro
many overlapping states of different spins which produc
coherent pattern with the minimum at 90 °. Except for th

FIG. 8. Projection of theu* 2c spectrum for the state atEx

534.50 MeV onto theu* 50 axis atEbeam590 MeV. ~a! is the
projection when gating over the whole of the peak and~b! is the
projection of the right side of the peak.
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single region, we can be confident that the angular corr
tions are unaffected by the background spectrum un
the peaks, and do not affect the spins assignments liste
Table I.

Table I summarizes the measured states for beam ene
of 90 MeV and 97 MeV, respectively, with their correspon
ing spin assignments and widths. The Monte Carlo simu
tion of the energy resolution in the excitation energy sp
trum yields a value of 206 keV~FWHM! at Ex530 MeV,
consistent with the smallest values seen in this work. A
quoted is the grazing angular momentum of the entra
channel (l gi). This is derived from the gradient of the ridge

Du*

Dc
5

J

l f
5

J

l gi2J
, ~5!

wherel f (5 l gi2J) is the grazing angular momentum of th
exit channel. Tentative assignments are shown in bracke

FIG. 9. Projection of theu* 2c spectrum for the state atEx

537.87 MeV onto theu* 50 axis atEbeam597 MeV.

FIG. 10. Projection of theu* 2c spectrum for the region a
Ex539.01 MeV onto theu* 50 axis atEbeam597 MeV.
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TABLE I. States observed via the12C116O breakup of28Si atEbeam590 and 97 MeV, with correspond
ing spins, grazing angular momenta, and widths. Values in brackets are tentative spin assignmen
asterisk represents a possible mixed-state doublet.

Excitation energy J Ebeam Lgi Width
~MeV! (\) ~MeV! Previous work (\) ~keV!

30.2760.02 92,112 90 81,92 @3# 21.3961.82 798666
(11261) @19#

32.8160.04 (121) 97 22.5861.69 8546163
32.8760.02 (112) 90 19.3961.31 942678
34.5060.03 (132) a 97 121,141 @22# 26.0061.82 14466170*

(132) b 81,101 @2# 26.0061.88
36.6060.06 (101) 97 121 @3# 22.8961.82 2936123
37.8760.04 161 97 112 @3# 23.6361.40 8926433
39.0160.06 (172) c 97 25.6661.96

aWhen gating over all of the peak.
bWhen gating over the right hand side of the peak.
cWhen gating over a region centered on 39.01 MeV.
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IV. DISCUSSION

The measured spin assignments~Table I! show that there
is good agreement with both the scattering resonances@2,3#
and previous breakup data@19# for the state at Ex
530.27 MeV. For example, the spin assigned to the 34
MeV state (132) is in good agreement with that o
Shawcross@22#. However, the assignedJ values are greate
than those of the scattering resonance data for excitat
above Ex532.24 MeV. Figure 11 shows anEx vs J(J
11) plot for the present data, the previous breakup data,
the scattering resonance data. At lower spins, many of
states seen in this present study are found within the e
lope of the range of the scattering resonances. Howe
many of the assignments from both the present and the o
breakup data fall slightly below thel gi line for the scattering
data and at the lowest energy limit of the scattering re
nances. A similar result was obtained by Freeret al. @21# for
some states in the12C112C breakup of24Mg.

Given that any states which are below thel gi locus could

FIG. 11. A comparison between the present data and
breakup@19,22# and resonance data@2,3#.
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not be seen in the scattering studies~because the flux in thos
angular momentum states goes into fusion!, we are faced
with two possibilities. Either the breakup and resonan
states are the same, with the breakup results revealing
true spin-energy systematics, or the breakup is revealing
entirely different structure in28Si which corresponds to a
much higher deformation. A best fit to an assumed rotatio
band, through all the points, gives a moment of inertia
(4265) keV and a bandhead energy ofEx5(26.3
60.9) MeV, which is shown in Figs. 12 and 13.

A number of theoretical models predict the existence
highly deformed states in28Si. In the alpha cluster mode
~ACM! of Zhang, Merchant, and Rae@28#, a rotational band
corresponding to a 4:1 deformation of the28Si nucleus is
observed, which is associated with a minimum in the pot
tial energy surface in the Nilsson-Strutinsky calculations
Leander and Larsson@40#. The ACM calculation gives a mo
ment of inertia for this band of (5461) keV and a bandhead
energy of 30.6 MeV. The rotational parameter for the AC

e
FIG. 12. A comparison between the present data and the A

calculations for a 4:1 deformation in the28Si nucleus by Zhang
et al. @28#.
5-6
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EVIDENCE FOR A HIGHLY DEFORMED BAND IN 12C . . . PHYSICAL REVIEW C 63 034315
calculation is in excellent agreement with that of 55 ke
calculated for two touching, spherical12C and 16O nuclei
~compared to 119 keV for a spherical28Si nucleus!. Figure
12 shows a comparison of this band trajectory with
breakup states. The experimental data would indicate a b
which is more deformed than a 4:1 deformed nucleus, si
the gradient of the band is shallower.

An alternative model of states in28Si was proposed by
Baye and Heenen@26,27# using the two-center harmonic os
cillator ~TCHO!. This model predicts two bands each of bo
positive and negative parity, with different bandheads~see
Fig. 13!. While the negative parity bandheads are close
each other at;21 and;25 MeV, the positive bandhead
are widely spaced at;5 and;18 MeV, and these band
merge with the corresponding negative parity bands at s
of J5121; thereafter there appears to be a consistent s
of 90 keV, with alternating positive and negative par
states lying on the same locus. Some of the lower spin
signments in this present work overlap the states produ
by Baye and Heenen, but like the alpha cluster model,
predicted slope appears to be steeper than would be indic
by the higher spin states between 35 and 40 MeV found
the present work.

One possible explanation for our observation of a hig
rotational band could be the presence of vibrational mo
built upon one~or more! rotational bands. In this scenario
vibrational states~of low spin! at the lowest energies com
bined with high spin states of the rotational band at h
energy could mimic the appearance of a band with a sha

FIG. 13. A comparison between the present data and the
center harmonic oscillator@26,27#.
et
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gradient. However, the ACM does not consider the possi
ity of vibrational modes, and so we cannot eliminate th
explanation. The TCHO model does consider vibrations,
its predictions do not agree with our data.

V. CONCLUSIONS

The breakup of28Si using the16O(16O,12C16O)a reaction
has been studied at energies of 90 and 97 MeV. At b
energies excited states of28Si were identified and subjecte
to angular correlation analysis. A number of spin assig
ments were obtained from the angular correlations, with c
fident assignments ofJp5161 at 37.87 MeV and either 92

or 112 at 30.27 MeV. There is evidence of overlappin
states for some of the observed peaks, which results in la
peak widths and leads to tentative spin assignments for s
at 32.87 MeV@J5(112,121)# and 34.5 MeV@J5(132)#.
Only the state near 36.6 MeV@J5(101)# showed a mea-
sured width of 293 keV, close to that predicted by the Mon
Carlo simulations. The higher spin states were shown to
below the grazing angular momentum in the entrance ch
nel, and therefore cannot be seen in scattering resonanc

By gating in the background between the peaks, we w
able to confirm that the background did not produce angu
correlations underlying the peaks, except for a region c
tered on Ex539.01 MeV in the spectrum obtained a
Ebeam597 MeV, where the correlation was consistent w
a spin ofJ5(172). It is uncertain whether this arises from
overlapping states withJ517 or constructive interferenc
arising from the overlap of many states with different spin

A comparison with both the alpha cluster model of Zha
et al. @28# and the two-center harmonic oscillator shell mod
of Baye and Heenen@26,27# shows that these models predi
very different bandheads, but more importantly, the ro
tional slopes are predicted to be much steeper than the t
indicated by the present data. A best fit line through
centroid of the low spin states yields a rotational parame
of (4265) keV and a bandhead of (26.360.9) MeV, and
may indicate a highly deformed band populated by
breakup of28Si into 12C116O.
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