
,

om

PHYSICAL REVIEW C APRIL 1996VOLUME 53, NUMBER 4

05
Evidence for a highly deformed band in 16O1 16O breakup of 32S
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A study of the12C(24Mg,16O 16O!4He reaction has revealed16O 1 16O breakup from states in32S in the
excitation region ranging from 32 to 38 MeV. The spins of the states near 33, 35, and 38 MeV of excitation,
obtained from angular correlations, are measured to be~101 or 121), ~121 or 141), and ~141 or 161),
respectively. These may be interpreted as arising from a highly deformed band in32S.

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

In recent years the breakup of24Mg to 12C 1 12C has
been observed in a number of experiments@1–6#. Breakup is
seen to occur from discrete states in the excited24Mg
nucleus in the excitation range 20–30 MeV. This is also
excitation region in which the quasimolecular or barrier re
nances have been seen in12C 1 12C scattering measure
ments@7#, and recently an association between these re
nances and the breakup states has been proposed follow
high resolution breakup measurement@8#. This has lead to
speculation that such a breakup may also be observe
28Si and 32S, since resonances are also observed in12C 1
16O and 16O 1 16O scattering studies@7#.
Bennettet al. @9# have previously reported evidence f

the breakup of28Si to 12C 1 16O and 32S to 16O 1 16O.
They found that this breakup depends on how these nu
are excited, suggesting that the breakup states correspo
specific configurations. These observations are in agreem
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with various theoretical calculations which have predicte
the existence of deformed shape isomers in many light alp
conjugate nuclei, ranging from12C to 44Ti, and including
28Si and 32S. These calculations include the Nilsson
Strutinsky calculations of Leander and Larsson@10#, the
Hartree-Fock calculations of Flocardet al. @11#, and the
Bloch-Brink alpha cluster model calculations of Zhang, Ra
and Merchant@12#. However, although the measurement b
Bennettet al. showed yield in the16O 1 16O breakup chan-
nel, they were unable to show that this corresponded to d
cays from specific states in the32S nucleus. Hence it is im-
portant to study this breakup process in more detail than
earlier measurement allowed.

In this paper we report evidence for the breakup of32S to
16O 1 16O observed in the12C(24Mg,16O 16O! 4He reaction.
Bennettet al. @9# have used the Harvey rules@13# to show
that the formation of a configuration in32S which can decay
via 16O1 16O is precluded when using a32S projectile or an
a pickup reaction onto a28Si projectile, but is allowed with
a double-a ~or 8Be! transfer reaction onto a24Mg projectile.
The Harvey rules emerge naturally from considerations
the Pauli principle and have been discussed by Mosel@14# in
the context of a two-center shell model, and by Freeret al.
@15# in the context of the two-center harmonic oscillator.

II. EXPERIMENTAL DETAILS

The experiment was performed using a 170 MeV24Mg
beam, provided by the 14UD tandem accelerator of the D
partment of Nuclear Physics at the Australian National Un
versity. The beam was incident on a 450mg cm22 natural
carbon target. Coincident16O nuclei from the breakup of the
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53 1805EVIDENCE FOR A HIGHLY DEFORMED BAND IN 16O116O . . .
excited 32S nucleus following the12C(24Mg,16O 16O! 4He
reaction were detected in two gas-silicon hybrid detec
telescopes placed on either side of the beam on mov
arms. Each hybrid telescope consisted of two detectors
the front of the hybrid was a 50 mm thick gas ionizati
chamber filled to 120 torr with propane which acted a
DE detector. At the rear of the gas region was a posit
sensitive silicon strip detector, comprised of 16 independ
horizontal strips fabricated onto a single 50 mm3 50 mm
silicon slice. The silicon detector provided both position a
energy information and when used in conjunction with
gas detector also providedDE-E particle identification. A
more detailed description of the hybrid detectors has b
given by Curtiset al. @16#. The target to silicon detector dis
tance for this experiment was 235 mm, and two pairs of a
angle settings were used, 14°/14° and 18°/18°. The ang
acceptance of each detector telescope was 45 msr. The
exposures at the two arm angle settings were 0.8 mC an
mC, respectively.

III. RESULTS AND DISCUSSION

Figure 1 shows the total energy (Etot) spectrum obtained
from the coincident detection of the two16O nuclei at the
14°/14° arm angle setting. The quantityEtot is the sum of the
energies of the two detected nuclei and the third undete
recoiling particle~which is determined by using momentu
conservation between the two detected fragments and
beam, assuming a three-body final state!. The peak labeled
Qggg corresponds to events where all three exit channel
ticles emerge in their ground states, and thus lies at an en
equal to the sum of the beam energy and the three-b
reactionQ value. For the12C(24Mg,16O 16O! 4He reaction
thisQ value is equal to26.883 MeV. The measured width o
theQggg peak is~28006 250! keV. This value agrees we
with the ~27006 400! keV predicted by a Monte Carlo cod
that has been developed to simulate breakup reactions@8#.
This simulation includes the effects of interactions of
beam and breakup fragments in the target, the detector
formance, and the reaction kinematics. The Monte Carlo
sults show that it is the differential energy loss between

FIG. 1. Total energy spectrum for16O 1 16O breakup of32S at
arm angle settings of 14°/14°.
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beam and fragments in the target that dominates theEtot
resolution. The lower peak in Fig. 1, labeledQgg , corre-
sponds to events in which one of the two16O nuclei is emit-
ted in either its first or second excited state~6.05 MeV, and
6.13 MeV, respectively!.

By gating on events falling within theQggg peak the ex-
citation of the resonant32S nucleus can be determined by
calculating the relative energy between the two16O frag-
ments for each event. The question as to whether the t
16O fragments do indeed arise from a common32S parent
will be discussed below. The process by which the excitatio
energy is determined is described in more detail in Ref.@16#.

Figure 2~a! shows the excitation energy spectrum ob
tained for the16O 1 16O breakup for the data taken at the
14°/14° arm angle setting. Despite the low statistics there
evidence for several peaks in the 32–38 MeV excitation e
ergy range. The overall profile of the spectrum is modified b
the variation of the coincidence detection efficiency with ex
citation energy. The efficiency profile has been determine
by a Monte Carlo simulation in which an exponentially de
creasing cross section is assumed for the initial scatteri
@17#. An isotropic distribution is used for the subsequen
breakup. The result of the simulation is shown by the sol
curve through the solid squares, and indicates that the a
sence of events above 40 MeV in the excitation spectrum

FIG. 2. Excitation energy spectrum for16O 1 16O breakup of
32S at ~a! arm angle settings of 14°/14° and~b! arm angle settings
of 18°/18°. The detector efficiency profiles are shown by the sol
curve through the solid squares, the peak values being indicat
The classical Coulomb barrier position is indicated by the vertic
arrow.
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1806 53N. CURTISet al.
a result of the falloff in efficiency with increasing energy. A
excitation energies below 30 MeV the spectrum is su
pressed by the proximity to the Coulomb barrier between
breakup fragments, which is indicated by the vertical arro

Figure 2~b! shows the excitation energy spectrum o
tained from the data taken at the 18°/18° arm angle sett
together with the corresponding efficiency profile. As in F
2~a! several peaks may be seen within the overall profile
the spectrum. Two of the peaks~at 34.7 MeV and 35.6 MeV!
seen in Fig. 2~b! can also be seen in Fig. 2~a!, suggesting that
they represent true states and are not simply an effect of
low statistics. The predicted experimental resolution in
reconstructed excitation energy spectrum, obtained from
Monte Carlo simulation of the reaction, is~3006 30! keV.
This Monte Carlo calculation was similar to that perform
for the total energy spectrum.

One assumption made in the analysis of this data is
the detected16O nuclei are fragments from the breakup
32S. It would be possible, however, to produce the same
channel particles from the12C(24Mg,20Ne*! 16O reaction,
followed by breakup of the excited20Ne nucleus to16O 1
4He. If such a process were to occur, then the reconstru
excitation energy of the20Ne nucleus, determined by calcu
lating the relative energy between one of the two16O nuclei
and the4He particle, may show structure corresponding
breakup from specific excited states in20Ne. Figure 3 shows
a two-dimensional plot of the excitation energy as calcula
assuming16O 1 16O breakup of32S against that calculated
assuming the16O 1 4He breakup of20Ne, for the combined
data taken at both 14°/14° and 18°/18° arm angle setting
is possible to see vertical loci corresponding to the sta
seen in Figs. 2~a! and 2~b! in this plot. Although there is little
evidence for horizontal loci, there is some evidence at the
of the plot for diagonal correlations. Such loci could arise
fragments from the12C(24Mg,20Ne*! 16O reaction were in-
deed being detected, but with the reconstruction being p
formed between thea particle and the wrong16O nucleus.

FIG. 3. Reconstructed excitation energy assuming16O 1 16O
breakup of 32S plotted against that calculated assuming16O 1
4He breakup of20Ne. Data for the two pairs of arm angles a
combined.
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To investigate further the contribution from the16O 1
4He breakup of excited states in20Ne we have performed
extensive Monte Carlo simulations of the12C(24Mg,20Ne*!
16O, 20Ne* → 16O 1 4He reaction, in which the exact ge-
ometries and electronic thresholds of the experiment we
used. The states in20Ne between 9 and 21 MeV of excitation
which were observed in16O 1 4He breakup following the
12C(16O,20Ne*! 8Be reaction@18# were simulated in turn.
The pseudodata from this simulation was then analyzed
the same way as the real data. Figure 4 shows a tw
dimensional plot ofE(16O-16O! versusE(16O-4He! ~similar
to the plot in Fig. 3! from this analysis. The upper set of
diagonal loci represents events where the incorrect16O, the
recoiling-target-like nucleus, has been associated with th
4He. The lower horizontal loci correspond to the
correct 16O, the breakup fragment, being associated with
the 4He. Between the two lobes corresponding to the
12C(24Mg,20Ne*! 16O reaction in Fig. 4 is a clear region. Any
data in this region in Fig. 3 should therefore correspond t
the 12C(24Mg,16O 16O! 4He reaction. Figure 5 shows the re-
sults from a similar Monte Carlo simulation of the
12C(24Mg,16O 16O! 4He reaction for states at energies corre
sponding to those seen in Figs. 2~a! and 2~b!. As expected
this shows vertical loci in the two-dimensional plot. The
Monte Carlo simulations provide a very consistent descrip
tion of the results shown in Fig. 3. The simulations sugges
that by placing a software window about the central regio
of the data in Fig. 3, the genuine16O 1 16O states can be
separated from the background of16O 1 4He states. The
excitation energy spectrum produced by such a gating
shown in Fig. 6, where there is much clearer evidence fo
discrete states at energies of approximately 33, 35, and
MeV.

Integrating the data appearing in Figs. 2~a! and 2~b! al-
lowed upper limits for the integrated double differential cross
section for the16O1 16O breakup of32S to be obtained. The
resultant values ared2s/dV1dV2 5 ~0.19 6 0.03! mb
sr22 for the 14°/14° arm angle setting andd2s/dV1dV2 5

FIG. 4. A Monte Carlo simulation of the reaction
12C(24Mg,20Ne*!16O, 20Ne* → 16O 1 4He for excitation energies
in 20Ne corresponding to states seen by Raeet al. @18# in the
12C(16O,20Ne*!8Be reaction.
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53 1807EVIDENCE FOR A HIGHLY DEFORMED BAND IN 16O116O . . .
~0.216 0.03! mb sr22 for the data obtained at 18°/18°. It is
noted that these cross sections include background statis
from the 12C(24Mg,20Ne*! 16O reaction as seen from Figs. 4
and 5, where the loci for the12C(24Mg,16O 16O! 4He reac-
tion states are seen to extend into the region of data ass
ated with the16O 1 4He breakup of20Ne. Placing a soft-
ware window about the central region of the data in Fig. 3
obtain the filtered excitation energy spectrum shown in Fig
therefore caused some of the data from the16O 1 16O
breakup of32S to be rejected. By integrating the 18°/18° arm
angle setting events seen in Fig. 6 a lower limit on the inte-
grated double differential cross section was obtaine
d2s/dV1dV2 5 ~0.0626 0.002! mb sr22.

In order to determine the spins of the observed stat
two-dimensional angular correlation plots were made
windowing on each of the peaks seen in Fig. 6. The ang
used for the correlations areu* , the center of mass scattering
angle of the excited32S nucleus, andc, the angle between

FIG. 5. A Monte Carlo simulation of the reaction
12C(24Mg,16O 16O!4He for excitation energies in32S corresponding
to the states seen in Figs. 2~a! and 2~b!.

FIG. 6. Excitation energy spectrum for16O 1 16O breakup of
32S for events gated on a selected region of Fig. 3. Data for the t
pairs of arm angles are combined.
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the 16O-16O breakup vector and the beam axis. These angl
have been defined for example by Marsh and Rae@19#. The
angular correlations reveal ridges in theu* /c space@19,20#
which have a characteristic gradient given byJ/ lGF, where
J represents the spin of the state andlGF the grazing angular
momentum of the final state outgoing resonant particle@21#.
Projecting these ridges onto the (u*50) c axis at an angle
which is parallel to the gradient of the ridges allows a Leg
endre polynomial to be overlaid on the correlations, of th
form uPJ@cos(c)#u2 @6#. The Legendre polynomials most
closely describing the correlations with the peaks near 3
35, and 38 MeV are shown in Figs. 7 and 8.

Figure 7~a! shows a Legendre polynomial of orderJ 5 12
overlaid onto the projection of theu* /c plot for the state
centered at 33 MeV. The angle of projection of theu* /c plot
used to produce the projection shown in Fig. 7~a! yields the
gradientJ/ lGF. Assuming alignment of the angular momen
tum in the reaction thenlGI5J1 lGF @22#, and from this the
grazing angular momentum of the initial incoming particle
lGI , is calculated to be~26.66 1.6!\. Figure 7~b! shows a
Legendre polynomial of orderJ 5 14 overlaid onto the pro-
jection for the two states centered at 35 MeV, for which th
projection angle yieldslGI 5 ~29.26 1.7!\. The projection
for the states centered at 38 MeV is shown in Fig. 7~c!. In
this figure a Legendre polynomial of orderJ 5 16 is overlaid
o

FIG. 7. Experimental angular correlation projections onto th
u*50 (c) axis ~solid histograms! for ~a! the state at 33.0 MeV
overlaid with a Legendre polynomial of order 12~dotted line!, ~b!
the states at 34.7 and 35.6 MeV overlaid with a Legendre polyn
mial of order 14, and~c! the states at 37.6 and 38.3 MeV overlaid
with a Legendre polynomial of order 16.



ed
of

f

ed
n

r-

n

e

-
n
nt.
ng
is

1808 53N. CURTISet al.
onto the projection, the projection angle yieldinglGI 5 ~29.9
6 1.8!\. Alternative polynomials may be overlaid on thes
projections, yielding values ofPJ 5 10 for Ex ; 33 MeV,
for which lGI is calculated to be~22.2 6 1.4!\, shown in
Fig. 8~a!. For the states centered atEx ; 35 MeV, a polyno-
mial of PJ 5 12 may also be overlaid on the projection
yielding lGI 5 ~25.06 1.4!\. This is shown in Fig. 8~b!. In
Fig. 8~c! the projection for the states centered atEx ; 38
MeV is shown overlaid with a polynomial ofPJ 5 14, for

FIG. 8. Experimental angular correlation projections onto th
u*50 (c) axis ~solid histograms! for ~a! the state at 33.0 MeV
overlaid with a Legendre polynomial of order 10~dotted line!, ~b!
the states at 34.7 and 35.6 MeV overlaid with a Legendre polyn
mial of order 12, and~c! the states at 37.6 and 38.3 MeV overlaid
with a Legendre polynomial of order 14.
e

,

which lGI 5 ~26.26 1.6!\. The excitation energies of the
states seen in Fig. 6 are listed in Table I, as are the propos
spin assignments and deduced grazing angular momenta
the initial incoming particle,lGI .

In order to distinguish between these alternative values o
l GI , a series of distorted-wave Born approximation~DWBA!
calculations was made for the12C(24Mg,32S*! 4He reaction.
In the calculations the32S was assumed to be excited to
states of energy~spin! of 33 MeV ~101 and 121), 35 MeV
~121 and 141), and 38 MeV~141 and 161). The optical
parameters of Daneshavaret al. @23# were used to generate
the distorted waves, and the bound states of the transferr
8Be clusters were calculated in a conventional Woods-Saxo
well with parametersR51.25(A1/3181/3) fm and a50.65
fm, using 2N1 l520 for thes-d shell and 2N1 l58 for the
p shell. Figure 9 shows the partial cross sections versus pa
tial wave number for these calculations. It is seen in Fig. 9~a!
that for a state atEx 5 33 MeV and spinJ5101 the peak
contribution is near a partial wave numberlGI 5 24\, while
for the J5121 state the peak contribution lies nearerlGI 5
26\. For a state at an excitation energy of 35 MeV and spin
J5121 the peak contribution lies nearlGI 5 25\ and, for
J5141, lGI 5 27\, Fig. 9~b!. Figure 9~c! shows that for a
J5141 state atEx 5 38 MeV the peak contribution is;
lGI 5 26\, and forJ5161 the peak contribution lies close to
lGI 5 28\. The calculated values of the initial grazing angu-
lar momentlGI are listed in Table I for comparison with the
experimental values obtained in the present work. It is see
that the calculations lend support to the values oflGI ex-
tracted from the slopes of the angular correlations, but ar
unable to distinguish between the assignments of~101 or
121), ~121 or 141), and~141 or 161).

Figure 10 shows the known16O 1 16O scattering reso-
nances on a plot of energy against spin~taken from Cindro
@7#!. The locus of the resonances is consistent with a rota
tional sequence. The solid horizontal lines show the locatio
of the states observed in the present breakup measureme
These appear to lie on the same trajectory as the scatteri
resonances, suggesting that the same underlying structure
being observed in the two measurements.

By considering these states in32S as members of a de-
formed rotational band with excitation energiesEx 5 E0 1
(\2/2I )J(J11) we can obtain the gradient ofEx versusJ
as\2/2I 5 49 keV~for spins of 101, 121, and 141) or 42
keV ~for spins of 121, 141, and 161). These values agree

e

o-
he

spin
TABLE I. List of excitation energies, proposed spins, and deduced grazing angular momenta in t
entrance channel (l GI) for the states seen in Fig. 6. The calculated values oflGI are also listed. The states at
34.69 and 35.64 MeV and also those at 37.55 and 38.32 MeV were paired together in order to make the
assignments as listed.

Ex ~MeV!
Proposed
spin (\)

Deduced
l GI (\)

Calculated
lGI (\)

33.036 0.12 10 22.26 1.4 ; 24
12 26.66 1.6 ; 26

34.696 0.08 and 35.646 0.06 12 25.06 1.4 ; 25
14 29.26 1.7 ; 27

37.556 0.11 and 38.326 0.12 14 26.26 1.6 ; 26
16 29.96 1.8 ; 28
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well with the observed16O 1 16O scattering resonance dat
rotational trajectory, and are also in agreement with the c
responding parameter calculated by Cindro for two touchi
16O nuclei in a dimolecular configuration, 43.3 keV@7#.
Such a gradient is indicated in Fig. 10 by the dashed dia
nal line, and it can be seen that the rotational spacing of
calculation agrees well with the breakup data and the sc
tering resonances~it is noted that vertical position of the line
is arbitrary, as the band head energyE0 is not determined in
the calculations of Cindro!.

IV. SUMMARY

A study of the 12C(24Mg,16O 16O! 4He reaction has re-
vealed the16O1 16O breakup of32S. A number of states has
been observed in the reconstructed excitation energy sp
trum of the resonant32S nucleus in the 32–38 MeV excita

FIG. 9. Partial cross section versus partial wave number o
tained from DWBA calculations of the reaction12C(24Mg,32S*!
4He for excitations of~a! a J5101 state at 33 MeV~solid squares!
and aJ5121 state at 33 MeV~solid circles!, ~b! a J5121 state at
35 MeV ~solid squares! and a J5141 state at 35 MeV~solid
circles!, and ~c! a J5141 state at 38 MeV~solid squares! and a
J5161 state at 38 MeV~solid circles!.
a
or-
ng

go-
the
at-

ec-
-

tion energy range. Projections of angular correlations f
states near 33, 35, and 38 MeV, supported by DWBA calc
lations, suggest spins in the range 101–161, placing the
states on the locus of resonances observed in16O 1 16O
scattering, and yielding a rotational parameter of\2/2I in
the range 42–49 keV. These discrete states are similar
nature to those seen in the12C 1 12C breakup of24Mg and
may be indicative of similar underlying nuclear structure e
fects. Both alpha cluster model and Nilsson-Strutinsky ca
culations predict the existence of highly deformed shape is
meric states in32S in this excitation region. However, in
order to make a more conclusive association between
observed states and these deformed configurations~and the
resonances observed in16O 1 16O scattering studies! it is
clear that a higher resolution measurement is needed not o
for a detailed study of the excitation spectrum but for th
confirmation of the spins of the states obtained in this me
surement.
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FIG. 10. Energy-spin systematics for the16O 1 16O scattering
resonances listed by Cindro@7#, represented by the open circles
The solid horizontal lines represent the states observed in
present breakup measurement. The dashed diagonal line repres
the rotational parameter calculated by Cindro for two touchin
16O nuclei in a dimolecular configuration.
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