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Angular correlations from the 2C+%0 breakup of ?8Si and 2C+'°C breakup of %*Mg
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An angular correlation analysis of the breakup fragments from t#he(**Mg,*?C®0)®Be and
12C(**Mg,*?C *2C)1%C reactions is presented. For tfC+ %0 breakup of?%Si, spins of 13, 87(10"), and
(12,14)" are assigned to states at excitation energies of 28.0, 33.4, and 34.5 MeV, respectively. The results are
compared to the resonances observe?@+ 60 scattering studies and to the predictions of nuclear models.
For the >C+12C breakup of?*Mg, previous spin assignments are verified and new assignments*f (2
6%(8"), (6%), and 8" are proposed for states at 20.5, 23.8, 25.1, and 26.4 MeV, respectively.
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[. INTRODUCTION respondence between the energies, spins and widths of the
breakup states at 22 MeV and that of the’C+'°C barrier
Resonances observed in the collision cross sections of il€@sonances, suggesting that both processes probe the same
variety of heavy ion systems have been a topic of interest fostructures in*Mg.
the past four decades. The most prominent examples are In contrast, the experimental situation for th&C+ %0
found in the2C+1%C and*?C+ %0 systems where the large system is not very clear. Although several experimental stud-
partial widths for decay into the entrance channel and thées have observed the near-symmet#€+ %0 breakup of
rotational-like spin sequences have led to a description of thé®Si via the *2C(*Mg,*?C *%0)®Be reaction[3,9-13, only
resonances in terms of molecular states possessing a largee tentative spin assignment has been reported to date, that
scale cluster structurgl,2]. In recent years, breakup reac- of J=(11+1) assigned by Fre¢f0] to the breakup state at
tions have been exploited in an attempt to establish a link-30 MeV. The limited spin information available for the
between these heavy ion resonances and states of the respkreakup states has thus prevented a detailed comparison with
tive compound nuclei. the heavy ion resonances observed'fC+ %0 scattering
The 2C+1%C breakup of?*Mg following inelastic scat- studies, and the connection between the resonant states popu-
tering from a carbon target has been reported in a number dated by the two processes is still not established. In a com-
publications[3—8]. The excitation energy spectra, obtained parative study of the*’C+ %0 breakup yield observed fol-
from the relative energy of the breakup fragments, indicatdowing the scattering of 170 Me?*Mg ions from targets of
that the breakup occurs from a series of state¥ihg in the  12C, “Li, and °Be, Curtiset al.[12] demonstrated that direct
excitation energy regior-20—30 MeV. Studies of the angu- « transfer is the most likely mechanism populating the
lar correlations of the breakup fragments from thebreakup states. The inference that particle transfer plays a
12c(*mg,*?c*?C)?C reaction have yielded spin assign- key role is further supported by the small cross section mea-
ments for several of the states obseryBg]. The energy- sured for'2C+ %0 breakup following the inelastic scattering
spin systematics were found to be consistent with the popusf 200 MeV 2Si ions from a carbon targé®]. These results
lation of a highly deformed3:1) rotational band in*Mg.  imply that the breakup states have little overlap with tA@i
Furthermore, the bandhead energy and moment of inertiground state configuration and that particle-hole excitations
implied by the data were similar to that of the resonancesnay be important.
observed in¥2C+1%C scattering studies at energies just In this paper we report on an analysis of data obtained for
above the Coulomb barrier. This association was strengththe °C(**Mg,*?C'%0)®Be and *2C(**Mg,**C *?C)*°C reac-
ened by a high resolution measurement of thetions. These data were previously analyzed to extract cross
12c(*mg,*?C *2C)*2C reaction[7] which found a direct cor- section information relevant to the reaction mechanisms
[8,12]. The angular correlations of the breakup fragments
from the two decay channels have now been analyzed to
*Present address: Department of Physics, University of Notré@btain new information on the angular momenta of the de-
Dame, Notre Dame, IN 46556. caying states. For thé’C+1%0 breakup of?%Si, new spin
TPresent address: School of Physics and Astronomy, University aissignments are proposed for three of the breakup states ob-
Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom. served, allowing the first comparison between the breakup
*present address: Department of Physics, University of Yorkstates and the molecular resonances observetfGr- €0
Heslington, York YO1 5DD, United Kingdom. scattering studies. The experimental results are discussed in
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relation to the predictions of various nuclear models. For thehe final state nuclej13—15. If the detection geometry is
12C+12C breakup of?*Mg, the data span a significantly such that the breakup fragments are emitted approximately in
larger angular range than previous experimé¢bts7]. With  the primary scattering plane, the angular correlations may be
the exception of one tentative earlier assignment, the presedefined in terms of the two anglé#8 and, whered* is the
extended results support the spin assignments reported genter of mass scattering angle of the resonant particle/and
earlier work[5,6]. In addition, new spin assignments are pro-is the angle between the relative velocity vector of the
posed for several other breakup states observed. breakup fragments and the beam direction.

For two spin-zero particles in the entrance channel, the
initial angular momentum is due solely to the orbital motion
of the projectile-target system. Taking the beam direction as

The experimental work was performed using beams ofhe quantization axis, the system is thus initially in r@n
170 MeV ?*Mg ions, provided by the 14UD tandem Van de =0 substate. For scattering neéf =0°, conservation of
Graaff accelerator at the Australian National University, in-angular momentum then demands that the resonant particle
cident on a 38Qwg cm 2 natural carbon target. The breakup with spinJ be produced in am;=0 substate. If the resonant
fragments were detected in coincidence in two Gas-Si-Cgparticle subsequently decays into two spin-zero fragments,
hybrid detector telescopes centered horizontally on eithethe angular distribution of the breakup fragments can be de-
side of the optical beam axis at laboratory angles of 16°. Thecribed by a squared Legendre polynomial in goshose
silicon strip detectors housed in these telescopes had a surder is equal to the spid of the decaying state. Further-
face area of 50 mnx 50 mm with the front face segmented more, if the recoiling particle is also spin-zero then the de-
into 16 resistive strips, each 3 mm in width. The strips werecaying state will have natural parity;=(— 1)%.
position sensitive along their length and were oriented hori- For scattering away fron#* =0°, higher magnetic sub-
zontally and parallel to the detector plane, with the front facestates contribute to the reaction yield and the angular corre-
at a distance of 170 mm from the target position. Thesdations are expected to take a more complex form. However,
detectors also provided energy information for incident ionsif the reaction is dominated by a single partial wayé the
Particle identification was achieved with standax&—E entrance channéh reasonable assumption for heavy ion in-
techniques using energy loss information from 50 mm deepluced transfer and inelastic scattering reactions in which pe-
longitudinal ionization chambers situated directly in front of ripheral collisions dominajethen the correlation structure is
the strip detectors. The G3l) scintillation detectors posi- not destroyed but becomes shifted¢gnby an amount pro-
tioned behind the strip detectors were used to veto pile-uportional to the initial scattering angl¢”. The double dif-
events associated with energetic light particles penetratinfgrential cross section for the sequential breakup process then
the silicon wafer. The strip detectors were calibrated usindakes the fornj13],
beams of*?C and '°0 ions elastically scattered from a 150

Il. EXPERIMENT

ugem 2¥Au target, allowing separate calibration param- d2a( 0%, )
eters to be obtained for incidedtC and °0 ions, respec- —————x|P;(cog ¢+ Ay))|?, (1)
tively. dQpe dQ,,

The data for both the®C+ %0 and '%C+'%C breakup . _ . .
channels were recorded simultaneously. Following particldVnereAeA6*. The shift of the correlation structure gives
identification, the energies measured in the strip detectordSe t0 a series of ridges in thé*—y phase space corre-
were corrected for energy losses in the ionization chamber§PONding to the shifted maxima of the original Legendre
the 3.5.m thick mylar entrance windows of the hybrid tele- Polynomial function. For mismatched reactior@<0), the
scopes and in passing through half of the target thicknes‘gqm'”am contribution to the cross section is expec_ted to
(assuming that the interactions occur, on average, midwa§'S€ whgn the angular momepta |n\_/olved in the re_actlon are
through the target The energy of the undetected recoiling coupled in the stretched gonflguratlon correspondlng t_o the
particle was determined from momentum conservation beloWest centrifugal barrier, i.el;=I;+J wherel; is the exit
tween the incoming bearallowing for energy losses in the chan.nel pa.rtlaI. wave. Under these conditions, the gradient of
targel and the two detected fragments. Three-body finafn® ridges is given by14,13
states in which all particles were emitted in the ground state
were identified from the summed ener@aqual to the beam Ao* i

It

energy plus the reactio@ value of the three outgoing par- Ay
ticles (for details of this selection, see Refi8,12)). For these

events, the excitation energy of the nuclei undergoingBy projecting the correlation data onto thig (8* =0°) axis
breakup was determined from the relative center of masat an angle parallel to the ridges, the spin of the decaying

B J
== 2

energy between the detected fragments. state may again be determined by comparing the periodicity,
though not necessarily magnitude, of the projected correla-
IIl. ANGULAR CORRELATIONS tions with that of the relevant squared Legendre polynomial

in cosyy. This procedure can be advantageous experimen-
Under certain conditions, the spins of the resonant statelly as it utilizes all of the data. Oncé is specified, the
observed in a sequential breakup reaction may be determinetbminant partial waves involved in the reaction may be de-
in a model independent way from the angular correlations ofermined from the projection angle through Ef).
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FIG. 1. The?®Si excitation energy spectrum obtained via the 45}
12C(**Mg,*?’C*%0)®Be reaction. The dashed curve indicates the 10
Monte Carlo predicted coincidence efficiency, which has a peak 5l /le

value of 15.7%. o*é- g
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The correlation angleg* and ¢ used in the present V, (deg)

analysis were those obtained by initially projecting the data
onto the breakup plane, as defined separately for each eve
by the two breakup fragments. This approach has been
shown [13] to enhance the correlation structure for cases
where the azimuthal components of the correlation angles

t FIG. 2. Projected angular correlations for states observed in the
+ 180 breakup of?®Si. The dotted curves correspond to squared
egendre polynomials of the order indicated on the figure.

sampled by the detection system deviate from zero. sponding restriction on the acceptance but the resulting
The detection geometry of the present experiment resulteslpectra provided no further spin information.
in a high sensitivity neap* =0° and =90°. The accep- Figures 2b) and 2c) show the projected angular correla-

tance typically spanned the angular rang&s=0— *=40°, tion for the peak at 33.4 MeV, the maximum &t=90°
=20—130° and 6* =0— *=25°, y=40—140° for the indicating that this state is of positive parity. The periodicity
12C+ 180 and *2C+1%C channels, respectively, although the is best described by a squared Legendre polynomial of order
detailed shape of thé* — phase space sampled dependedB, as shown in Fig. ®). However, the right-hand side of the
on excitation energy. correlation shows evidence of periodic structure correspond-
ing to a spin ofJ=10 [Fig. 2(c)]. Thus, although a spin of
J=28 is most likely, a spin o= 10 cannot be ruled out with
certainty.

Figure 1 shows the excitation energy spectrum for The projected angular correlation for the state at 34.5
the '2C+°0 breakup of 2!Si populated in the MeV is shown in Figs. &) and 2e) overlaid with squared
2C(**mg,*C ,10)8Be reaction. The dashed curve indicatesLegendre polynomials of order 12 and 14, respectively. Both
the predicted coincidence efficiency evaluated using a Montef these polynomial functions give a reasonable description
Carlo code to simulate the scattering and subsequent breakop the observed periodic structure and hence the data are
of the resonant particlgl2]. The projected angular correla- unable to distinguish between a spin assignment &f @@
tions for the four most prominent peaks at excitation energied4" for this state. The maximum at,=90° indicates that
of 28.0, 29.8, 33.4, and 34.5 MeV are shown in Fig. 2. this state is of positive parity.

The periodicity of the projected correlation for the state at  Figure Zf) shows the projected angular correlation for the
28.0 MeV is consistent with a spin and parity assignment oktate at 29.8 MeV, which was tentatively assigned a spin of
137, as shown in Fig. @). The minimum ato=90° indi- J=(11*=1) in the earlier work of Freef10]. The left-hand
cates that the state is of negative parity. However, the higkide of the correlation shows three maxima with a periodicity
level of background suggests that in addition to the observedell described by an order 11 squared Legendre polynomial,
13" strength, unresolved states of other spin may also bwhile the right-hand side of the correlation shows no evi-
contributing to the broad peak at 28.0 MeV. By restrictingdence of periodic structure. Although this result is, in itself,
the data to include only high enerd$0 breakup fragments, inconclusive, it provides some support for Freer’s earlier as-
Curtiset al.[12] found evidence for the fragmentation of this signment.
broad peak into two or more narrower states. This is consis- The angular correlations obtained for the other, less
tent with the inference drawn from the high level of back- prominent, peaks observed in Fig. 1 show no convincing
ground in Fig. 2a). A similar restriction on the'®0 energy  evidence of periodic structure. This was confirmed by pro-
was applied in the correlation analydisnplying a corre-  jecting the correlation data at a range of angles, all of which

A. The 2C(?*Mg, *?C *%0)®Be reaction
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TABLE |. Summary of the?C+ %0 breakup states iR®Si and *C+'2C breakup states ik*Mg for
which spin assignments have been proposed. The present results are compared to spin assignments reported
in previous work{5,6,10. The A 8* /A s values and deduced entrance channel partial wdygslftained in
the present work are also given.

Nucleus Excitation Spin assignment Gradient Deduged
(MeV) Present work  Previous work Ref. AG*IA Y (h)
Bg;j 28.0 13 0.74+0.03 30.6:0.7
29.8 (11) (11=1) [10] (0.44+0.03) (36.0:1.7)
334 gt 0.37+0.03 20.6+1.8
[(10*)J [(37.0i 2.2)]
34.5 12+t 0.85+0.04 26.1+0.7
[14*] {30.5i 0.8]
2Mg 20.5 2" (0.10+0.03) (22.4-6.6)
21.1 4* 4+ [5] 0.17+0.03 27.5-4.3
21.9 4* 4* [5] 0.17£0.03 27.5:4.3
22.3 4* 4+ [5] 0.17+0.04 27.5:5.9
22.9 6" 6" [5,6] 0.30+0.04 26.0:2.8
23.8 6" 0.24+0.03 31.0:3.2
(8% (0.38+0.04 (29.0+2.3)
24.6 8" 8+ [5,6] 0.41+0.04 27.5-1.9
25.1 (6" (0.34+0.05) (23.72.7)
26.4 8 =10" [6] 0.42+0.05 27.1:2.3

produced structureless projections similar to that seen on thations for the states observed are shown in Fig. 4 overlaid
right-hand side of Fig. @). The lack of structure could be with squared Legendre polynomials of the order indicated on
due to neighboring states of similar spin but different paritythe figure. Due to the symmetric nature of tH€+*°C de-
contributing to a single peak in the excitation energy speceay channel, all of the states observed have even spin and
trum of Fig. 1, such that the structure in the combined angupositive parity. The spin assignments proposed for these
lar correlations is lost. This is discussed briefly in H&2]  states are listed in Table I, together with the corresponding
in the context of a preliminary analysis of the present angulavalues ofl; implied by the angles used to project the data.
correlation data. Also, the lower peak to background ratio for When incrementing angular correlation spectra, it is de-
these weaker states further adds to the difficulty of discernsirable to keep the size of the angular bins the same for all
ing any correlation structure. Another possibility is that thestates in order to avoid introducing any bias into the spin
assumptions underlying the analysis of the angular correla-
tions break down for certain states. However, since periodic 100-
structure is observed for the most strongly populated states in
Fig. 1, the latter explanation seems less likely.

Based on the angles used to project the data, the values of
l;, the entrance channel partial wave, implied by each of the
spin assignments discussed above are listed in Table I. A
value ofl;~ 30k is obtained from the spin assignments of
J=13, 8, and 14 to the states at 28.0, 33.4, and 34.5 MeV,
respectively, while the alternative assignments for the latter
two states yield significantly differert values. The consis-
tency of the deducetl values thus favors thé=8 andJ 201
=14 assignments for the 33.4 and 34.5 MeV states. How-
ever, different values of; are in principle possible for the : ‘ ‘ ‘ ‘
same reaction mechanism and hence the alternative spin as- 18 20 22 24 26 28 30
signments are not excluded. Excitation in **Mg (MeV)

L 120(24Mg,12C 120)120 155%
4 T ~=

80T

60T

407

Counts per Channel

1202 12~ 12\ 12 , FIG. 3. The?*Mg excitation energy spectrum obtained via the
B. The *C(*Mg, "*C *C) *C reaction 12C(**Mg,**c *°C)*°C reaction. The dashed curve indicates the

Figure 3 shows the excitation energy spectrum for theMmonte Carlo predicted coincidence efficiency, which has a peak
12c+12C  bpreakup of Mg populated in the value of 15.5%. Asterisks indicate new spin assignments proposed
12C(**Mg,*?C *2C)*C reaction. The projected angular corre- in the present work.
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15 @205 MoV o2 15 0,236 WV 5 of I;~29 obtained in the DWBA caIcuIatipn of Reff13].
A Structure was also observed in the projected angular cor-

10 10 relations obtained for states at 20.5, 23.8, 25.1, and 26.4
MeV. Despite low statistics, the widé, coverage has al-
5 51 lowed the periodicity of the projected correlations to be de-
termined for many of these states.
0 =0 o0 0 180 20 ° o s 180 The projected angular correlation for the state at 20.5

MeV is shown in Fig. 4a) and is consistent with a spin
assignment ofJ=2, from which a value ofl;=(22.4
+6.6)% is implied by the angle of projection. Although this
I; value is lower than that obtained for states of known spin,
the large uncertaintydue to the low spin assigned to this
state and the shallow gradient of the ridge strugtuneans
that the difference is not statistically significant. The state at
20.5 MeV is thus tentatively assigned a spinJef2 and is a
candidate for the 2 member of the hyperdeformed band.

The ridge structure in the angular correlation obtained for
the state at 23.8 MeV was not well defined. The data have
thus been projected at two angles chosen to enhance the pe-
riodic structure in the projected correlations. The resulting
. ' ; projections are shown in Figs(f4 and 4g) overlaid with

0 90 180 0 45 90 135 180 squared Legendre polynomials of order 6 and 8, respectively.
(d) 22.3 MeV W=2) | efa)25.1mey  4=6) The data are most consistent with a spin assignment of
E I Pl ph B B =6 to this state although 3= 8 assignment cannot be ruled
out with certainty. Similar values of are implied by the two
spin assignments each of which is consistent, within errors,
with the value obtained for states of known sfif Table |).

The projected angular correlation for the state at 25.1

151(0) 21.1 MeV (=4 | 121 (01 23.8 Mev {¢=8)

45 90 135 180
(h) 24.6 MeV

0 90
(c) 21.9 MeV

Counts

T T Y T TR MeV, shown in Fig. 4i), is consistent with a spin assignment
10— of J=6 which yields a value of,=(23.7+2.7)%. However,
* (e):22'.9 Mev 8 0 ,262'4:.-2‘“ U9 due to the low statistics this spin assignment remains tenta-
10 6 tive.
Figure 4j) shows the projected angular correlation for the
5 4 state at 26.4 MeV. The periodicity of the data is consistent
2 with a spin assignment af=8. From the angle of projec-
oL ol - tion, this implies a value of;=(27.1=2.3)% in good agree-
0 45 90 135 180 0 45 90 135 180

ment with that obtained for states of known spin. Leddy
y, (deg) et al.[6] have proposed a spin dt= 10 for this state. How-

) ) _ . ever, their assignment was based on the lack of structure
120'2(1;%45?;?55;6%?94%“?ﬁgeﬁ?ﬁ f;:rit:‘;ei;?:ggi%'rl;h?)bserved in the angular correlation for this state whereas
squared Legendre polynom.ials of the order indicated on the figureStrUCture was observed in the angular correlation for the 8

State at 24.6 MeV. The authors thus concluded that the state

) ) o ~at 26.4 MeV must have a spide= 10 such that the experi-
assignments obtained. However, the low statistics obtaineghental resolution was insufficient to resolve the more rapidly
for the lac+12c channel did not allow this and different bin yarying correlation structure. In the present work, the angu-
sizes were required depending on the statistics obtained for|gy correlation for this state was found to be inconsistent with
given state. During offline analysis, angular correlation specy j—10 spin assignment and the state at 26.4 MeV is as-

tra were incremented for each state using a range of angulafgned a spin 0§=8 on the basis of the observed periodic-
bin sizes. The spectra shown in Fig. 4 correspond to thqy'

smallest bin sizes allowed by the statistics.

The spins assigned to the states at 21.1)(21.9 (4"),
22.3 (4", 22.9 (6"), and 24.6 MeV (8) are consistent
with previous work[5,6] (allowing for an uncertainty of In Fig. 5a), the spin assignments proposed for the
~150 keV in the absolute excitation energy calibration ex-breakup states observed in th&C(**Mg,*?C 1%0)®Be reac-
pected for breakup experiments of this kifig,7]). From tion are shown on an energy U$J+ 1) plot. Both the 12
these spin assignments, an average valuel;ef(27.2 and 14 assignments for the state at 34.5 MeV are indicated,
+3.8)% is deduced for the entrance channel partial wave andnd the alternative assignments for the 29.8 and 33.4 MeV
is consistent with the value of,~27# obtained in the states are indicated by horizontal lines. For comparison, the
coupled channels calculation of R¢8] and with the value molecular resonances observed*iC+ %0 scattering stud-

IV. DISCUSSION
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oblate solution is assigned to the ground state band while the
prolate solution has been assigrid®] to the experimental
band[23] built on the 6.69 MeV (@) level. In thea-cluster
model[20,21] and Hartree-Fock17] calculations, this pro-
late configuration has an axially symmetrtéC, ¢+ %0y
cluster structure which has prompted the sugge$g@idhthat
higher members of the corresponding band may be populated
in 2C+1%0 elastic scattering. Since this prolate configura-
tion may be reached by the addition of ancluster to the
2Mg ground state[9], it has further been suggested

12 16
------ C + O Resonances

101 * Breakup Data :
= Glatz et al. [9,10,13 that the breakup states seen in the
o Bauhoff et al. 12C(?*Mg,*2C 1%0)8Be reaction may also correspond to this

prolate configuration. This would link the breakup states to
the band built on the 6.69 MeV {0 level. The 0" —6"
members of this prolate band, as observed by Géatal.

[23] via the ®Mg(a,ny) reaction, are included in Fig.(&
together with the 8 and 10" band membergwhich were

not observed in Ref[23]) as predicted by ther-cluster
model calculations of Bauhoft al. [20]. While the higher
spin scattering resonances could reasonably be associated
with this prolate band, the low spin resonances are clearly
inconsistent with such an association. Branfetdal. [24]
pointed out that the*’C+ %0 resonances at center of mass

Excitation in *Si (MeV)
o

107 * Positive Parity energies below~17 MeV (corresponding to #°Si excita-
: : ° Nega:tlve Pa:nty : tion energy of ~33.8 MeV) are observed mainly in
0 50 100 150 200 250 300 a-particle exit channels while those at higher energies are
JJ+1) observed in inelastic channels. Such selectivity in the decay

modes of different resonances would be expected if more
FIG. 5. (a) Energy-spin systematics of the breakup states obthan one cluster band iffSi is populated.

served via the’C(**Mg, *°C *°0)°Be reactior(circles, the molecu- In addition to the oblate and prolate solutions discussed
lar resonances observed fiC+'%0 scattering studiegbetween above, thex-cluster model calculations of Zhareg al. [21]
dotted lineg, and the prolate band built on the 6.69 Me\;(0evel  a|so predict several excited configurations?i$i, including
(squares The dashed line indicates the grazing angular momentuny triaxial structure related to as@)8(fp)* shell model con-
(Lg) for the *2C-+ %0 channel(b) The four molecular bands pre-  figration. This triaxial configuration is classified according
dicted by the two-center cluster model calculations of Baye and ihe irreducible representation of the group ($Uwith
Heener{27]. guantum numbers\,u) = (20,4 [19], and the 4-particle—

4-hole character implies that members of the corresponding
ies[1,2], for which firm spin assignments have been madepand should be observed intransfer onte®*Mg. Within the
are indicated by the region between the dotted lines. The dammolecular oscillator model of Harvel25], this (sd)®(fp)*
suggest some overlap between the breakup states and tbenfiguration may be described by*aC,+°0g s cluster
12C+ 160 heavy ion resonances, particularly for the states astructure with the symmetry axis of the obldf& fragment
33.4 and 34.5 MeV which would favor the 12assignment aligned perpendicular to the line joining the centers of the
to the latter. However, the I3strength observed at 28.0 two fragments. However, no corresponding minimum has
MeV in the present work does not correlate with the knownbeen observed in Nilsson-Strutinsky calculatidis,19.
molecular resonances in th&C+%0 system for which Ragnarsson and Aberfl9] have studied the sd)®(fp)*
spins ofJ=5 or 6% are expected in this energy region. This configuration within the framework of the rotating harmonic
may imply that either there is no association between th@scillator and predicted the corresponding rotational band to
breakup states and the heavy ion resonances, or that the spéie-several MeV above the prolats@)'2 band. The absence
trum of states is more complex and may involve more tharof a corresponding minimum in the Nilsson-Strutinsky po-
one cluster band. tential energy surface was attributg®] to the large signa-

Hartree-Fock [16,17], Nilsson-Strutinsky[18,19, and ture splitting of the lowestp shell orbitals making it ener-

a-cluster mode]20,21] calculations for the?®Si nucleus pre-  getically less favorable to excite four rather than tiwalike)
dict two almost degenerate lowest energy solutions correparticles into thefp shell. The 6d)®(fp)* band is thus ex-
sponding to oblate and prolate deformations. The oblate angected to lie at much higher energighe a-cluster model
prolate solutions each have asdj*? shell model configura- calculations[21], for example, place thes@)®(fp)* band-
tion and may be classified according to the irreducible rephead 13 MeV above that of the prolated)*? band and is a
resentations of the special unitary group(SUvith quantum  good candidate for association with th&C+ %0 molecular
numbers k,u)=(0,12) and(12,0, respectively[22]. The resonances observed at energies near the Coulomb barrier for
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which stronga-decay modes are observgz.

Baye and Heenen have performed two-center cluster
model calculations for thé?C+ %0 systen{26,27. In both
a static microscopic model based on the generator coordinate
method(GCM) [26] and a dynamic study of’C+ 60 elastic
scattering[27], two positive parity and two negative parity
bands were predicted and were labeled with a quantum num-
ber n, representing the level of excitation in the relative
motion of the two fragments. The results of the latter calcu-
lation [27] are shown in Fig. &). In the limit of zero sepa-
ration between the fragments, the lowest positive parity con-
figuration was found to reduce to the prolated(*? con-
figuration[21] of a single harmonic oscillator potenti&6]. , . .
Due to the similar masses of the two fragments, the corre- 0 50 100 150
sponding negative parity band, obtained by exciting one par- JU+1)
ticle into thefp shell, was predicted to begin at somewhat
higher energies. The I3strength observed at 28.0 MeV in FIG. 6. Energy-spin systematics of the breakup states observed
the breakup data lies along the extrapolated trajectory of theia the **C(**Mg,**C *°C)*“C reaction(circles, and the molecular
experimental prolate bar{dFig. 5@)] near the region where resonances observed {fC+*2C scattering studieetween dotted
the twon, =0 bands are predicted to meet, and could thus bdines). Open circles indicate tentative spin assignments and the hori-
evidence for the lowestn(,=0) negative parity band shown zontal line indicates an alternate spin assignment which was not
in Fig. 5(b). This state lies well below the grazing angular €xcluded by the data.

1 16 H i
momentum ) for the “C+1%0 channel1], indicated by the J=(12,14) assignment to the highest energy state ob-

the dashed line in Flg..(é), and its obs_ervatlon n t.h_e I,ﬁerved in the breakup data, suggesting that although the
breakup data thus requires the penetration of a significa 2C+ 160 cluster states may, in principle, extend to higher
centrifugal barrier, implying a strong cluster structure. The ' ;

. excitation energies, and thus higher spins, it is unlikely that
n,=1 bands predicted by Baye and Heenen could reason; . . . i
ably be linked to the triaxiald)®(fp)* configuration, and r1hey will be observed inx transfer. Other reaction mecha

the corresponding negative parity configuration, which hav nism_s,_on the other hand, may not be sgbject to the same
been assigned above to tH&C+ 20 barrier re,sonances EFestr'lctlons and could be able to observe higher spin states. A
Since both the prolatesg)2 and triaxial 6d)®(fp)* con- * previous study of the“C(*°Ne,'*C *®0)a [28] reaction, for

. : . 2 example, observed evidence for breakup occurring from
figurations may be populated ia transfer onto~*Mg, the

1omr2da 2 oe 12 1EmnB . . states in”®Si well above 35 MeV, although no spin informa-
tr?gs(e '\s{ltgr,ﬁcﬁreg) Be reaction could be probing both of tion was obtained. Such alternative entrance channels could

S . ) h i f i he high k
There is little evidence for structure above35 MeV in tst:l;segrowde a means of studying the higher energy breakup
Fig. 1, even though the predicted coincidence efficiency in In c.ontrast to the situation fof®Si, for the 2Mg breakup

this energy region would suggest that evidence for States’.gtates a number of spin assignments have previously been
they exist, should be o_bserved. At the energy employed Measured and a convincing association between the breakup
the present work, the linear and angular momentum matchg, o5 ang thd?C-+12C barrier resonances has been estab-
g%_req.url]rem_enti frelffsgt sailzfleﬁ fmtransfe;] o statehg N lished[7]. The present data add further support to this inter-

| with spins = . ) [12], however, the matching pretation as illustrated in Fig. 6, which shows the energy-
probability for populating states with spil= 15 at excitation pin systematics of the breakup states observed in the
energies near 35 MeV is still significant. The absence oazc(z4Mg 12c12C)12C reaction. The 2C+12C molecular
structure at higher energies is thus an interesting result ag{% ' :

35..

30T

o5t 0. .

Excitation in *Mg (MeV)

20F

s sonances observed in scattering studieg], for which
may reflect an upper limit to the angular momentum allowe irm spin assignments have been made, are indicated by the
by the reaction, as discussed below. However, it is noted th%gion between the dotted lines. THE- 1§C breakup states
. 16 .
other factors, such as the Suppression of ¥ By Ogs and barrier resonances have previously been assi(gesd
decay mode due to the opening of other decay channel]s_zef_ [29]) to the prolatgD1) configuration(with an a— 60—

could also be involved. a or ®0—a—a cluster structure predicted by a-cluster

12 ; i i
_For the prolate £d) conflguratlon_, the maxmur(evgr) . model[30] and Hartree-Fock calculatio81]. In the shell
spin that can be formed from the spins of the 12 particles iMhodel limit. this structure corresponds to adf*(fp)* con-

. _ . 8 4 . .
the sdshell isJ=14, while for the d)*(fp)” configuration, figuration which is linked to the reflection asymmetric pro-

the maxir_num(ever) spin. Is I [this suggests that the " |ate minimum in the Nilsson-Strutinsky potential energy sur-
higher spin resonances in Fig(bb are associated with the face of Mg [18]

n,=1 bands, rather than the,=0 band$. However, in a
strict (fp)* a-transfer picture, the maximugeven spin that
the reaction can populate, without invoking excitation of the
2"Mg core, isJ=12. This value and that aJ=14 for the The angular correlations of the breakup fragments from
(sd)*? configuration mentioned above, are consistent withthe 2C(**Mg,**C1%0)®Be and 2C(*Mg,**C*°C)*°C reac-

V. SUMMARY
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tions have been analyzed. New spin and parity assignmenideV. In addition, new spin assignments of (g 6" (8"),

of 137, 87(10"), and (12,14 have been proposed for (6"), and 8" are proposed for states at 20.5, 23.8, 25.1, and
12C+1%0 breakup states irf®Si at excitation energies of 26.4 MeV, respectively. The data support an association be-
28.0, 33.4, and 34.5 MeV, respectively. The spins assigneflveen these breakup states and €+ *°C barrier reso-

to the states at 33.4 and 34.5 MeV are consistent with thgances.

energy-spin systematics of the molecular resonances ob-

served in*?C+1%0 scattering studies. However, this is not

the case for the I3strength observed at 28.0 MeV, suggest- ACKNOWLEDGMENTS
ing that the spectrum of breakup states is more complex. A
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play an important role in both the breakup data and the scatANU). The assistance of the personnel at the ANU accel-
tering data. erator facility is gratefully appreciated. M.S. and G.D. would

For the Y2C+'2C breakup of?*Mg, the data confirm the like to thank the EPSRC for individual financial support.
spin assignments of 4 4", 4% 6", and 8" previously R.L.C. acknowledges the financial support of the Isle of Man
assigned to breakup states at 21.1, 21.9, 22.3, 22.9, and 243®vernment.

[1] N. Cindro, Riv. Nuovo Cimentd}, 1 (1981). (2000.
[2] N. Cindro, Ann. Phys(Parig 13, 289 (1988. [13] M. Freer, Nucl. Instrum. Methods Phys. Res. 383 463
[3] B. R. Fulton, S. J. Bennett, C. A. Ogilvie, J. S. Lilley, D. W. (1996.
Banes, W. D. M. Rae, S. C. Allcock, R. R. Betts, and A. E.[14] E. F. Da Silveira, “Effects of reaction mechanisms on
Smith, Phys. Lett. BL81, 233(1986. particle—particle angular correlations,” Proceeding of the 14th
[4] J. Wilczynski, K. Siwek-Wilczynska, Y. Chan, E. Chavez, S. Winter Meeting on Nuclear Physics, Bormio, 197énpub-
B. Gazes, and R. G. Stokstad, Phys. Lettl&l, 229 (1986. lished.

[5] B. R. Fulton, S. J. Bennett, M. Freer, J. T. Murgatroyd, G. J.[15] S. Marsh and W. D. M. Rae, Phys. Let3B, 21 (1985.
Gyapong, N. S. Jarvis, C. D. Jones, D. L. Watson, J. D.[16] S. Das Gupta and M. Harvey, Nucl. Phys94, 602 (1967.
Brown, W. D. M. Rae, A. E. Smith, and J. S. Lilley, Phys. [17] P. D. Curry and D. W. L. Sprung, Nucl. Phy8216, 125
Lett. B 267, 325(199)). (1973.

[6] M. J. Leddy, S. J. Bennett, N. M. Clarke, M. Freer, B. R. [18] G. Leander and S. E. Larsson, Nucl. Ph&&39, 93 (1975.
Fulton, J. T. Murgatroyd, G. J. Gyapong, C. D. Jones, D. L.[19] |. Ragnarsson and S. Aberg, Phys. L&tt4B, 387 (1982.
Watson, W. D. M. Rae, A. E. Smith, and W. N. Catford, Nucl. [20] W. Bauhoff, H. Schultheis, and R. Schultheis, Phys. Rev. C
Phys.A589, 363(1995. 27, 2414(1983.

[7] N. Curtis, N. M. Clarke, B. R. Fulton, S. J. Hall, M. J. Leddy, [21] J. Zhang, W. D. M. Rae, and A. C. Merchant, Nucl. Phys.
A. St. J. Murphy, J. S. Pople, R. P. Ward, W. N. Catford, G. J. A575, 61 (1994.

Gyapong, S. M. Singer, S. P. G. Chappell, S. P. Fox, C. D[22] J. P. Bernier and M. Harvey, Nucl. Phy&94, 593 (1967.
Jones, D. L. Watson, W. D. M. Rae, and P. M. Simmons, Phys[23] F. Glatz, P. Betz, J. Siefert, F. Heidinger, and H. Ropke, Phys.
Rev. C51, 1554(1995. Rev. Lett.46, 1559(1981).

[8] N. Curtis, M. Shawcross, W. N. Catford, B. R. Fulton, N. M. [24] D. Branford, B. N. Nagorcka, and J. O. Newton, J. Phys3,G
Clarke, S. J. Hall, J. T. Murgatroyd, S. P. G. Chappell, R. L. 1565(1977).

Cowin, G. Dillon, and D. L. Watson, Phys. Rev.6%, 064606 [25] M. Harvey, “Many nucleon correlations in light nuclei,” Pro-

(2000. ceedings of the 2nd International Conference on Clustering
[9] S. J. Bennett, M. Freer, B. R. Fulton, J. T. Murgatroyd, P. J. Phenomena in Nuclei, College Park, Maryland, 19u@Bpub-

Woods, S. C. Allcock, W. D. M. Rae, A. E. Smith, J. S. Lilley, lished, p. 549.

and R. R. Betts, Nucl. Phy#534, 445(1991. [26] D. Baye, Nucl. PhysA272, 445(1976.

[10] M. Freer, “Probing cluster structures through breakup reac{27] D. Baye and P. H. Heenen, Nucl. Phys283, 176 (1977).
tions,” Proceedings of the 6th International Conference on[28] J. T. Murgatroyd, S. J. Bennett, B. R. Fulton, J. S. Pople, N. S.
Clusters in Nuclear Structure and Dynamics, Strasbourg, 1994  Jarvis, D. L. Watson, and W. D. M. Rae, Phys. Rev5C
(unpublished, p. 29. 2230(1995.

[11] N. Curtis, Ph.D. thesis, University of Birmingham, 1995. [29] M. Freer and A. C. Merchant, J. Phys.Z3, 261 (1997.

[12] N. Curtis, M. Shawcross, W. N. Catford, B. R. Fulton, N. M. [30] S. Marsh and W. D. M. Rae, Phys. Lett. 180, 185 (1986.
Clarke, S. J. Hall, J. T. Murgatroyd, S. P. G. Chappell, R. L.[31] H. Flocard, P. H. Heenen, S. J. Krieger, and M. S. Weiss, Prog.
Cowin, G. Dillon, and D. L. Watson, Phys. Rev.82, 034603 Theor. Phys72, 100(1984).

034311-8



