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Evidence for superdeformed shape isomeric states in 28Si at excitations above 40 MeV
through observations of selective particle decays of 0 + '2C resonances in *Be and alpha channels
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Excitation functions of the reactions '2C('%0,3Be)**Ne and '2C('°0,*He)**Mg leading to several states
have been measured in the range E_ ,, =25.7-38.6 MeV. From cross channel correlation analysis two
intermediate resonance structures at E., =26.9 and 29.5 MeV corresponding to excitation energies of

437 and 46.2 MeV in 2Si have been

identified.

Angular distribution measurements for

12C(1%0,*He)**Mg, ,. have also been made at the lower resonance at E. ,, =26.9 MeV which enable spin
assignment of J™= 14" to this resonance. Striking observation of preferential *Be decay of both the reso-
nances to the 8-particle—4-hole states in 2’Ne is interpreted as evidence for the resonances to be highly
deformed shape isomeric configurations in 2Si expected from deformed shell-model calculations.

PACS number(s): 25.70.Ef, 25.70.Gh

I. INTRODUCTION

In spite of extensive experimental and theoretical
efforts, a comprehensive understanding of nature of the
heavy-ion resonances observed in collisions involving any
two of the nuclei 2C, '°0, 2*Mg, 28Si, etc. is still lacking
[1,2]. There have been explanations of such heavy-ion
resonances in terms of dynamical models [3-5] in which
these resonances are viewed as being a consequence of
both weak absorption and the existence of pockets in the
interaction potential of two ions. There are also explana-
tions in terms of compound nucleus models [6-8] in
which shell stabilization of highly deformed compound
nuclei may result in shape isomeric states with large over-
lap with heavy-ion decay channels.

It has been particularly suggested that the resonances
might be manifestations of shape isomeric states of a
compound system produced in the superdeformed second
well in the potential-energy surfaces akin to fissioning
shape isomers in the actinide region [9]. Specific evidence
of this explanation to be applicable has been found in the
case of the compound system 2*Mg observed in the reso-
nances of '>C+!2C jons [10] and also in the case of *’Ni
observed in the resonance structures of the 28Si+ 28Si sys-
tem [11].

In the present paper we report on the experimental ob-
servations which provide evidence for such a shape
isomeric nature of the two resonances in the 'O+ !2C
system leading to excitation energies above 40 MeV in
288i. Specifically, simultaneous measurements of excita-
tion functions for the reactions *C(*°0,®Be)?°Ne and
2C(1%0,a)**Mg leading to several discrete states of 2°Ne
and Mg were made in the energy range
E. ., =25.7-38.6 MeV. Particularly in the ®Be channel,
the excitation functions leading to 8-particle—4-hole
states of °Ne are being reported for the first time. These
measurements are the ones which provide evidence for
the *0O+!2C resonances to be of the nature of shape
isomeric states of the compound system. Angular distri-
bution measurements leading to spin assignments of one
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of the resonances are also being reported in this work.
Preliminary results of this work have been reported ear-
lier [12].

II. EXPERIMENTAL PROCEDURE

The excitation functions for the reactions
12¢(160,8Be)?°Ne and '2C( ]6O,a)24Mg were measured with
a momentum-analyzed beam of 'O(5") from the Bhabha
Atomic Research Centre—Tata Institute of Fundamental
Research (BARC-TIFR) 14UD Pelletron at Bombay in
the beam energy range of 60-90 MeV in steps of 1 MeV.
The overall uncertainty in the incident energy of the
beam is estimated to be less than £30 keV.

Three surface-barrier detector telescopes were set at 6°,
9°, and 16°, respectively, to the beam for the particle
identification of the reaction products in the scattering
chamber of 1 m diam. The telescope set at 9° was of 11
mm diam at a distance of 13.3 cm from the target sub-
tending a solid angle of 5.37 msr with angular acceptance
of +2.36° at the target. The depletion layer thicknesses
of AE and E detectors were 30 um and 2 mm, respective-
ly. The relatively larger solid angle of this detector was
chosen such that it enabled detection of ®Be, the ground
state of which decays into two alpha particles moving in
a narrow forward cone. The ground state of *Be is 92
keV unbound for decay into two alpha particles and
detection of both the alpha particles simultaneously in
the detector is required for identification of *Be [13]. The
actual effective solid angle for ®Be (ground-state) detec-
tion was calculated numerically with a computer pro-
gram [14] and it was in the range of 10-20 % of the
geometric solid angle for the energies of ®Be in the
present work. The efficiency for simultaneous detection
of two alpha particles arising from the decay of excited
states of °Be is negligible. This telescope enabled detec-
tion of alpha particles as well as ®Be for simultaneous
measurements of excitation functions for the reactions
2¢(1%0,a)**Mg and 2C('°0, sBeg.s. )*Ne.

The telescopes set at 6° and 16° were of depletion layer
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thicknesses 40 um and 2 mm for AE and E detectors, re-
spectively. They were at a distance of 25.5 cm from the
target subtending solid angle of 0.43 msr with angular ac-
ceptance of £0.45°. These were suitable for identification
of alpha particles for excitation function measurements of
the reaction '2C (1°0O ,a)“Mg.

The beam was collimated to a 2.5 mm spot on the tar-
get by tantalum collimators. The target was a natural
carbon foil of thickness 104 ug/cm? for excitation func-
tion measurements. The target thickness was estimated
by measuring the energy loss of 5.486 MeV alpha parti-
cles passing through it. The beam was stopped in a Fara-
day cup in which accumulated charge was measured in a
current integrator and used as the monitor in the excita-
tion function measurements.

The AE-E two-dimensional spectra, recorded in an
on-line computer for all the telescopes enabled the setting
up of flexible two-dimensional gates for particle
identification and thereby building one-dimensional ener-
gy spectra corresponding to different particles. In the
case of the 9° telescope in the AE-E two-dimensional
spectra, *Be can be simulated by ’Li [15]. However,
since the Q values of the reaction *C(!%0,’Li) is 14.8
MeV more negative than the 1210, Be) reaction, this
does not pose any problems in identifying the ®Be groups
of higher energies.

In the case of angular distribution measurements for
the reaction 12C(16O,a)24Mgg_s. a carbon foil of thickness
50 ug/cm? was used. Six surface-barrier detectors of 2
mm thickness were used for detection of alpha particles
and these were set 10° apart at distances of 17.9-20.5 cm
from the target subtending solid angles of 0.76-1.5 msr
with an angular acceptance of about +0.7°. With the al-
pha group leading to 24Mgg,SA as the highest-energy parti-
cle group, there was no difficulty in identifying this group
in the surface-barrier detector spectra for angular distri-
bution measurements. A surface-barrier detector of 300
pm thickness was mounted at a fixed forward angle to the
beam and the elastically scattered peak from the target in
this detector was used as a monitor for the angular distri-
bution measurements to normalize the data. The angular
distribution measurements were taken in steps of
1.6°-2.5° with an overlapping point available between the
adjacent detectors to enable normalization among
different detectors. Accuracy of angular positioning of
the detection in the scattering chamber was checked to be
better than 0.1°. The measurements covered the angular
range of 6°-77° in the laboratory corresponding to
8.5°-101.3° in the center-of-mass system.

III. EXPERIMENTAL MEASUREMENTS

A. Excitation functions for '2C(*°0O, 3Be)*°Ne
and '2C('%0,a)?*Mg reactions

An example of the ®Be spectrum detected in the
surface-barrier detector telescope at 9° and recorded in
the computer by an appropriate two-dimensional gate on
the AE -E plot as described in the previous section, at a
beam energy of 63 MeV is shown in Fig. 1(a). The ®Be

groups leading to *’Ne, ., 1.63 MeV 27, 4.25 MeV 47 in

o )
Elgp™ 63 MeV, 6= 9+2.35

160 ?(G>12C(160,88e)20Ne"_
128 |- C
L 96 i
= -
-} - TR T | 17l01 1
e} L
O 64— Eg_ (MeV)
32
C
O~|1111111111|||||| ‘\""IIIIIIIII
(x100)F (b)
v r g 12C(160 (X)ZAMQ*
288 - S ’
g) 16:
Z : C ! N +
8 C Ll © = ©
C ki > T g = N
O 44 el 2 =
C [ ™ o
- 2l o), 3
L { s o Ny
72 A IS
| o5 23
O||Illl]lllllll’!ll'l'.j"l- ‘l/’\llﬂ_l.lkllll
0 100 200 300 400 50 600 700
CHANNEL NO.

FIG. 1. (a) The ®Be spectrum recorded in the AE -E detector
telescope from the reaction 2C(°0,®Be)Ne at E('*0)=63
MeV. The numbers above the peaks denote the excitation ener-
gies in MeV of states in 2°Ne. The inset shows the detection
efficiency €, of the ®Be detector, as a function of energy of *Be
and the arrows indicate the energies corresponding to the
marked peaks in the spectrum. (b) The alpha spectrum record-
ed in the same telescope from the reaction 12C(“’O,a)“Mg. The
dotted line indicates the smooth continuum which was subtract-
ed for evaluation of excitation function measurements.

the reaction '2C(!°0, 8Be)?°Ne are clearly identified. The
8Be groups corresponding to 7.2 and 9 MeV excitation in
20Ne are also marked in the figure. For the excitation
functions the counts in these five peaks were evaluated re-
spectively for the bombarding energy range 60-90 MeV
and these are shown in Fig. 2.

In the same telescope at 9°, the alpha spectrum record-
ed in the computer by an appropriate two-dimensional
gate on the AE -E plot is also shown in Fig. 1(b). The al-
pha groups leading to various states of 2*Mg in the reac-
tion 2C(1°0,a)**Mg can be clearly identified. Above the
10 MeV excitation in 2*Mg, the alpha particle peaks are
riding on a continuum which increases significantly at
higher excitations. In addition to the alpha particles
from the reaction >C(1%0,a)**Mg, continuum can arise in
other reactions such as the breakup of projectile or target
or the excited residual nuclei. However, the alpha parti-
cle groups feeding excited states up to 21.4 MeV in Mg
can be identified from the kinematically expected ener-
gies. The overall energy resolution of the particle peak is
about 550 keV. For the excitation functions, a smooth
continuum below the peaks were subtracted and for 19
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FIG. 2. Excitation functions for the reaction
2¢('%0,*Be)**Ne at ®,,,=9° to different states of 2°Ne. The ex-
citation energies of the state of *°Ne are shown in MeV.

peaks the excitation functions could be determined for
the bombarding energy range 60-90 MeV and these are
shown in Figs. 3, 4, and 5 corresponding to telescopes at
6°, 9°, and 16°, respectively. Of the 19 peaks for which ex-
citation functions were obtained, some of them are for
single states in >*Mg and some of them are due to un-
resolved adjacent states as judged from the widths of the
peaks.

B. Angular distributions for 12C(‘60,¢1)2"’Mg3.s_

The angular distribution data were measured for the
reaction '*C('°0,a)**Mg, ; at E('°0)=63 and 66 MeV in
the range @ =8.5°-101.3° and are shown in Figs. 6(a)
and 6(b), respectively.

The analyses of excitation functions and angular distri-
bution data are discussed in the next section.

IV. ANALYSIS OF DATA

The excitation functions shown in Fig. 2 for the reac-
tion '2C('0, ®Be)*°Ne and in Figs. 3, 4, and 5 for the re-
action 2C(*°0,a)**Mg leading to various excited states of

Ne and *Mg, respectively, cover the region of excita-
J
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FIG. 3. Excitation functions for the reaction '*C('°0,a)**Mg
at ®,,=6° to various states of >*Mg, the energies of which are
shown in MeV. The dashed lines show the statistical-model cal-
culations of the average cross sections. These are shown only
for those states which are judged to be single states from the
widths of the peaks in the spectrum.

tion 42-56 MeV in the compound nucleus 2Si. All the
excitation functions show prominent structures. The
essential motivation in the present work is to identify
structures in the excitation functions which are due to
compound nuclear resonances as distinct from statistical
fluctuations due to overlapping levels [16]. It is well es-
tablished in the literature that the presence of cross
correlations between different exit channels for the ob-
served structures in the excitation functions is the
significant evidence of intermediate resonance structures
as opposed to statistical fluctuations [17,18]. Before
presenting the details of this analysis we compare the
measured cross sections with the expectations from the
statistical model in the case of the reaction
2¢(1%0,a)**Mg leading to several discrete states.

A. Hauser-Feshbach statistical-model calculations

The statistical-model calculations are made based on
the Hauser-Feshbach formalism [19], which reflects the
average compound nucleus cross sections. In such a case
the differential cross section is expressed as [20]

_s A
a0 24 2@+ (S o Tiula)]

Z(JJ,SL)Z (I'JI'J,S'"L)Y—1)S 7S P, (cos 8) , (1)
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FIG. 5. Excitation functions for the reaction '*C(‘°0,a)**Mg
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where a and a’ specify the incident and the exit channels,
respectively, and / the orbital angular momentum, S the
channel spin, and I and / intrinsic angular momenta for
the target and projectile. Primed symbols denote corre-
sponding quantities in the exit channel. J denotes the
compound nuclear angular momentum and 7’s are the
transmission coefficients. The transmission coefficients
T, were computed with a computer program for optical-
model calculations. The optical-model parameters for all
the channels used and the level density parameters are
the same as used in our analysis of the reaction
2*Mg(a,'?C)'%0 reported in Ref. [21]. A program HAFEST
[21] was employed for the computation of these
statistical-model calculations for the average compound
nucleus cross sections. The calculated differential cross
sections with Eq. (1) at different energies are shown for
the reaction 12C(“(’O,ot)z“Mg at 6°, 9°, and 16° by dashed
lines in Figs. 3, 4, and 5, respectively. These are shown
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FIG. 6. (a) Angular distribution for the reaction

2C(*%0,a)**Mg at “ON” resonance energy of E('°0)=63 MeV.
The data points are shown by closed circles with statistical error
bars. The [P,(cos ®)]? are also shown. The inset shows the ex-
citation function for this reaction indicating resonance at
E(**0)=63 MeV and cross-correlation function C,, for correla-
tion with the *Be channel leading to the 7.2 MeV state of *°Ne.
(b) Angular distribution for the same reaction at “OFF” reso-
nance energy of E(1*0)=66 MeV.
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for those excited states of 2*Mg which are found to show
isolated alpha particle peaks in the spectra as judged
from the peak widths. The spins of the excited states are
taken from Ref. [22] for use in these calculations. The al-
pha particle peaks in the spectra corresponding to 20.2
and 21.4 MeV excitations in 2*Mg are also possibly single
states as judged from the widths of these peaks. From
the excitation functions for these states, deduced after
subtracting the continuum below them and shown in
Figs. 3-5, it is seen that these two states are excited with
significantly large cross sections. The Hauser-Feshbach
calculation for the expected cross section for the 20.2
MeV state is shown in Figs. 3-5 for spin assumptions of
8% and 107, respectively, and for the 21.4 MeV state for
spin assumptions of 10" and 11~. These are the highest
possible spins which can be assumed for this excitation
region in **Mg. It is for these spins of the residual states
that the statistical-model predictions for the cross sec-
tions will be the highest and that is why these are shown
in Figs. 3-5. As seen from these comparisons in the re-
gion from E_ , =26-33 MeV [bombarding energy range
E(®*0)=61-77 MeV] the measured cross sections are
much larger than the statistical-model expectations.
Whereas, for most of the lower-lying discrete states
where statistical-model calculations are shown in Figs.
3-5, the average value of measured cross sections are in
better agreement to the calculated values. Hence this
may reflect more selective feeding of the states at 20.2
and 21.4 MeV in *Mg from these resonances in 28Si due
to nuclear structure reasons. In that case, these states of
2*Mg may not be of higher spin but states of lower spin
and having strong structural overlap with the resonant
states of 2Si. This point is discussed further later.

Since the optical potential for the channel *Be+2’Ne is
not reliably known, it is not considered suitable to make a
similar comparison with statistical-model calculations in
the case of reactions '>C(1%0, ®Be)*°Ne.

It is also relevant to point out that the step size in the
center-of-mass system in the present work is 429 keV and
the target thickness varies from 510 to 420 keV in the
range of bombarding energies of 60-90 MeV. The coher-
ence width of the fluctuations, which is equal to the aver-
age decay width I' of the compound nuclear states, can
be estimated from the empirical relation [16,18]

IF'=14exp(—4.69V A /E,) MeV , 2)

where A is the mass number and E, is the excitation en-
ergy in MeV of the compound nucleus. This empirical
estimate varies from 304 to 508 for E, =42-56 MeV
which is the region of excitation in 2Si covered in the
present work. Statistical fluctuation analysis of the data
of the reaction '>C('®0,a)**Mg and its inverse in different
energy ranges exists in the literature [17,21,23] in which
coherent widths have been obtained agreeing with the
above empirical relation. In this context, the conditions
of the present work are such that step size is about equal
to the coherence width and hence are not suitable for
deriving value of I' from the data. However, in the
present work, the simultaneous excitation function
data leading to several discrete states in the reactions
12C(*%0, ®Be)*’Ne and '2C('°0,a)?*Mg enable cross chan-

nel correlation analyses which provide distinct evidence
for intermediate resonance structures, which may be
present in the midst of statistical fluctuations [18].

B. Cross channel correlations

The energy dependent cross-correlation function be-
tween channels i and j can be defined as [18,21,24]

L —— —_1
(do;(E)) (daj(E))
Cij: 172 ’ 3)
[R,-(O)Rj(O)]
where
R;(0)= do,z(E) 1 (4)
! <<d0',(E)>2 >av ’

where (do,(E)) is a running average for the excitation
function of channel i and { ),, means an average over the
entire excitation function. When one considers N excita-
tion functions the energy-dependent cross-correlation
function can be defined as [18]
2 N

C(E) NN=D i>12_=1CU(E). (5)
In Fig. 7 the energy-dependent cross-correlation func-
tions calculated with the above procedure are shown.
The running average of 9 step size was used. Figure 7(a)
shows the values of C(E) calculated for all the 24 excita-
tion functions measured, i.e., (N =24), 19 excitation func-
tions for the reactions '2C('°0,a)**Mg leading to different
states of 2*Mg either resolved or unresolved and 5 excita-
tion functions of 2C(1°0,®Be)*°Ne leading to states of
0Ne. In the case of the reaction '*C(}°0,a)**Mg the exci-
tation function measurements recorded at @, =6°, 9°
and 16° (Figs. 3, 4, and 5, respectively) are all summed for
each energy after multiplication with the sin ®_ , factor.
These 19 summed excitation functions are taken for
cross-correlation analysis. The maxima in values of C(E)
occur at energies E(1%0)=63, 69, 72, 77, and 81 MeV.
However, as a consequence of the cross-section averaging
procedure the C(E) functions produce maxima, associat-
ed to maxima as well as minima in excitation functions.
To examine these cross correlations further some selected
cross-correlation functions C;;(E) are shown in Figs.
7(b)-7(g). These are the cross correlation of alpha chan-
nels leading to a 20.2 and 21.4 MeV states in 2*Mg (where
significantly large cross sections were observed as dis-
cussed earlier) with ®Be channels leading to the ground
state of 2°Ne as well as to states near 7.2 and 9.0 MeV.
Denoting these alpha channels as @ and b and ®Be chan-
nels as x, y, and z, respectively, the energy-dependent
cross channel correlation functions Cp,, C,,, Cp,, Cg,y,
C,., and C,, are shown in Figs. 7(b)-7(g), respectively.
From these it is noticed that at E('*0)=63 MeV where
the first maximum is seen in C(E) [Fig. 7(a)] maxima are
also observed in Cy,, C,,, Cy,, C,, [Figs. 7(b)-7(e)] and
not in C,,, C,, [Figs. 7(f) and 7(g)]. Particularly, the
cross-correlation coefficient is significantly large in C,,
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correlations at E('*0)=63 MeV are shown by vertical dashed
line and at E('°0)=69 MeV by arrows.

and C,, [Figs. 7(d) and 7(e)] at this energy showing
31gn1ﬁcant cross correlation between ®Be channels leading
to states near 7.2 MeV in **Ne and alpha channels lead-
ing to a 20.2 and 2.14 MeV states in **Mg. The cross
correlation is also present between ®Be channels leading
to states near 9.0 MeV and alpha channels leading to 20.2
and 21.4 MeV states of **Mg [Figs. 7(b) and 7(c)] at this
energy. It is significant to note that this cross correlation
is absent to ground state of 2°Ne [Figs. 7(f) and 7(g)].

At E('%*0)=69 MeV where C (E) shows maximum [Fig.
7(a)] C,, [Fig. 7(e)] also shows maximum indicating that
at this energy cross correlation is present between 8Be
channels leading to states near 7.2 MeV in **Ne and al-
pha channels leading to a 20.2 MeV state of 2*Mg.

Out of these maxima in C(E) and C;(E), to identify
those which are associated with 51gn1ﬁcant maxima in ex-
citation functions selected excitation functions are shown
in Fig. 8. Figure 8(a) shows the summed excitation func-
tion of 19 alpha channels (summed over all angles data)
of the reaction 2C('°0,a)?>*Mg while Figs. 8(b) and 8(c)
show the excitation functions for the reaction
12C(1%0,a)**Mg leading to 21.4 and 20.2 MeV states of
2%Mg, respectively. Figure 8(d) shows the excitation func-
tions for the reaction '2C('°0,®Be)*°Ne leading to peak
corresponding states near 7.2 MeV. At E(1%0)=63 MeV
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FIG. 8. Selected excitation functions: (a) Sum of 19 a chan-
nels in the reaction >C('°0,a)**Mg*; (b) a channel leading to
the 21.4 MeV state in 2*Mg; (c) @ channel leading to the 20.2
MeV state in **Mg; (d) ®Be channel in the reaction
12¢('%0,%Be)*°Ne leading to the 7.2 MeV state in °Ne. Cross
correlated maxima are shown by vertical dashed lines at
E(**0)=63 and 69 MeV (see text).

where C(E) shows maximum in Fig. 7(a), the significant
maxima are observed in Figs. 8(a)-8(d) while at
E(*%0)=69 MeV where C(E) shows maximum in Fig.
7(a) we observe maxima in Figs. 8(a), 8(c), and 8(d).
Therefore, at E('%0)=63 MeV resonance structure is ob-
served with cross-channel correlations observed in ®Be
channel leading to 7.2 MeV state peak as well as in alpha
channels leading to 20.2 and 21.4 MeV states in 2*Mg. In
a summed excitation function summed over all 19 alpha
channels, the maximum occurring at this energy provides
further evidence of the resonance structure at this energy
since any statistical fluctuation would be smeared out
when so many channels are summed. Similarly at
E(*%0)=69 MeV resonance structure can be confirmed
with cross correlation present between ®Be channels lead-
ing to states near 7.2 MeV and alpha channels leading to
a 20.2 MeV state in **Mg. This resonance structure at
E('%0)=69 MeV is also significantly present in the
summed excitation function, summed over 19 alpha
channels [Fig. 8(a)].

C. Angular distributions in 2C('°0,a)**Mg

At E('®*0)=63 MeV cross correlation is observed
among several channels, particularly between 8Be chan-
nels leading to a 7.2 MeV state of °Ne and alpha chan-
nels leading to 20.2 and 21.4 MeV states of 2*Mg. This
resonance structure at E('®*0)=63 MeV also shows a
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weak peak in the excitation function for the alpha chan-
nel leading to ground state of **Mg in the reaction
2C(160,a)**Mg as shown in the inset of Fig. 6(a) where
the excitation function summed over all the angles is
plotted. The energy-dependent cross-correlation function
C,, between this channel (denoted by c) and the Be chan-
nel leading to a 7.2 MeV state of 2°Ne (denoted by y),
shown in the inset of Fig. 6(a), clearly shows a maximum
at E('%0)=63 MeV resonance. Hence, the angular distri-
butions of the reaction IZC(l‘,’O,a)z“Mgg.s, was measured
for determination of the spin of the E(!°0)=63 MeV res-
onance. In this reaction leading to ground state of **Mg,
since all the particles involved are spinless any angular
distribution that is dominated by a single partial wave /
will obey the squared Legendre-polynomial expression as
follows [2]

%mm(cos@)]z. ©)
The angular distribution data shown in Fig. 6(a) were
recorded at E('0)=63 MeV. The angular distribution
shows prominent oscillatory structure. Figure 6(b) shows
the angular distribution data measured at E(!%0)=66
MeV which is “OFF” resonance energy. At this energy
maximum cross section is around 1 ub/sr. At the “ON”
resonance energy of E(!%0)=63 MeV, the angular distri-
bution data [Fig. 6(a)], in the forward peaks where the
cross section is well above the 1 ub/sr level, are com-
pared with calculated curve for [P,(cos®)]* and
[P;;(cos ®)]? normalized at the first peak. The peak po-
sitions agree with the data for [P ,(cos ®)]? while for
[P,;(cos ®)]% the agreement is slightly worse.

The intensities beyond the first peak keep falling due to
some interferences. Beyond about @, =50° cross sec-
tions are very low similar to the “OFF”’ resonance data in
Fig. 6(b). From the positions of the peaks in the angular
distribution data we infer the spin of the E(!%0)=63 MeV
resonance to be J =/ =14.

V. RESULTS AND DISCUSSIONS

From the analysis of data the following points emerge.

At energies corresponding to E('*0)=63 and 69 MeV
resonance structures are present in the excitation func-
tions. The first resonance at bombarding energy at
E(*0)=63 MeV corresponds to E, ,, =26.9 MeV (after
allowing for half of the target thickness). This resonance
corresponding to excitation energy of 43.7 MeV in 28Si
decays through the ®Be channel to the 7.2 and 9.0 MeV
states in °Ne and not to the ground state or to the
ground-state band members. Experimental investigations
of Middleton, Garrett, and Fortune [25] and Hindi et al.
[26] have provided evidence suggesting a 7.2 MeV state
of °Ne to be a 8-particle—4-hole state. They also con-
clude 7.20 MeV 0", 7.83 MeV 2%, and 9.04 MeV 4"
states of 2°Ne to be the first three members of the rota-
tional band built on the 8p -4h state.

This resonance decays also by alpha channels to the
20.2 and 21.4 MeV states of **Mg with cross sections
significantly larger than expected from statistical-model
calculations. The width of the resonance is about 600

keV and the spin parity can be assigned as 14" from the
present data.

The second resonance at bombarding energy
E(*%0)=69 MeV corresponding to E., =29.5 MeV
(after allowing for half the target thickness) decays in the
8Be channel to the 7.2 MeV 8-particle—4-hole state of
20Ne. It also decays in the alpha channel to the 20.2 MeV
state of **Mg with a cross section much larger than ex-
pected from statistical-model calculations. The width of
this resonance at excitation energy of 46.2 MeV in 28Si is
estimated to be about 900 keV from the present data.
Bechara et al. [24] have studied the excitation functions
for the reaction >C(}%0,a)?**Mg* in the energy range par-
tially overlapping with that studied in the present work.
They have identified nonstatistical structures at
E, .. =29.5, 32.2, 35.0, and 37.3 MeV. The resonance
structure at E('*0)=69 MeV (E., =29.5 MeV)
identified in the present work agrees with the first struc-
ture referred in their work. Corresponding to
E_ . =32.2 and 37.3 MeV noted in their work, peaks are
observed in our work in the excitation function shown
[Fig. 8(a)] for the sum of 19 alpha channels.

Figure 9 presents a plot of E_ ,, vs J(J +1) for the res-
onances in the system '°0+ 12C observed in the literature
with spins measured. These resonances have been
identified through elastic, inelastic scattering channels
and ®Be and alpha decay channels [27-37]. The
E_ . =26.9 MeV resonance identified in the present
work with J7 assignment of 14" is also shown in the
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FIG. 9. Plot of E vs J(J +1) showing observed resonances in
the system 2C+!°0 from the literature. The resonance at
E. .. =26.9 MeV with J™=14" identified in the present work is
also shown. The curves show the calculated /,, values for
a+2*Mg and 2C+ %0 channels.
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figure. The second resonance identified at E_  , =29.5
MeV in the present work is not shown in the figure since
the spin is not known. In the figure we have also shown
curves corresponding to grazing ! values for >C+'°0
and a-+2*Mg channels calculated with optical-model po-
tentials [21] mentioned earlier for statistical-model calcu-
lations. The grazing I values [, is determined corre-
sponding to transmission coefficient 7, =0.5. The report-
ed J values are from one to three units less than the /,,
for 12C+1%0 up to E, ,, =25 MeV and more than this for
higher energies. The resonance reported in the present
work at E_ . =26.9 MeV with J =14 is four units less
than the [,, =18 for the '*O+'2C incident channel, but it
agrees with /,, value for the exit channel a+**Mg. This
is an indication that the intermediate resonance struc-
tures are not due to entrance channel effects associated
with the grazing / values.

The two resonances identified in the present work show
clear evidence for decay in ®Be and alpha channels to
selected states in *°Ne and **Mg. We infer from these
selective particle decays the special characteristics of the
compound nuclear states represented by the resonances.

Before going into the details of this interpretation it is
necessary to point out certain features regarding the na-
ture of the states in 2°Ne fed by ®Be decay channel as
identified in the present work.

Since the overall resolution of the peaks in the °Be
spectrum is about 550 keV the peak corresponding to 7.2
MeV excitation in 2°Ne can also include states in 2°Ne at
6.72 MeV 0", 7.43 MeV 27, and 7.17 MeV 3~. Howev-
er, these states in 2°Ne have been identified as having
180+ @ character by experimental [25,26] and theoretical
[38] studies while 7.2 MeV 01 and 7.83 MeV 2% have
been well established as the members of the band with
8p-4h character [25,26]. Since the resonances at
E_. .. =26.9 and 29.5 MeV in the present work do not
feed the ground-state band of 2’Ne which have '*O+a
character it can be taken that any contribution in the Be
spectrum to the 7.2 MeV state peak from the 6.72, 7.43,
and 7.17 MeV states of 2°Ne is negligible. Hence the two
resonances decay to the 7.2 MeV state of 8p -4h character
and not to the states of O-+a character. Even through
the energy available for ®Be decay is more by about 7
MeV to the ground state than to the 7.2 MeV quartet
state and both these states have J”=07, the resonances
decay dominantly to the quartet state. Purely from pene-
trability considerations opposite will be the case. Hence
it can be deduced that there is a nuclear structural reason
for this mode of decay. These decay modes of the two
resonances are shown by arrows in the energy-level dia-
gram in Fig. 10.

Leander and Larsson [39] have shown by calculations
of potential-energy surfaces based on the Nilsson-
Strutinsky procedure, that the triaxial secondary
minimum of Ne corresponds to an 8-particle—4-hole
state relative to '°O and suggest that the E =7.2 MeV
state is possibly such a state. As stated earlier,
Middleton, Garrett, and Fortune [25] and Hindi et al.
[26] suggest based on their experimental investigations
that the state at E, =7.2 MeV be an 8p -4h state and pro-
pose the first three members of the rotational band to be

E,=7.20MeV 0*,7.83 MeV 2%, and 9.04 MeV 47, Itis
also expected from the calculations of Leander and
Larsson [39] that the configuration of such a state would
be a (2-proton,2-neutron) ! structure in a Op shell and a
(2p,2n)? structure in a (0d,1s) shell ([220] in the nota-
tion of Arima, Gillet, and Ginocchio [40]), with a large
deformation. The deformation parameters of this
configuration corresponding to the triaxial minimum is
predicted by calculations of Leander and Larsson [39] to
be e=1.17, y=50° with an oscillator frequency ratio,
w,:w,:w, =8:3:2. The (8p-4h) states in 20Ne may also in-
clude [211] configurations. Leander and Larsson [39] cal-
culations of potential-energy surfaces for 28Si also predict
configurations of 16p -4h, with (2p,2n)”! in the Op shell,
(2p,2n)* in the (0d, 1s) shell, and (2p,2n)! in the (Of,1p)
shell (i.e.) [231] in the notation of Arima, Gillet, and
Ginocchio [40] to be at the secondary minimum with de-
formation parameter of e=1.35 and ¥y =60°. This corre-
sponds to a promotion of the (2p,2n) quartet from the Op
shell to the (0f, 1p) shell with respect to the ground state
of 288i. Such configurations are possible above about 17
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FIG. 10. Energy-level diagram showing the two resonances
in the system ')C+'°0O identified in the present work. The
strong correlated decay of the resonances in the a and *Be chan-
nels are shown by arrows. The energy levels in 2*Mg and °Ne
shown in the figure are those for decay to which the excitation
functions have been measured in the present work.
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FIG. 11. Potential-energy surfaces for 2Si and 2°Ne from the deformed shell-model calculations by Leander and Larsson (Ref.
[39]). The thick arrow connecting the shape isomeric configurations of 2#Si and *’Ne by the *Be decay mode is based on the observa-

tions in the present work. (See text.)

MeV excitation in 288i according to the calculation of
Arima, Gillet, and Ginnochio [40].

We interpret our observation of decay of the reso-
nances in the %0+ !2C system at E, =43.7 and 46.2 MeV
in ?Si to the quartet states of ’Ne near 7.2 MeV in
preference over the ground-state band members of 2°Ne
to be the evidence for the resonances to be the higher
rotational member states in 288i with intrinsic
configurations at the superdeformed secondary minimum
discussed above as expected in the Leander and Larsson
[39] calculations. In other words, the selective Be decay
of the resonances are the transitions connecting the relat-
ed configurations in 288i and 2°Ne. This is shown
schematically in Fig. 11 where the potential-energy plot
in terms of deformation parameters of € and y as calcu-
lated by Leander and Larsson for 28Si and °Ne are shown
with the arrow showing the transition connecting the re-
lated configurations as inferred from the present work.

In the work of Voit, Ischeriko, and Siller [41] the near
Coulomb barrier '2C+'2C resonance at 20.25 MeV exci-
tation in 2*Mg and nearby ones are found to decay prefer-
entially to quartet state near 7.2 MeV in *°Ne. Further
Fulton et al. [42] in a high-resolution measurement of
the breakup reaction '*C(**Mg,'?C!2C)!2C find evidence
for superdeformed shape isomeric nature of states as ex-
pected from Nilsson-Strutinsky calculations at an excita-
tion region of 20-26 MeV in **Mg. In this study the
states in the range 20-22 MeV are assigned J"=4" and it
is conjectured that these superdeformed shape isomeric
states are '2C+ !2C resonance states.

Based on these observations of Voit, Ischeriko, and
Siller [41] and Fulton et al. [42] we conjecture that the
strong transitions of alpha decay of the two resonances
identified in the present work at E__ =26.9 and 29.5

MeV to the states at 20.2 and 21.4 MeV in >*Mg may also
be due to the fact that these states in 2*Mg have related
configurations to the resonance states in 28Si which decay
preferentially to superdeformed 8-particle—4-hole states
of ®Ne. According to potential-energy calculations of
Leander and Larsson [39] in the case of >*Mg the super-
deformed states in second minimum correspond to 12-
particle—4-hole states with deformation parameters of
€=1.26 and y=42° with oscillator frequency ratio
w,:wyw, =5:2:1. In this context it is also relevant to
note that Ledoux et al. [10] in their study of the
2C(12C,a)®Ne reaction find resonances in the system
12C+12C showing enhanced decays to excited rotational
bands in 2°Ne based on 8-particle—4-hole states. Based on
these they interpret the resonances in >C+!2C system to
be leading to superdeformed states of **Mg mentioned
above which have configurations [221] in the notation of
Arima, Gillet, and Ginocchio [40].

In summary, in the present work we have presented
evidence for the identification of highly deformed struc-
tures in 28Si formed as resonances in the system '°O+ '2C
by observation of their preferential *Be decay to superde-
formed quartet states in 2°Ne. In addition, strong alpha
decays from these resonances to the 20-22 MeV excita-
tion region of 2*Mg lends support to correlated superde-
formed structures in 23Si, 24Mg, and °Ne as expected
from deformed shell-model calculations.
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