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The population and decay of excited stated4xg has been investigated through tH#€(*60,*>C*?C)a and
12C(*%0,2Be*®0) « reactions, at beam energies of 75, 85, and 115 MeV. The fragments from the breakup of the
2"Mg nucleus were detected in coincidence, permitting a study of both the excitation energies and the spins of
the fissioning states. These measurements indicate a series of statbtgibetween 20 and 40 MeV with
spins ranging froml=4 to 14 4. The results are discussed in the context of tH@+1?C quasimolecular
scattering resonances and otl#8ivig breakup reactions.
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. INTRODUCTION the 2Mg states observed in the reaction
2C(®*Mg,*>C*?C)*>C may be associated with a rotational
There are a wide range of experimental techniques whictructure with a moment of inertia corresponding to a hyper-
may be used to probe highly excited nuclear states. Amongeformed ¢,=1.0—1.2 nuclear state. Furthermore, the de-
these, breakup studies have proved extremely profitable, Paay process is observed to be highly selective in that the
ticularly in the case of lighs-d shell nuclei. In this experi- breakup proceeds from only a few states in an excitation
mental approach the projectilelike nucleus is excited above o qy region in which there are several hundred states per
particle decay thresholds in an interaction with a targeiiev with similar spins. This selectivity may suggest that the

exited siates are then reconstruvted following e coincideneS10MNg States possess a clusterlke structure. Moreover, a
9 tudy of the breakup of the nucled&Mg [5] into *°C+*3C

detection of the breakup products. This technique has a nurrf—

ber of key advantages: for example, a broad spectrum Opund no evidence for such a process, indicating a depen-

states can be accessed in a single measurement without tﬂgnce .on.the detal!s of the structure of these nuclei. ,
Excitation function measurements have also provided

need for detailed excitation function studies and, moreover, ) :
the reconstruction of the angular correlations of the breakugonsiderable evidence for such cluster struct{sFor ex-

fragments can in many circumstances lead to a model indédmple, a whole spectrum of so-callgdasimoleculareso-
pendent spin analysis. nances are observed in tHéC+1%C system, and this phe-
The application of this technique to the nucféMg [1,2], nomenon extends to numerous other reactions involving the
285j [1,3], and 3?S [3,4] has provided evidence for symmet- interaction ofs-d shell nuclei. Detailed spin and partial
ric and near symmetric fission in these light systems. Fowidth analyses of these resonances suggest a common link
example, a sequence 6fMg excited statesH,>20 MeV)  with a molecularlike, dinuclear cluster structure. However,
are observed to decay into twéC nuclei. Similarly?®Si and  the complexity of the resonance structures in these systems
%S have been shown to breakup inttC+'°0 and has prevented a definitive understanding of their origin, and
160+ 1€0 final states, respectively. Considerable effort haghe precise nature and behavior of the underlying cluster
been devoted to understanding the nature of these statesructure.
through the measurement of their spins and the study of re- Itis interesting to speculate if the same resonant states are
actions involving similar systems which differ by either one observed in the breakup and resonant scattering measure-
proton or one neutron. The spin informati®] suggests that ments, i.e., if the same nuclear configurations play a domi-
nant role in the fusion and fission processes. A high resolu-
tion measurement of th&°C(**Mg,**C*%C)*C reaction[7]
*Present address: Van de Graaff Laboratory, Ohio State Univerdoes indeed indicate that the quasimolecular resonances are
sity, 1320 Kinnear Road, Columbus, OH 43212, represented in the spectrum of breakup states. In principle,
TPresent address: Department of Physics, University of Oxfordthis link could provide a new insight into the nature of the
Nuclear Physics Laboratory, Keble Road, Oxford, OX1 3RH, U.K.quasimolecular resonances. The much broader spectrum of
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processes which may be used to excite the resonant statés,this plane to within~1 mm (this resolution is somewhat
including inelastic excitation and single or multinucleon poorer than that cited ifil9] due to the low energies of the
transfer reactions, may provide additional information on thenuclei being detectedThe out-of-plane position was deter-
structure of the states and their relationship to the groundnined from the vertical location of the active strip, and
state configurations. To this end, many breakup measurdience the resolution in this direction was equal to the strip
ments have been performed, which in tH#g system in-  pitch (3.125 mn). The gas elements of the hybrid detectors
clude 2C(**Mg,*?Cc'®c)¥C [1,2,8, *°C(**Mg,'%0®Be)!’C  possessed 5 cm deep active volumes and were operated at a
[9], ’C(®**Ne,°C'%C)®Be [10], %C(*°Ne,*®0%Be)®Be [11],  pressure of 50 torr of propane, with 3m thick mylar
12C(**Mg,*Ne «)*?C [11], *’C(®*Ne,*Ne a)®Be [11], and  windows. This gas pressure permitted the detectiort?6f
2c(*%0,’ctC)a [12-13. and %0 nuclei with energies as small as 15 and 18 MeV,
The studies of the C(**Mg,*”C'?C)¥?C and respectively, while still retaining sufficient chargg)(reso-
12C(°°Ne,**C'?C)®Be reactions appeared to indicate that thelution to perform particle identification. The energy and po-
breakup process proceeded through a serie§'Mf) states sition responses of the detector telescopes were calibrated
with a 4p-4h configuration. Consequently, these states hawesing the elastic scattering of 45 and 65 MéC nuclei
been identified with the?°Ne+ a clusterlike configuration from °C, 2Al, and %/Au targets.
which appears in the Alpha Cluster Model calculations of The use of a strip detector within the gas volume also
Marsh and Rad16] and the hyperdeformed prolate mini- allowed the identification of events in whidBe nuclei were
mum (e,=1.0) in the Nilsson—Strutinsky calculations of Le- produced, since the subsequent decay to two alpha particles
ander and Larssofil7]. On the other hand, there is some could be identified in separate strips. The two hybrid tele-
evidence that the states observed in the above two reactiossopes were positioned symmetrically about the beam axis
and the'?C(*%0,*2C'*C)a reaction are different to those in and covered the in-plane angular intervals 11.9° to 28.1° for
the 2°Ne+ o and *%0+8Be breakup channe[4.8]. Hence, it  the beam energies of 75 and 85 MeV, and 15.9° to 32.1° for
is not clear if the same states are strongly sampled in ththe 115 MeV measurement.
different decay channels. One possibility is that the various These gas-silicon hybrid detectors provided a determina-
breakup channels are probing different clusterlike structuretion of the charge, energy and emission angle, and hence, by
and the breakup states have large partial decay widths to ttessuming the mass, the momenta for each of the detected
respective final states. Certainly, both the Alpha Clustenuclei could be calculated. From the recorded information
Model and Nilsson-Strutinsky calculations predict the exis-and the principle of conservation of momentum, the momen-
tence of a variety of deformed structures, including triaxialtum of the undetected recoil-like alpha particle was deter-
and oblate shape isomeric configurations. In order to test themined. This measurement of the complete reaction kinemat-
hypothesis that different configurations are probed in differdics permitted a detailed study of the decay processes giving
ent reactions, detailed measurements are required for a broaide to each particular final state.
range of exit channels over a wide range of excitation ener-
gies, including the determination of spins of the decaying
states. The data available at present in the literature are un- lIl. DATA ANALYSIS AND RESULTS
fortunately incomplete, either in the sense that the spins of A. The 2C(*%0,2C 12C) @ reaction

the states have not been identified or that the data are re- Fi h he th bod | ¢
stricted to narrow intervals of excitation energy. igure X&) shows the three bod@-value spectrum for

In this paper we present the results of a wide rangingevents in which two'C nuclei were detected and the energy
study of the 2C(*%0,2*Mg)« reaction, in which the?Mg of the unobserved alpha-particle was reconstructed from the
excited states dec,ayed into the 'nudégCJrlzC and measured parameters. The peaks in this spectrum correspond
160.+8Be. From the angular correlations of the decay prod-to the three possible combinations of the tW&C nuclei

ucts we are able to deduce spins for many of the states O%‘eing prr(])ducedl in theirl g_rourf1d at?d ﬁr:St ex::ited St(i&@'
served. These data span the excitation interval from 20 to 4 eV). T eQ—va ue resolution for this channe 15900 e.V
MeV, which contains most of the previously observedand is dominated by the energy resolution of the hybrid de-

; tectors.
breakup states and quasimolecular resonances. . . .
P g The final state consisting of the twt¥C nuclei and one

alpha particle can be produced via two main processes; in-
Il. EXPERIMENTAL DETAILS elastic scattering of thé®0 projectile followed by the decay

The 12C(*0,%2C 12C)a and 2C(10,%%0 ®Be)a reac- of the excited states inté’C+ a, or alternatively the decay

. ) ; ; of ?*Mg excited states intd*C+C. In order to determine
tions have been studied wittfO beams of energies of 75, . o :
85, and 115 MeV, provided by the Australian National Uni- the relatllve COI’IFI‘Ib.utIOI’lS from _these tWo processes the cor-
versity’s 14UD tandem accelerator. The integrated beam exr_espondlng excitation energy in the three possible excited
. ystems has been calculated. The excitation energy in the

posures at the three energies were 5.8, 7.0, and 6.4 mG;
respectively. The target was a 50y cm 2 natural carbon Mg nucleus_ was calculated from a measurement of the
foil ' relative velocities of the twd?C nuclei,

Reaction products were detected in two gas-silicon hybrid 1
detectors. The silicon elements of the detectors wex& 5 E(**Mg)= E,uvfel(l,z)—Qbu, D
cm?, 16 strip, position-sensitive silicon strip detectors
(PSSSDs[19]. The strips were oriented horizontally which
provided a measurement of the position of the incident nucleivhere n is the reduced mass of the decaying system,
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FIG. 1. Q-value spectra for the reactiofs 2C(*°0,*2C'°C)a
and (b) 12C(1%0,1%0%Be)a.

Vrel(1—2) IS the relative velocity of the twoC fragments,

and Qp, (—13.93 MeV} is the breakup threshold for this !

decay channel.

The excitation energies of the two possibigD nuclei
were deduced from the reactid@ value by assuming, in
turn, that each of the two detectééC nuclei was the recoil
from the reactiont?C(*°0,%0*)*C,

Ptz)eam+ Pf?c —2Ppeam*Pic
Ex( 160) = Qgs+ Epeani— E12c — )
2Msg
2

whereQg is the reactiorQ value for the case when théc
and %0 nuclei are produced in the ground stétethis case
Qgs=0 MeV). Figure 2 shows a two dimensional spectrum of
the possible'®0 excitations for the beam energy of 115
MeV. The horizontal and vertical lines in this spectrum cor-
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FIG. 2. The final state interaction in tH&C(*°0,2C*?C)a re-
action atEpe,,=115 MeV. The plot shows the two reconstructed
160 excitation energies corresponding to an association of the recoil
a particle with either of the two detectéddC nuclei. The horizontal
and vertical loci correspond tHO excited states, and the diagonal
loci correspond tc**Mg excited states.

sis, a procedure also performed in R¢f2—15. Figure 3a)
shows the resulting spectrum 6fMg excited states which
decay into two?C nuclei.

A similar analysis was performed for the 75 and 85 MeV
data, where dominarifO excited states were again removed
in order to reduce the background contributions to #idg
excitation energy spectra. In the case of the 75 MeV and 85
MeV data sets, the region above the 16.2 M¥® excited
states was selected for analysis ?8Mg excited states, and
the state at-21 MeV was selectively removed. The result-
ing ?*Mg excitation energy spectra are shown in Fig&)3
and 3c). The spectra for the three different beam energies
indicate the existence of excited states over the interval
E,(>**Mg) =20 to 39 MeV. The widths of the states appear to
be rather uniform, suggesting they are dominated by the ex-
perimental excitation energy resolution. The expected exci-
tation energy resolution and th@-value resolution have
been estimated using Monte Carlo techniques. These simu-
lations suggest that th@-value resolution should be-1
MeV and the excitation energy resolution for tBg,,,=115
MeV measurement should be 480 keV, reducing to 350 keV
for the Epean=75 and 85 MeV data. These values are close to
those observed in the data. This experimental resolution thus
provides an upper limit for the widths of these states.

In the high excitation energy regiorE{>25 MeV) the
states observed at the three different beam energies appear
well correlated. The difference in the reconstructed excita-

respond to'®0 excited states at 10.4, 11.1, 14.8, 16.2, andtion energy of the states is 200 keV, consistent with the
21.0 MeV, which are in good agreement with the tabulatecexpected uncertainty of the absolute excitation energies.

values for two rotational bands in this nucleli.4 MeV
(47), 11.1 MeV (4"), 14.8 MeV (6"), 16.2 MeV (6"),
and 20.8 MeV (8)] [20]. On the other hand, the diagonal
lines correspond to the decay of excited stategMg. In
order to remove the dominant contribution from tH® ex-

Table |1 lists the energies of the states observed in the three
measurements, and in the instance that states were observed
in more than one spectrum then the mean energy is quoted.
In the region between 20 and 25 MeV, several peaks appear
only at one beam energy. For example, a peak at 23.4 MeV

cited states, only the data in the region above the loci of theppears only at the 85 MeV beam energy and a peak appears
21.0 MeV %0 excited states were selected for further analy-at 23.8 MeV only at the 75 MeV beam energy.
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TABLE I. Excitation energies and spins &Mg states observed

a

400--( ) in the Y2C+'°C decay channel.

3501

s 82% E(*Mg) 3 E(®Mg) 3 E(Mg) I

seol 20.9 (6) 25.9 (10) 31.9 12
21.7 (6) 26.4 (10) (32.5 (12

2007 22.7 (4/6) 27.0 10 33.2 12

1501+ 234 (4) 28.0 10 35.6 14

ol 23.8 (6) 28.4 10 36.7 (14)
24.2 (8) 29.2 12
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FIG. 3. The ?Mg excitation energy spectra for the reaction

12C(1%0,12C'C)« at the beam energids) 115 MeV, (b) 85 MeV,
and(c) 75 MeV. The solid curve is the detection efficiency accord-

ing to a Monte Carlo calculation, and the peak absolute efficiencies 401

are indicated.

The solid curves shown in Fig. 3 are the results of Monte

Carlo calculations of the detection efficiency for the
12C(*%0,'2C?C) « reaction. The Monte Carlo code simulates

the 2C(*°0,a)?*Mg* reaction(vertical dashed lingsin the
higher excitation energy region there appears to be reason-
able agreement with the observed number of states and their
energies, although a more detailed comparison is not pos-
sible due to the number of overlapping states, and especially
the incomplete spin informatiofsee below. There is also

the possibility of systematic uncertainties in the energy cali-
brations for both measurements. As is evident from the mea-
surements of Becharet al, the level density over the mea-
sured excitation energy region is higher than observed in the
present measurement, particularly at low energies. This
could be due to a selective property of the&C+1°C decay
channel, for nuclear structure reasons. Alternatively, it could
also be that in this region the spectrum of states decaying
into two 2C nuclei is more complex than revealed in the
present measurement.

B. The 2C(1%0,%%0 ®Be) a reaction

The analysis of thé*C(*%0,'%0®Be)a reaction was per-
formed in a similar fashion to that for th&C(1%0,°C'*C)a
reaction. However, in this instance tABe nuclei were iden-
tified via the reconstruction of the relative enefgging Eq.
(2)] for all events in which two strips within a single tele-

50t

=
2 307

the sensitivity and performance of the detection system, in- i

cluding the position dependent energy thresholds of the strip
detectors, and also assumes realistic energy and angular dis-
tributions. In the case of the above reaction the primary an-
gular distribution was taken to reproduce the angular depen-
dence observed in thé’C(*%0,?*Mg)«a reaction shown in

Fig. 8 of Ref.[15]. The decay angular distributions were
modeled with an isotropic dependence. The effects of the
restricted range of®0 excitation energies imposed by the
selective analysis of the data were also included.

101

20 40
E.(Ne) MeV

FIG. 4. The final state interaction in tHéC(*%0,%0%Be) « re-

Figure 6 shows the excitation energy spectra for the 8%ction atE,e,,=115 MeV. The plot shows the reconstruct&C
and 115 MeV summed together. This spectrum is compareghorizontal loc) and ?°Ne (vertical loc) excitation energies. The
with the states observed in singles by Bechetral. [21] in  diagonal loci correspond to the decay Mg excited states.
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ferential cross section with which the state was observed to be
458_ ©) excited.
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FIG. 5. The ?Mg excitation energy spectra for the reaction
12C(1%0,%0%Be)« at the beam energida) 115 MeV, (b) 85 MeV,
and (c) 75 MeV. The solid curve is the calculated detection effi-
ciency, as in Fig. 3.

scope recorded particles. TABe ground state was identified

with Q=0 and—2.63 MeV, respectively. The excitation of
the 2*Mg nucleus was calculated from Eq1) with
Qpu=—14.14 MeV.

Figure 4 shows the reconstructed excitation energies of
the 2°Ne and*?C nuclei produced in thé*C(*°0,®Be)*°Ne*
and 12C(*%0,%%0)*°C* reactions, plotted for the data with
Epear=115 MeV data. This spectrum shows both horizontal
and vertical loci, associated with peaks at excitation energies
of 14.5 and 18.8 MeV in*’C and 20.8 MeV in**Ne. The

as a sharp peak in the relative energy spectrum at an enerdyl.5 and 18.8 MeV peaks may be associated with the 14.1
of 92 keV, and only these events were selected for furtheMeV (4*) and 18.6 MeV (3) '°C states and the peak in

analysis. Figure (b) shows theQ-value spectrum for the
reaction in which®Be and*®0 nuclei were detected. The two
peaks correspond to th€0 nucleus being formed in either
the ground statdQ=—7.36 MeV) or the unresolved 6.0,
6.1, and 6.9 MeV excited statg®=—13.9 Me\). The
Q-value resolution in this instance is 1.7 MeV.

the 2°Ne spectrum lies close to a state previously observed in
this reaction aE,(?°Ne)=21.06 MeV[22]. There are strong
diagonal loci in this spectrum which may be attributed to
excited states if*Mg decaying into the final statfO+°Be.

In order to remove the background from the “contaminant”
reactions, the data belo,(*°C)=19 MeV have been ex-

The remainder of the reaction kinematics were reconcluded and the state &, (>°Ne)=20.8 MeV has been selec-

structed assuming the final state particles wiBe, 1°0, and

tively removed. The resulting*Mg excitation energy spec-

“He nuclei. As in the preceding section, this final state cartrum is shown in Fig. &).
also result from a number of different reaction processes, A similar analysis was performed for the beam energies

including, the decay ot’C excited states int6Be+ «, *°Ne
excited states intd®0+ « or ?*Mg states into*®0-+2Be nu-
clei. The possible excitations of the nucl®C and ?°Ne
were calculated from the relations

of 75 and 85 MeV, and the resulting excitation energy spec-
tra as shown in Figs.(b) and Fc), respectively. For these
latter energies there was no evidence for the decay’of
excited states, possibly due to the reduced excitation prob-
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TABLE Il. Excitation energies and possible spins?4f1g states
observed in the®0-+8Be decay channel. Spins which are also ap- 60T
parently excluded are listed.
401
E,(**Mg) Possible spins Excluded spins P
0]
20.8 8 207
22.1 6.8 go
23.1 6 ) 0T
N
23.0 .
far)
23.4 8 _o04
24.8 911 8,10,12
25.7 911 8,10,12 1
26.7 40
27.3 911 8,10,12
—-60 + } bt } }
28.8 1012 8911 20 40 60 80 100 120 140
30.1 1012 11
31.6 (12) y (degrees)
325 13 10,12,14
33.4 1113 1(’) 1’2 FIG. 7. The#*-y angular correlation for the 31.9 MeV, 12
' ’ ' state observed in th&C+°C decay channel.
34.2 11 10,12

tion anglesg* and ¢, where6* is the emission angle of the
2%Mg nucleus in the scattering?§Si) center of mass frame
and ¢ describes the subsequent decay process ir*ikig
center of mass system, with both angles measured with re-

ability for the smaller incident energies, and the spectra cor
respond to the regiong,(?°Ne)>17 MeV and E (*°Ne)
>23 MeV for the beam energies 75 and 85 MeV, respec-Spect to the beam axis.

tively. The solid curves in this figure correspond to Monte Figure 7 shows an example of an angular correlation for
Carlo calcu_lations <_Jf the detection efficienc_y, as described "?he 12C+ 12C decay of the state at 31.9 MeV. This spectrum
the _precedmg section. The decay of t‘?Bae Into two alpha demonstrates the nature of the angular correlations; there are
particles and their subsequent detection in two different, gojos of diagonal ridges. There are two independent meth-

;trips in the sil?con stripsdetsectors has been treated eXp"qtl%ds for analyzing such correlation patterns. The first of these
in this calculation. The'®O+“Be decay channel can contain 5™, study of the periodicity of the correlation structure.

contrlblitlonslzfrom both odd and even spin sta@sopposed gjce in the above measurements, all the final state particles
to the 2C+%C channel which possesses only even spi re in their ground states with zero spif&0+), for 6* =0
state$, and there is some evidence that the large widths o he 2"Mg nucleus is aligned in thex=0 magnétic substate
many of the peaks results from contributions from severay, king the quantization axis to be the beam diredtion

unregolved_ states. The peaks observed in th's_ d‘?cay Chaan? nce, under the above constraint, the angular distributions
are “St.ed In Table 1I. The. rgcon;structed excitation energyy¢ e decay products are described by Legendre polynomi-
rlesolultlon is~700 keV. This IS sllghtly_worse than for the 55 o orderJ, whereJ is the spin of the®*Mg excited state.
T decay channel fmd IS, P”".‘a”'y' a consequence o t scattering angles away fro =0, the magnetic substate
the reconstruction of thé Mg excitation energy from thre_e opulations of the?*Mg nucleus are no longer constrained,
particles rather than wo. Figure 6 also shows the combine nd a variety of reaction amplitudes contribute to the angular

spectrum for_ the 85 and 115 MeV beam engrgies, which ha(:ciistributions. However, rather than removing the structure in
been multiplied by a factor of 5, and superimposed on th§e correlations which is evident @ =0, the correlation
spectrum for the’C+*C decay channel. pattern becomes shifted such that

d?c

do*dy

C. Angular correlation measurements

| Py(cog ¢+ A))|?, (5)
The complete determination of the reaction kinematics for
the above reactions permits the effects of the alpha-particle
emission from the primany?®Si center of mass system, and WhereAy=A6*1;/J andl; is the final state grazing angular
the subsequent decay from tféMg excited states to be Mmomentum in the?®Si center of mass system. Consequently,
decoupled. In certain circumstances, this allows the decathe 6* - correlations appear as a series of diagonal ridges
process to be studied model independently and hencayhich intercept thet* =0, ¢ axis at points corresponding to
through angular distribution measurements, the spins of ththe maxima of the functiohP ;(cosy)[2. This result was ar-
states to be unambiguously determined. In essence, the afived at by da Silvieréd24] by considering the classical rela-
gular correlations between the alpha-particle angle and thi#onship between the angular momenta involved in the reac-
breakup angle are analyzed, providing information on thdion, and later quantum mechanically by Marsh and &
dominant entrance channel angular momenta in addition tdhe spin of the?**Mg states can thus be deduced through an
the spin of the state populated. These correlations are calcexamination of they dependence of the correlations along
lated as a function of the two in-plane or axjaB] correla-  the 6* =0 axis. Noting the ridge structure, the statistical sig-
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FIG. 8. The projected angular correlations for tHe&lg states observed in th#C+%C decay channel. The solid lines correspond to
Legendre polynomials of the order indicated on the figure, and represent the periodicity of the correlations.

nificance of the data can be improved by performing a profeaction have been used to provide an estimate of the reso-
jection of the correlations onto thé* =0 axis at an angle lution with which the correlation angles are reconstructed,
parallel to the ridges. This then results in angular distribu-given the energy and position resolutions of the detectors.
tions whose periodicity, but not necessarily amplitude, re-These calculations imply that the uncertaintiessfnand ¢
flects the spin of the nucleud, Clearly, the gradient of the are~5° and~2°, respectively. Th&* resolution is domi-
ridge structure is related to the spin of the state in a way thatated by the size of the beam sgdt5x 1.5 mn?) whereas
depends on the reaction mechanism through the magnetibhe main factor effecting the reconstruction of the anglis
substate populations. If it is assumed that the entrance chathe position resolution of the detectors. Further, the calcula-
nel partial wave can be related Joand|; through the rela- tions indicate that these resolutions remain constant for the
tionship I;=J+1;, which is the “stretched” configuration three beam energies, and do not have an important effect on
corresponding to the lowest centrifugal barrier, then the ridg¢he change in quality of the correlations.

gradient gives a measurementlof usingJ as determined By requiring consistency between the periodicity of the
from the periodicity at6* =0. Conversely, ifl; is specified projected data and the angle of projection, it is sometimes
thenJ determines the angle of the ridge structure. possible to extend the spin assignments to cases where the

Figure 8 shows a series of the correlations, for the excitedorrelations do not in themselves define a clear ridge angle.
states observed in th®C+%C decay channel, projected at The quality of the spin determinations depends to a large
an angle which is consistent with the order of Legendre polyextent on the quality of the correlation structure and the
nomial shown in the figuréthe appropriate value df for ~ number of minima and maxima spanned by the data. The
each beam energy is discussed belofhe quality of the correlation for the 31.9 MeV staisee Fig. 7 is an example
correlations in general can be seen to improve with increassf a data set for which the spin can be assigned with a high
ing excitation energy. This could be a consequence of eithetlegree of confidence and the grazing angular momentum de-
an increased density of strongly selected states at the lowé¢grmined. The diminishing structure at lower excitation ener-
excitation energies, resulting in overlapping peaks with dif-gies implies that spins can be assigned with less certainty.
ferent spins, or an increase in the selectivity of breakup statdsor example, the states at 20.9 and 21.7 MeV possess corre-
compared to unresolved background states at the higher elations which suggesd=6 spin assignments, but for in-
citation energies. Monte Carlo simulations of the breakupstance J=4 cannot be excluded with a high degree of cer-
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FIG. 9. The projected angular correlations for #H#g states observed in th0+8Be decay channel. The solid lines correspond to
Legendre polynomials of the order indicated on the figure, and represent the periodicity of the correlations.

tainty. The spins implied by the angular correlation analysisentrance channel partial waveslp&16+ 1%, 18+ 1%, and

are listed in Table |, where uncertain assignments are indi22= 17 at the three energies, consistent with those measured

cated by brackets. Typically the magnitude of this uncerin the °C+*%C decay channel.

tainty is =24. The entrance channel angular momentym

was not explicitly fixed in the analysis, but was found to be IV. DISCUSSION

consistent for a given bombarding energy. The average val-

ues of the correlation gradients suggest that at the three cen- The states observed in the present measurement of the

ter of mass energies, 32.1, 36.4, and 49.3 MeV, the dominantC(*%0,'%C'’C)a reaction can be compared with those re-

entrance channel partial waves wedre=16+ 14, 18+ 14, ported in previous studies of this syst¢@r?—15. Costanzo

and 22-1#%. This trend is in general agreement with the et al. [12—14 have reported states at the excitation energies

sequence of resonances observed f€+ %0 reactions of 26.3, 27.3, 28.4, 29.2, 30.7 (12 31.6 (12"), 35.1

[26,27], and the reported values &f=19 and 21% at the (147), and 36.5 MeV (14). We have previously reported

center of mass energies of 34.5 and 42.4 MeV, respectivelgtates at 25.4, 26.2, 27.2 (1], 27.9 (12"), 29.0 (12"),

[15]. and 31.5 MeV (14) [15]. We believe that this latter se-
Figure 9 shows the projected angular correlations thatjuence of states corresponds to states in the present measure-

could be measured for states observed in'fi@+®Be decay ment at 25.0 (8), 25.9+26.4 (10"), 27.0 (107), 28.0

channel. Clearly, the quality of the angular distributions do+28.4 (10"), 29.2 (12"), and 31.9 MeV (12). There are

not match those observed in tHéC+'°C data, and corre- discrepancies between these two latter measurements of

spondingly the level of confidence in the associated spins is-400 keV for low excitation energies angd400 keV at the

reduced. However, it is possible to suggest spins for many abther end of the excitation energy range, which is larger than

the states and these are listed in Table Il. Also presented ithe combined uncertainties quoted in the two measurements.

Table Il are the spins which the correlations appear to exHowever, we note that in the previous measurement the de-

clude. In the instance that the correlations are consistent wittection efficiency fell away extremely rapidly at the two ex-

two spins, both are listed in the table, with the preferred spiniremes of the excitation energy spectrum and this may have

in boldface type. Once again, this analysis suggests dominant¢sulted in a distortion shifting the centroid energies of the
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states at the end of the spectrum towards the center. The TABLE Ill. A comparison between the quasimolecular reso-
present measurement appears to confirm the findings of Cosances observed in théC(**C,°0) ®Be [29] and **C(*’C,'*C)**C
tanzoet al. [14] for the states at 35.1 and 36.5 MeV, which [30] reactions, and thé*C+'°C breakup states from the present
we associate with the structures observed at 35.6 and 3eMeasurement.

MeV, and confirm the assignment #&14. We are also able

to confirm the assignment of spids=10 and 12 to the states C(*%C,"Be)"0 YC+17%C elastic ~ Present data
at 27.2 and 29.0 reported in our earlier wgi], which we  Ecm. Ex Tem J Ex J B« J
associate with the peaks at 27.0 and 29.2 MeV in the presegtys 230 6

data. However, the spins assigned to the states at 27@.98 239 200 6 238 (6)
(J=12) and 31.5 MeV {=14) in Ref.[15] cannot be con- 5 242 (200 8 242 (@

firmed. The beam energies for R¢L5] were 80.5 and 99 10.45 244 (400 6
MeV, and in principle it is possible that these two states 0.62 24.6 300 8
could simply be absent from the present data. However, it i%'% 24'9 200 8 250 8
more likely that the states observed here at similar excitatior) ' '
energies are indeed the same states, and the original s 91‘20 251 <450 (6)

assignments should be revised. We conclude that these stal 38 25.3 200 8 25.28 (8

are in factJ=10 (28.0 MeV) and 12(31.9 Me\). The latter 11.90 258 500 8 2588 (8§ 259 (10
spin is in agreement with the assignment made by Costanztk?-36 ~ 26.3 300 8 26.4 (10
et al.[12] for a state at 31.6 MeV. Note, we interpret the datal2-98 269 340 8 2673 (10

of Ref.[12] as requiring a shift in the absolute excitation 13-37 273 300 10 2713 (10 27.0 10

energies according to the arguments in R&§]. 13.87 278 240 10 28.0 10
(14.15 8
14.36 283 340 10 2839 (10 28.4 10
A. Comparison with the quasimolecular resonances 28.58 (10

It is also interesting to compare the present sequence ¢35 295 ~700 10 29.08 (100 292 12
energies and spins with the so-called quasimolecular resd6-13 ~ 30.1 <400 10 3038 (10 300 10
nances. For example, the results of James and Fletchéf-45  30.4 <400 10
[28,29, from a measurement of th®C(**C°0)®Be reac- 17.19 311 320 10 31.08 (12
tion, are listed in Table IIl. The similarities of the two sets of 17.78 ~ 31.7 500 12 3143 (12 319 12
states is compelling, as there appears to be good agreemeh8.9 300 10
both in terms of the energies and spins of almost all of thel8.8 32.7 ~500 12 3228 (12 325 12
structures in the present data. This strongly suggests a linko.46 334 230 12 3328 (12 332 12

between the present data and the quasimolecular band ob- 3433 (12
served in the'’C(*%C,®Be) reaction. There is also a strong 356 14
correlation between resonances observed @a=90° 36.43 (12 36.7 (14
12C+1%C elastic scattering yields as reported by Cosman 3723 (14

et al. [30] and the?*Mg states decaying into tw&’C nuclei
observed in the present measurement. This correlation is par-

ticularly evident for the series of states in the excitation enthree spectra make comparisons difficult. However, Leddy
ergy interval 28 to 34 Me\(see Table Ill. The elastic partial et al. [8] have already commented on the similarity of the
widths for the states listed in Table Ill, measured Cosmarstates observed in the ?C(**Mg,*?C**C)’?’C and

et al. [30] indicate that in the case of the quasimolecular**C(**Ne*)C'*2C)®Be reactions, although this is based on
resonances there is a strong link to ff€+*2C decay chan- structural similarities and not measurements of spins or par-
nel and only a weak connection with tHé0+8Be channel. tial decay widths. Nevertheless, the similarities are striking.
This would indicate that the states have a domird@t+2C A measurement of thé*C(**Mg,*?C'°C)*“C reaction[2] in-
cluster structure. Curtigt al. [7] have also reported on a dicated that the states at 21.0, 21.7, 22.2 could be associated
possible link between the breakup states measured in thaith spin 4" and the states at 22.8 and 24.8, énd 8",
12C(**Mg,*?C*?’C)'%C reaction andJ=4 quasimolecular respectively. Leddyet al. suggested that the states at 26.3
resonances observed FC+12C reactions. This relationship and 27.2 MeV in the'’C(**Mg,**C'C)!“C reaction pos-

appears to be verified by the present data. sessed spins o&10". In the present measurement we ob-
serve a strong 8 state at 25.0 MeV, and I0states at 25.9,
B. Comparison with other breakup reactions 26.4, and 27.0 MeV, in close proximity to the possible10

states in the*C(?**Mg,'%C'%C)*C reaction, suggesting some
similarities between the two reactions. However, in the lower
excitation energy region (20E,<24 MeV) there is dis-
agreement. Where the present measurement indicates pre-
dominantly J=6 structures the previous study foude=4
states. Although we cannot completely excluded assign-
ments for the 20.9 and 21.7 MeV states, it does appear that
INote that the states in Fig. () have been shifted by 200 keV in  the excitation energy spectra in th&C(1°0,%*Mg) « reaction
order to coincide with those in Fig. 1d, as in Ref[8]. are more complex and structurally different in this region.

Figure 10 provides a comparison of tiéMg states
observed in the C+'C decay channel, excited
in the %C(**0,*Mg)a, ¥C(**Mg,**Mg)*°C, and
12C(*"Ne,**Mg)®Be reaction$10,8].! The complexity of the
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900 . Previous studies of thé*C(1%0,2*Mg) a reaction[15,21]
soop (@) "CCO.C,C) He have indicated that thé®Si compound system plays an im-
portant role, and the alpha decay of the highly excitégi
nucleus to states if*Mg might not be expected to be as
selective as alpha transfer. This decay of the compound
nucleus might be expected to populate higher spin states for
which the angular momentum barriers are smaller. Statistical
model calculations using the codeaTis[31] and the poten-
tials from Ref.[31] (Table IV) indicate that atE.,,=32
(b) “c(*mg,“c,, "c ) c,, MeV, |;=16 #, there is an order of magnitude difference in
the cross section for populating=4 and J=6 state. The
small probability for excitingl=4 states compared tb=6
may account for the difference in theC(*°0,**Mg)« and
2C(?**Mg,?*Mg) *2C reactions, with the latter seemingly fa-
voring the population of the lower spin states. Furthermore,
there does appear to be some evidence for a pos3ibie
state at 22.7 MeV in the present measurement which might
n correspond to the 6 state at 22.8 MeV observed in the
o} (© “c"Ne,’c, C,)"Be, 12c(?*Mmg,t7ctac) 12C studies.
80 The conclusion from this comparison must be that the
70 spectrum of breakup states is in fact complex, being com-
60 posed of not only the 4p-4h configurations based diiNe
s0 ground state, strongly fed by alpha transfer, but also other
;‘Z configurations. Previouskg], the breakup or fission cfMg
20 has been linked with particular cluster configurations con-
nected with shape isomeric minima in the defornféiig

700
600
500
400
300
200
100

60

40

20

Counts per channel

o al Aol o potential. The present data would be consistent with an in-
o2 x » B w2 terpretation that more than one cluster configuration contrib-
Excitation in 24Mg (MeV) utes to this process and hence presumably more than one

minimum or alternatively more complex structures within a
FIG. 10. A comparison of thé*Mg excited states observed in single minimum.
the 2C+'2C decay channel, populated in the reactiot®

c(*0,Mg*), (b  C(*Mg,*Mg*) [8], and (c) C. The *0+8Be decay channel and statistical model
12C(?°Ne,>*Mg*) [10,8]. calculations

Certainly there are several states in the present reaction that In contrast to the similarities observed in tHé&C+°C
have no counterparts in th#C(?**Ne,'?C'%C)®Be reaction. ~decay channel, it is difficult to find the same level of agree-
For example, the states at 24.2, 25.9 and possibly 29.2 MeVfnent between the energies and spins of states observed in the
Due to the poorer resolution in th&C(*Mg,*’ct?C)?c  '%0+8®Be and*?C+“C final states in the present data. This
measurement it is difficult to conclude if these states arenay in part be the result of an increased density of states in
present or absent. Any differences of course reflect the difthe °0-+8Be channel due to the inclusion of states with odd
ferent reaction mechanisms populating the states in the threspins. Certainly, in the low excitation energy region
instances. Thet"C(**Ne,?*Mg)®Be reaction is likely to be (20<E,<24 MeV) there appear to be states of similar spins
dominated by alpha-transfer processes strongly populatinip the two channels, and given the differences in the excita-
4p-4h states irf“Mg, and hence is highly selective. Further- tion energy spectra for th#C+%C decay channel at 75 and
more, the present measurement finds evidence for states & MeV, differences between the two decay channels in this
35.1 and 36.5 MeV, whereas Murgatrogtlal. [10] found  energy region may not be significant. However, in the higher
that states populated in tHéC(*°Ne,?*Mg)®Be reaction ter-  excitation energy regiong,>25 MeV) there do appear to
minated at~33 MeV, again pointing to the selective popu- real and significant differences. Figure 11 shows a compari-
lation of states in the alpha-transfer reaction. son of the %0+8Be and ?C+'°C spectra atEjq =115

TABLE IV. The potentials used in th&Si statistical model calculations, from RR1].

V, v, R, a, W, W, R; a R.
Channel (MeV) (MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) Shape (fm)
n+27sj 48.2 -0.3 3.75 0.65 11.5 0 3.75 0.47 Surf. 0
p+27Al 52.2 -0.3 3.75 0.65 11.5 0 3.75 0.47 Surf. 3.75
a+2Mg 54.4 0 4.90 0.53 9.8 0 4.90 0.53 Vol. 4.04
8Be+2Ne 14.0 0 6.10 0.49 0.4 0.15 6.10 0.49 Vol. 6.10

2c+1%0 17.0 0 6.49 0.49 0.80 0.20 6.10 0.15 Vol. 6.49
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140 10 30.1 MeV. However, given the uncertainty in the spin as-
o 9 13 00,0 *Be)'He signments for thé®0-+8Be channel, these may in fact be the
11 12 12 1
. same states. Th¥C+1%C 12" state at 31.9 MeV may have
a counterpart at 31.6 MeY12") in the %0+8Be data, but
the 33.2 MeV(12™) state would appear to be absent. Fur-
thermore, the doublet of 10 states which appear in the
12C+12C spectrum at 28.0 and 28.4 MeV coincide with a
minimum in the **0+8Be spectrum.
In order to assess the significance of the differences or
400 1012 12‘2C(160,12c 20y'He similarities of the two spectra in Fig. 11 we have performed
a statistical model analysis of the decay probabilities using
the codesTATIS[31] and the optical model parameters given
in Table V[32]. The results of these calculations are shown
in Fig. 11, where we have plotted the ratibg./I" oge and
I'cc/T'1ot- There are two features which are important. The
12c+12C decay channel opens before tH©-+Be channel,
and the ratios of the decay probabilities above the barrier
tend tol' cc/T" oge~0.6. Interestingly, the 10 *2C+1°C de-
cay probability peaks at 27 MeV with' /T gge~ 2. After
correction for detection efficiency, the350 peak counts in
the 12C+12C spectrum for the 27.0 MeV 10 state would
correspond to~45 %0+8Be counts forl" cc/T' oge=1 and
half this value for statistical decay. Hence, the lack of evi-
dence for this state in th0+8Be channel is not surprising.
If the possible 12 state in the'’C+%°C channel at 31.9
MeV corresponds to thé®0+®Be 12" state at 31.6 MeV,
then this indicates thdf oc/T"gge~ 1.5, which is agreement
with statistical expectations. Similarly, if the states at 29.2
MeV (*C+12C) and 28.8 MeV t°0+®Be) both can be
identified with J™=12", then this would suggest
I'cc/T oge~0.9, compared to the statistical expectation of
1.3. Finally, if also the states at 30.0 MeV2C+ °C) and
30.1 MeV (**0+8%Be) havel™=10" thenI'cc/T" oge~0.9
compared with the statically expected value of 0.5, although
e this needs to be verified.
40 a2 Thus, there is perhaps some evidence for the statistical
E,(*'Mg) (MeV) decay of?"Mg excited states in the region 2%, <33 MeV.
* However, the doublet of 10 states at 28.0 and 28.4 MeV
FIG. 11. A comparison of th&,.. =115 MeV excitation en- would be expected to be represented in th@+®Be spec-
ergy spectra with the results of the statistical model calculationgrum by peaks of-70 and~100 peak counts, respectively,
using the codesTATis [31] and the potentials given in Table V. for statistical decay. The present data indicate that an upper
limit for the ratio I'cc/T'oge is 5.6=1.5. This value of
MeV. In this instance the relative intensities of the stated’../I'oge has been determined by subtracting Gaussian
should indicate their preference for decay into these tw@eaks at 27.3 and 28.8 MeV with FWHM 0.7 MeV, and is a
channels. These spectra are clearly different. For exampléactor of 4 to 5 larger than statistical model predictions. This
there is no evidence for the strodg- 10 state at 27.0 MeV difference would appear to be significant, although an impor-
in the %0+®Be decay channel. Also, apparently the tant influence could be the proximity of these states to the
12Cc+12C 12* and 10" states at 29.2 and 30.0 MeV, respec- 1°0+8Be barrier. For example, a 10% decrease in the depth
tively, appear to coincide with T0and 12" states 28.8 and of the %0+28Be real and imaginary potentials results in an
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TABLE V. The potentials used in th&Mg statistical model calculations, from R¢82].

V, V, R, a, WA W, R, a Re
Channel (MeV) (MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) Shape (fm)
n+2Mg 48.2 -0.3 3.56 0.65 11.5 0 3.55 0.47 Surf. 0
p+%Na 56.0 —0.55 3.56 0.65 135 0 3.56 0.47 Surf. 3.41
a+2Ne 50.0 0 4.94 0.59 2.0 0 4.94 0.46 Vol. 5.16
8Be+1%0 14.0 0 6.10 0.49 0.4 0.15 6.10 0.49 Vol. 5.42

c+ic 14.0 0 6.18 0.35 0.82 0 6.41 0.56 Vol. 5.49
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increase of /T oge Of 40% at 28 MeV. However, it should pears to be less selective in that a greater number of states
be noted that 10 states are observed strongly in the are excited.

12c(*2C,%Be) reaction at excitation energies of 27.3, 27.8, These studies would benefit from higher quality data for
and 28.3 MeV, and these are presumably unattenuated by tiilee *°0+°Be decay channel in order to more precisely de-
barrier. The enhanced?C+1%C partial widths for these termine the spins of théMg states which decay into this
states at-28 MeV is in agreement with the measurements offinal state, and this would provide a more concrete compari-
Cosmanet al. [30] further strengthening the association be-son with the?C+?C decay channel. Measurements of the

tween the breakup states and the quasimolecular resonancabsolute partial decay widths of the states observed in the
breakup reactions could also provide an important insight

V. SUMMARY AND CONCLUSIONS into the structure of these_ states. Eurther, a measurement of
the *2C(*%0,*2C*C)« reaction at a significantly lower beam
The *2C(*%0,"?C*C)a and **C(*°0,'°0°Be)a reactions  energy might be expected to more strongly populate the low
have been studied at the beam energies of 75, 85, and 1%pin states in the barrier regioE{=20 MeV), which would
MeV. Evidence for the decay of*Mg states over the exci- provide an interesting comparison with the states observed in
tation energy interval 20 E,<40 MeV can be found in both  the 12C(**Mg,*?C**C)*2C reaction and the low spin quasimo-
reactions. We have performed an angular correlation analysigecular resonances.
of the decay products and are able to deduce spins for many
of the states. A comparison of the two decay channels indi-
cates that some states may decay into t#f@+°C and
1%0+8Be final states with statistical probabilities. However, ~ This work was performed under the auspices of a joint
more interestingly several states appear to favortae-1°C agreement between the Engineering and Physical Sciences
decay channel. A comparison of resonant structures observég®esearch Counc{EPSRG and the Australian National Uni-
in the ?C(*%C,'?C)*?C and *?C(*?C,'%0)®Be reactions sug- versity (ANU). The authors would like to thank the ANU
gests that the states observed in #%@+%C decay channel personnel for their assistance in performing these measure-
may be linked with the so-called quasimolecular resonancesents. Several of the authors would also like to thank the
in 2*Mg. There are also indications that tR8g states ex- EPSRC for financial support. R.L.C. would like to acknowl-
cited in the 12C(**Mg,?*Mg) and 2C(**Ne,?*Mg) reactions edge the financial support of the Isle of Man Government.
which decay into two?C nuclei are also populated in the The authors would also like to thank Dr. S. M. Singer for
12C(*%0,%*Mg) « reaction. However, this latter reaction ap- many useful discussions.
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