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Resonant structures in the 20Ne1 16O system
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In a search for high spin molecular states in36Ar, the 20Ne116O system was studied using a differentially
pumped windowless20Ne gas target. Angle-averaged excitation functions for the20Ne116O and 24Mg112C
mass partitions were obtained for the energy range 16.39 MeV<Ec.m.< 41.67 MeV in 278 keV steps. Inelastic
scattering involving the16O(02

1 , 6.05 MeV! state was separated from the nearby16O(31
2 , 6.13 MeV! state by

detecting thee2 ande1 emitted from the internal pair decay of the16O(02
1) state. A statistical fluctuation

analysis indicates that several correlated structures are present in the current system. Tentative spin
ments based on angular distribution measurements suggest the resonant structures could be associa
rotational states of36Ar. The results are compared with a cranked cluster model calculation.

PACS number~s!: 25.70.Ef, 25.70.Hi
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I. INTRODUCTION

Ever since evidence of highly deformed excited high sp
states in48Cr was first observed in the24Mg1 24Mg system
@1,2#, much interest has been focused on other similar s
tems, for example, 20Ne1 20Ne @3#, 20Ne1 24Mg, and
20Ne1 28Si @4#. Earlier studies of the20Ne1 16O system re-
vealed some correlated structures in the excitation functio
of the 20Ne1 16O reaction @5,6#. In those investigations,
single-angle excitation functions were measured for the el
tic and low-lying states of20Ne inelastic scattering, as well
as angular distributions at several beam energies. The st
of the 24Mg1 12C reaction, which is the same compoun
system, also showed resonant structures@7# in the form of
broad resonances in three channels: the inelastic excitati
of 24Mg, and the 2a and ap fusion-evaporation channels
These are the channels most sensitive to the grazing entra
channel partial waves. Resonances in the24Mg(12C,a) 32S
reaction also appear to be due to the same states that con
ute to the 24Mg1 12C channel. A crankeda-cluster model
calculation using the Brink-BoekerB1 nucleon-nucleon in-
teraction predicted a superdeformed rotational band in36Ar
with a 3:1 axis ratio deformation@8#. Both 36Ar and 48Cr are
‘‘doubly magic’’ nuclei at the large deformations considere
here, and it is not unreasonable to consider these calcula
states in 36Ar as analogs of the calculated superdeforme
states in48Cr obtained with the same formalism. The mas
density distribution calculated for these superdeformed sta
suggests a large overlap with16O-a- 16O and 16O-20Ne fis-
sion decay channels. Similar calculations suggest super
formed excited states for several other 4N nuclei @9#. Previ-
ously, this model has been used very successfully in stud
of lighter systems with total mass less than24Mg @10#. These
experimental and theoretical studies raise the possibility
highly deformed molecular states in36Ar, and the current
work presents a detailed discussion of recent measurem
to determine the existence of such resonances in the16O-
20Ne system.

*Present address: Wayne State University, Detroit, MI, 48202.
†Present address: Florida State University, Tallahassee, FL, 323
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In order to investigate the contribution of compoun
nucleus formation to the20Ne1 16O system, it is essential to
acquire angle-integrated cross sections, because this red
the likelihood that any observed structures are the result
angular distribution effects generated by interference b
tween amplitudes of several spin values. In the current wo
we measured angle-averaged excitation functions for elas
and inelastic scattering of20Ne1 16O and for 20Ne(16O,
12C* ) 24Mg* reactions as well. Excitation functions for sev
eral exit channels that populate the 02

1~6.05 MeV! state of
16O are presented for the first time in this work. The larg
prolate deformation of this excited state may be favored
the decay of the highly deformed states in36Ar. For example,
a study of the spins of the gross resonances in the16O„16O,
16O~g.s.!… 16O(02

1) reaction@11# determined that the spins of
these resonances are larger than those derived from opt
model calculations for resonances in the elastic channel
comparable energies. The large angular momentum m
match in the 02

1~6.05 MeV! decay channels suppresses th
cross section of direct processes and favors the observa
of highly deformed resonant states. In addition, one adva
tage of studying zero intrinsic spin exit channels is that it
a more straightforward process to extract spin assignme
from angular distribution measurements than for nonze
spin exit channels. In our measurements, unique identific
tion of the 02

1 exit channels has been accomplished by d
tecting thee2 ande1 emitted from the internal pair decay of
the 16O~02

1! state, which is unresolved from the16O~31
2!

state by kinematic reconstruction techniques alone. T
e2–e1 pair yield is directly proportional to the total 02

1

cross section since the contribution from internal pair co
version of 31

2→01
1 g transition is negligible.

Section II of this work begins with a brief discussion o
the experimental setup, including the differentially pumpe
windowless 20Ne gas target system. The data reduction
also presented in this section. In Sec. III the experimen
results are presented. The statistical analysis and discus
of the results are in Sec. IV, Sec. V summarizes this work

II. EXPERIMENT

A differentially pumped windowless20Ne gas target was
used. A schematic of the gas target apparatus is shown in F06.
815 © 1996 The American Physical Society
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816 53Y. MIAO et al.
1. There are four collimators which define four pressure
gions inside the vacuum system. The diameter of the c
mators increases with the distance from the target reg
from 1.6 mm to 3.0 mm, in order to allow good beam tra
mission to the target area. The narrowest collimator rest
the flow of gas out of the target cell, and during measu
ments the beam is steered into the target region such tha
beam waist is minimized at this collimator. The windowle
entrance of the target cell allowed the beam to enter it w
little energy degradation prior to reaching the target reg
Two additional cylindrical collimators inside the gas cell, n
shown in Fig. 1, are spaced by 1 cm and define the e
region, i.e., the region seen by the detectors. The pressu
the target region was typically around 10 torr during
experiment or 11mg/cm2, which corresponds to an energ
loss of roughly 50 keV for the beam energies studied in
work. For this experiment the gas cell and inner collimat
were built from thin aluminum in order to minimize the se
sitivity of our setup to the 6.13 MeVg decay from the
nearby 31

2 state of16O. The largest source of this sensitivi
is the conversions ofg rays into energetic electrons in th
materials surrounding the gas. This setup was slightly m
fied from the original design, in which tantalum was used
these collimators@3,4#. In the recoil plane of the detector
two nearly rectangular windows, each 1.62 cm30.64 cm,
were cut into the gas target housing. They were covered
27Al foils, with typical thicknesses ranging from 75 to 10
mg/cm2. These foils make it possible for the reactants
escape the event region while confining the20Ne gas. The
typical total energy loss in these foils for the decay fragme
studied in this work was approximately 1 MeV. The20Ne gas
that exits the target region through the 1.6 mm collima
was collected by a molecular drag pump and purified b
sorption pump before being reintroduced back into the ta
region. This recycling process enabled us to maintain a st
pressure with a fixed amount of circulating gas during
runs. A 500mg/cm2 nickel foil downstream of the even
region served as the beam exit window. The beam contin

FIG. 1. Schematic of the differentially pumped20Ne gas target
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through the nickel foil and into a Faraday cup, which inte-
grates the total charge of the fully stripped beam nuclei fo
normalization purposes. The rest of the volume of the sca
tering chamber shown in Fig. 1 is maintained at very good
vacuum, typically 131025 torr. For the purpose of differen-
tially pumping, two turbomolecular pumps, with pumping
speeds of 880 l/s and 150 l/s, are mounted directly to th
scattering chamber but are electrically insulated from th
chamber and the detectors mounted inside. Isotropically e
riched 20Ne gas was used as the target gas.

The recoil fragments were detected by two large-area
low-resistivity surface barrier detectors positioned on eac
side of target relative to the beam, and centered at644° for
the excitation function measurements. A 500-mm-thick ion-
implanted silicon detector@12# with a 4 cm36 cm surface
area that was divided into seven segments was used to det
the electrons from the decay of the 02

1~6.05 MeV! state of
16O. This detector was positioned 1.8 cm from the center o
the target region, parallel to the reaction plane defined by th
two heavy ion detectors. A typicale2 ande1 energy spec-
trum from the electron detector is shown in Fig. 2. The pea
represents the minimum ionizing energy for this detecto
thickness.

The 16O beam was provided by the University of Penn-
sylvania Tandem Laboratory accelerator. Standard recoil co
incidence techniques were used in this measurement. In a
dition to the energy information, the time-of-flight~TOF!
difference of every coincidence event was also measure
For any binary decay reaction, the energy signals of the tw
fragments, combined with the TOF information, provides
sufficient information to reconstruct the various mass parti
tions in the exit channels, as well as the center-of-mass ang
uc.m. for each event. A typical exit channel mass partition
spectrum (DT) is shown in Fig. 3. Only events withQ val-
ues greater than222 MeV were included in the figure. The
mass partition for each peak is labeled in the figure. Th
central peak was determined to be a combination of16O1
16O1a and 18F1 18F decays@13#. The results of the18F1
18F channel will not be discussed in this paper; the intereste
reader is referred to Ref@13#. TheQ spectra for the20Ne1
16O and 24Mg1 12C mass partitions are shown in Fig. 4.
Figure 4~a! shows theQ spectrum for the mass partition

le.

FIG. 2. A typicale2 ande1 energy spectrum.
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53 817RESONANT STRUCTURES IN THE20Ne116O SYSTEM
20Ne1 16O, while Fig. 4~b! shows the same spectrum with a
additional electron detector coincidence requirement. T
peaks other than the excitations of the16O(2

1) state are due
to the g ray sensitivity of the system, since false coinc
dences from the electron detector background were s
tracted from this spectrum. The estimated conversion rat
g decay from the 31

2 state is about 0.2%–0.4% for our e
perimental setup. Figure 4~c! plots a typicalQ spectrum for
the 24Mg1 12C mass partition. From theseQ spectra it is
evident that the energy resolution of peaks is about 550
full width at half the maximum~FWHM!, and is sufficient to
resolve low-lying excited states. The solid angle of the he
ion recoil coincidence was calculated using the Monte Ca

FIG. 3. The mass partitions as determined by the time of fli
(DT).
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technique, as the spatial extent of the gas target over 1 cm
length makes it difficult to calculate the solid angle directl
The efficiency of the electron detector was also estimat
using the Monte Carlo technique, as direct measuremen
the electron detector efficiency for the 02

1 state of 16O is
difficult in the current experimental setup, as it is for othe
similar studies@14,15#.

For the angular distribution measurements, the center-
mass angleuc.m. was reconstructed from the kinematical re
lation

ght

FIG. 4. TheQ spectra for the20Ne116O system.~a! and~b! are
for 20Ne116O, with ~b! requiring the additional constraint of an
electron detector coincidence, and~c! is for 24Mg112C mass parti-
tion.
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whereEl andEr are the energy signals recorded by the le
and right detectors, respectively,Eb and Q are the beam
energy andQ value of the reaction, andMl , Mr , Mp , and
Mt are the masses of the left, right, projectile, and targ
particles, respectively. The energy losses of the exiting fra
ments in the27Al foils affect the accuracy of this calcula-
tions. However, the term (El2Er) used in this formula
greatly reduced the dependence on energy losses for de
fragments with comparable masses at the angle ranges c
sidered in this work, since the energy losses in the foils a
so similar. For example, in the case of20Ne1 16O elastic
ft

et
g-

cay
on-
re

scattering at a beam energy of 36 MeV, the calculated an
yields a discrepancy of 0.3° from the actual angle fo
uc.m.596°.

III. EXPERIMENTAL RESULTS

Angle-integrated excitation functions for elastic and in
elastic scattering of the20Ne1 16O system have been mea
sured in the energy range from 16.1 MeV<Ec.m.< 41.7
MeV with a step sizeDE5278 keV. In these measurement
eight inelastic channels have been identified withQ values
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818 53Y. MIAO et al.
ranging from210.36 MeV to21.63 MeV. The cross sec
tions for the elastic channel are averaged over the a
range 64°<uc.m.<106°. The excitation functions are show
in Figs. 5~a!–5~i!; the error bars represent statistical unc
tainties. Resonant structures are present in most of t
channels, with widths varying from several hundred keV
roughly 2 MeV. Resonances centered atEc.m.525.0 and 28.9
MeV are observed in the four lowest excitation exit chann
The overall cross section of the20Ne1 16O(02

1) channel is
roughly one order of magnitude smaller than that of
nearby 20Ne1 16O(31

2) channel, presumably due to angu
momentum mismatch with the entrance channel. A gr
structure is centered atEc.m.520 MeV in the 20Ne
1 16O(02

1) channel with a peak-to-background ratio of 3.3

FIG. 5. Excitation functions for the elastic and inelastic scat
ing of 20Ne116O. The arrows in~a! and ~b! indicate excitation
functions for those two exit channels in which the vertical scale
been multiplied by the amount shown in the figure.
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Because of the large negativeQ value of this channel, the
exiting kinetic energy is comparable to the Coulomb barri
energy for this resonance. There is little evidence that cor
lated structures exist in the excitation functions for high
excitations of these two nuclei. Figure 5~j! is the excitation
function of the three-body final state16O1 16O1a. The
overall cross sections of this channel are the same orde
the inelastic scattering reactions, and it is reasonable to
sume that the16O1 16O1a channel observed in this work is
an inelastic scattering process in which the20Ne fragment
populates ana-unbound excited state (Ea54.7 MeV!, which
subsequently decays bya emission. The structure centered a
Ec.m.528.9 MeV in Fig. 5~j! is also seen in several othe
low-lying inelastic channels.

The results of the angle-integrated excitation function f
the 20Ne(16O,24Mg! 12C reactions are plotted in Fig. 6. All
four excitation functions display a high density of structure
across the entire energy range, and some of them are
narrow as several hundred keV, especially at lower energ
The most pronounced structures appear in the~g.s.,g.s.! ex-
citation function forEc.m.,30 MeV. Narrow structures are
centered atEc.m.517.5, 19.7, 22.4, 23.1, 24.7, and 25.8 MeV
The structures atEc.m.523.1, 24.7, and 25.8 MeV are seen i
all four channels.

Angular distributions were measured at several energ
for both the20Ne1 16O and 24Mg1 12C mass partitions. Fig-
ures 7~a!–7~c! show angular distributions for20Ne~g.s.!1
16O~g.s.! and Figs. 7~d!–7~f! for 20Ne~g.s.!1 16O(02

1) at
Ec.m.520.0, 23.9, and 28.9 MeV. The data atEc.m.523.9
MeV are an off-resonance measurement. A clear backw
rise in the elastic cross sections suggests that elastica trans-
fer dominates the cross sections for angles larger th
100°. The results of optical model~OM! and distorted wave

er-

has

FIG. 6. Excitation functions for the20Ne(16O,12C!24Mg reac-
tions.
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TABLE I. Optical model parameters used for the20Ne116O elastic channel.

Ec.m. ~MeV! V0 ~MeV! r
R

~fm! a
R

~fm! W0 ~MeV! r
I

~fm! a
I

~fm! l gr(\)

20.00 63.00 1.18 0.59 6.50 1.00 0.32 14–1
23.89 60.50 1.18 0.59 12.00 1.00 0.32 17–1
28.89 55.00 1.18 0.59 26.00 1.00 0.32 20–2
it
r

t

r

-

e

t

Born approximation~DWBA! a-transfer calculations are
compared with the elastic scattering angular distributions
these figures; the dashed lines are the results from opt
model calculations@16#, and the solid lines are the result
from coherent sums of OM1DWBA calculations using the
computer code DWUCK5 @17#. The standard Woods-Saxon
optical potential was used in these calculations, and the
rameters are listed in Table I. The grazing angular mome
for the entrance channel are also listed. The optical mo
parameters were arrived at by requiring good agreement
tween the fits and the angular distributions for the most fo
ward angles in the OM calculations and for the backwa
angles in the OM1DWBA calculations. The real part of the
Woods-Saxon potential was used to calculate the clus
form factor in the DWBA amplitude. The radius and diffuse
ness parameters of the Woods-Saxon well were taken
r 051.4 fm anda50.65 fm, and thea-spectroscopic factor
used for the transfer reaction calculations wasSa50.8 @18#.
The angular distribution atEc.m.523.89 MeV @Fig. 7~b!# is

FIG. 7. Angular distributions for the elastic~a!–~c! and (01,
02

1) inelastic~d!–~f! channels atEc.m.520.0, 23.9, and 28.9 MeV.
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assumed to be dominated by direct reaction processes since
is an off-resonance measurement. The OM cross section fo
this energy shows good agreement with the data at forward
angles, but it deviates significantly from the data at larger
angles, and the oscillations in the cross sections are also ou
of phase with the data. The rise in the cross section at large
angles and the oscillations foruc.m..110° are well repro-
duced by the OM1 DWBA calculation, as are the oscilla-
tions in the intermediate region where the two processes are
comparable. The angular distribution atEc.m.520.0 MeV is
dominated by elastic scattering over the entire angle range
being measured, since the OM results are in qualitative
agreement with the data up touc.m.5120°. The experimental
cross sections are underestimated in the calculations fo
Ec.m.528.9 MeV, although the average slope is correctly pre-
dicted. The data foruc.m..80° display oscillatory behavior
with a fairly constant peak intensity over a large angle range,
in a manner consistent with a single dominant partial wave.
A fit to ua19P19(cosu)u2 is shown by the dotted line in this
figure, which reproduces the oscillations in the experimental
cross section well. The angular distributions for inelastic
scattering to20Ne~g.s.!1 16O(02

1) are shown in Figs. 7~d!–
7~f!, along with fits to the single partial wavesl56 at
Ec.m.520.0 MeV andl519 atEc.m.528.89 MeV. The oscil-
lations in those cross sections are well reproduced, suggest
ing strong contributions froml56 and l519 for the reso-
nances at these two energies. Thel value for the
Ec.m.528.9 MeV resonance is the same as that obtained from
the elastic channel. The results of the fits are summarized in
Table II. The relatively large values of the reducedx2 may
come from background contributions.

Angular distributions of the 20Ne„ 16O, 12C~g.s.!…
24Mg~g.s.! reaction have been measured at the energies
Ec.m.517.5, 19.7, 22.4, 23.1, 24.7, and 25.8 MeV. Pro-
nounced peaks were centered on all of these energies for th
mutual ground state transition. Figure 8 shows the angular
distributions at these energies, along with the results of fits to
Pl
2(cosu) plotted with solid curves forl510, 12, 15, 15, 17,

and 17 forEc.m.517.5, 19.7, 22.4, 23.1, 24.7, and 25.8 MeV,
respectively. All angular distributions display pronounced os-
cillatory structures, and the shapes of the oscillations can be
reproduced reasonably well by a single partial wave, with a
few exceptions such asEc.m.523.1 and 24.7 MeV. The fits
suggest that the plotted Legendre polynomials may be the
dominant partial waves for these resonances, even though i

TABLE II. Least squares fitting parameters forualPl(cosu)u2.

Ec.m.~MeV! l al xn
2

20.00 6 0.64 12.30
28.89 19 0.58 19.12
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appears that more than one partial wave contributes stro
to some of these resonances. Thesel values are very close to
the grazing angular momenta of the entrance channel
tained from the optical model parameters listed in Table
The resonance atEc.m.524.7 MeV was previously reporte
in Ref. @6#, in which the resonating partial wave was det
mined to bel518, while another study suggested thatl517
was the dominate partial wave@5#. Our data illustrate tha
more than one partial wave may have appreciable contr
tions.

IV. ANALYSIS AND DISCUSSION

The excitation functions indicate that the highest dens
of structures is in the three channels to the lowest-lying
citations of the 20Ne1 16O mass partition and the fou
a-transfer channels. To study the correlated resonances
the exit channels which have the largest partial widt
summed deviation and cross correlation functions were
tained for these seven channels. Detailed discussions o
summed deviation and cross correlation functions are
sented elsewhere@4,13,19#. The results are shown in Fig. 9
Three correlated structures exceed the 99% confidence li
for these two functions atEc.m.523.0, 25.8, and 29.0 MeV
The most probable spins of these structures areJp5152,
172, and 192, based on the angular distribution measu
ments discussed in the previous section.

In order to illustrate the distribution of the resonan
strength into the various decay channels, we will treat
angular distribution measurements atEc.m.5 20.0, 25.8, and

FIG. 8. Angular distributions for the mutual ground state20Ne
(16O,12C!24Mg transitions. The solid lines areuPl(cosu)u2 with l 5
10, 12, 15, 15, 17, and 17 forEc.m. 5 17.5, 19.7, 22.4, 23.1, 24.7
and 25.8 MeV, respectively.
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28.9 MeV as isolated resonances superimposed on a
resonant background. The Breit-Wigner on-resonance c
section

s i5
4p~2J11!GeG i

k2G2 ~2!

was used to obtain the partial widths of every reaction ch
nel, whereGe , G i , andG are the partial widths for the elas
tic channel, decay channeli , and the total resonance width
respectively. The spin of the resonance is indicated byJ, and
s i is the total resonance cross section of the correspon
decay channel. The total cross section in Eq.~2! can be ex-
tracted from the angle-averaged excitation functions by
suming an incoherent sum of the resonant and nonreso
processes. The reduced widths were also calculated fo
resonances using

g i
25

G i

2P
L
~kR!

, ~3!

whereP
L
(kR) is the Coulomb penetrability for the releva

channel at angular momentumL, which was obtained using
the stretched spin-coupling configuration. The redu
widths were then compared with the single-particle wid
gs.p.
2 53\2/2mR2, wherem is the exit channel reduced mas

Ratios of the reduced widths to the single-particle wid
were obtained using a radius parameterr 051.5 fm. The re-
sulting branching ratios (G i /G) and reduced widths
(g i

2/g s.p.
2 ) for various decay channels are shown in Table

The mass partition16O1 16O1a is represented by the

,

FIG. 9. Statistical analysis of selected20Ne116O elastic, inelas-
tic, anda-transfer channels, using a square averaging intervalD 5
1.11 MeV. ~a! is the cross correlation function,~b! the summed
deviation function, and~c! the summed excitation function. Th
dashed horizontal lines represent the 99% confidence limits for
tistical fluctuations in the excitation functions.
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TABLE III. The exit channel branching ratios for the resonances atE c.m.520.0, 25.8, and 28.9 MeV.

Ec.m.

~MeV!
G

~MeV!

20Ne116O 24Mg112C

Channel
G i

G
31022

g i
2

gs.p.
2 31022 Channel

G i

G
31022

g i
2

gs.p.
2 31022

28.9 0.83 ~g.s.,g.s.! 3.14 1.84 ~g.s.,g.s.! 0.10 0.04
60.16 (21

1 ,g.s.! 2.56 1.25 (21
1 ,g.s.! 1.11 0.38

(41
1 ,g.s.! 12.42 6.39 ~g.s.,21

1) 1.83 0.96
(31

2 ,g.s.! a 3.47 3.25 (21
1 ,21

1) 1.30 0.55
~g.s.,02

1) 0.23 1.43
total 21.82 14.16 total 4.34 1.93

25.8 0.41 ~g.s.,g.s.! 4.22 1.35 ~g.s.,g.s.! 0.38 0.08
60.07 (21

1 ,g.s.! 13.24 3.69 (21
1 ,g.s.! 1.83 0.32

(41
1 ,g.s.! 0.94 0.30 ~g.s.,21

1) 3.30 0.95
~g.s.,02

1) 0.04 0.26 (21
1 ,21

1) 1.05 0.25
total 18.44 5.60 total 6.56 1.60

20.0 2.50 ~g.s.,g.s.! 18.28 19.64
60.27 ~g.s.,02

1) 0.26 2.07
total 18.54 21.71

aThe 16O116O1a channel.
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20Ne(31
2)1 16O exit channel in the table, since20Ne(31

2) is
the lowesta-unbound excited state of20Ne.

The resonance atEc.m.528.9 MeV shows a large summe
branching ratio~21.82%! and reduced width ratio~14.16%!
for decay into low-lying states of the20Ne1 16O mass parti-
tion, while the branching ratio and reduced width for low
lying states of the24Mg1 12C mass partition are much
smaller, 4.34% and 1.93%, respectively. This suggests a l
20Ne1 16O component in this compound configuratio
Large reduced width ratios (g i

2/gs.p.
2 ) for the fission channels

20Ne(41
1)1 16O~g.s.! ~6.42%! and 20Ne(31

2 , 5.62 MeV!1
16O ~3.34%!, both of which populate looselya-bound or
a-unbound states in20Ne, suggest a structure in which
relatively freea particle is shared by the two16O cores. This
configuration is the only possible nearly symmetrical ma
distribution in the compound system that could easily
matched by the entrance channel. Although the branch
ratio for the angular momentum mismatched chan
20Ne~g.s.!1 16O(02

1) is more than 10 times smaller than th
well-matched channels, the reduced width of this fiss
channel is comparable to the two fission chann
20Ne~g.s.!1 16O~g.s.! and 20Ne(21

1)1 16O~g.s.!. This fact
suggests that the molecular resonance formation mecha
is important for the magnitude of the cross sections obser
in the 20Ne~gs!1 16O(02

1) channel. The spin value of this
resonance is two to three units of\ larger than the grazing
angular momentum of the20Ne~g.s.!1 16O(02

1) channel at
this energy~assuming spherical nuclear shapes!. This mis-
match could be compensated for by the deformation of
16O(02

1) state if the nucleus were aligned along its ma
axis relative to the20Ne fragment. This would help to sup
port the large angular momentum of the entrance chan
something that is critical to its ability to share this resonan
with other channels. The decay parameters for the reson
at Ec.m.525.8 MeV show that the reduced width ratio
-

rge
.

a

ss
be
ing
el
e
on
ls

ism
ed

he
or
-
el,
ce
nce
s

1.60% for decay into low-lying states of the24Mg1 12C mass
partition, while it is 5.60% for the20Ne1 16O mass partition.
Therefore the decay from this resonance is also dominat
by the 20Ne1 16O mass partition. The broad structure cen
tered at Ec.m.520.0 MeV observed in the20Ne~g.s.!
1 16O(02

1) channel is also treated as an isolated resonan
As seen in Table III, the reduced widths for decay into th
elastic channel and the inelastic20Ne~g.s.!1 16O(02

1) chan-
nel are about 20% and 2% of the single-particle width, re
spectively. The reduced width of this resonance for deca
into the angular momentum mismatched 02

1 channel is larger
than those from the 17\ and 19\ states. This fact may be due
to the resonance spinJ56\, which is closer to the grazing
partial wave of the exit channel than to that of the entranc
channel.

As was discussed in the Introduction, a superdeforme
configuration in36Ar has been predicted using the cranke
cluster model@8#. The resulting rotational band is character
ized by a16O-a- 16O colinear alignment with a 3:1 major-to-
minor axis ratio. A comparison between the current resul
and the results of those calculations is shown in Fig. 10. Th
vertical scale in Fig. 10 indicates the energy relative to th
breakup threshold for16O1 16O1a. The three crosses rep-
resent the tentative spin assignments of the statistically s
nificant correlated resonances atEc.m.523.0, 25.8, and 29.0
MeV observed in the current experiment. The general ener
versus spin dependence of these resonances suggests the
members of a single rotational band of the compound sy
tem, which has a moment of inertia similar to that predicte
by Rae and Merchant@8#. However, the energies of the states
observed in the current work are about 10 MeV larger tha
those calculated by the cranked cluster model, and all ha
negative parity. The additional excitation energy for thes
resonances relative to the results of Ref.@8# might be a con-
sequence of the negative parity.
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V. SUMMARY

We have reported excitation functions of20Ne1 16O for
both the20Ne1 16O and 24Mg1 12C mass partitions. Various
resonant structures are present in both partitions. Three s
tistically significant correlated structures have been identifi
atEc.m.523.0, 25.8, and 29.0 MeV, although none of them
common to all the excitation functions studied in this work
The strongest correlations are in the elastic channel, the lo
lying inelastic channels (uQu<6.05 MeV!, and the four
a-transfer channels. The tentative spin assignments sugg

FIG. 10. A comparison of the spin versus breakup energy d
pendence of the spin assignments from this work with the results
a cranked cluster model calculation@8# for 36Ar.
ta-
d
s
.
w-

est

that these resonances correspond to members of a single
tational band with negative parity. Most likely these reso
nances are not the rotational states predicted by the cran
cluster calculations, which have symmetrical mass distrib
tions and positive parity.

The negative parity of the spins assignments in this wo
represents a fundamental departure from the results
Schimizuet al. @6#, in which the majority of the spin assig-
ments were even, positive parity. As was discussed in t
Introduction, the measurements of Schimizuet al. @6# were
single-angle excitation functions (u lab513°). In the angle-
averaged excitation functions of the current work, the res
nances reported in Ref.@6# are either much weaker relative to
the background or not visible at all. None of the centro
energies for the resonances reported in Ref.@6# corresponds
to a correlated resonance in the current work.

It is possible that a large entrance channel prolate def
mation for both reactants is not a necessary condition
populate highly deformed excited states in36Ar, since in this
system a highly deformed shape can be accomplish
through a loosely bounda particle positioned between the
two 16O cores. However, the deformation of the16O(02

1)
state may increase the partial width for decay into th
20Ne1 16O(02

1) channel. The elastic angular distribution
measurements demonstrate the importance of thea-transfer
process at large angles for the nonresonant background p
cesses, and are consistent with the results of a previous st
@5#.
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