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An excitation function for the12C(20Ne,12C@02
1#)20Ne reaction was measured over the energy rangeEc.m.

522.5–31.9 MeV. An enhancement in the cross section was observed betweenEc.m.524.5 and 26.5 MeV in
both the 12C(02

1)120Ne(g.s.) and12C(02
1)120Ne(21) exit channels. Oscillatory angular distributions were

observed atEc.m.525.24, 26.56, 28.50, and 30.44 MeV and the range of dominant angular momenta involved
at these energies was found to be centered on 14\,15\,16\, and 17\, respectively. Excitation functions were
also measured for the12C(20Ne,12C@32#)20Ne* reaction. For the12C(20Ne,12C@02

1#)20Ne reaction the data
were well described by the results of coupled channel calculations.@S0556-2813~99!07702-X#

PACS number~s!: 25.70.Ef, 21.60.Gx, 27.30.1t, 27.20.1n
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I. INTRODUCTION

Clustering in light alpha-conjugate nuclei has seen
newed interest in recent years, in particular with the po
bility of highly deformed structures appearing at large ex
tation energies. The most deformed type of cluster struc
predicted to exist are linear chain states constructed f
alpha particles. These structures have been predicted by
example, the alpha-cluster model~ACM! calculations of
Marsh and Rae@1# and Nilsson-Strutinsky potential energ
calculations of Leander and Larsson@2#. In the latter case
such structures are stabilized by a microscopic sh
correction energy term, creating a pocket in the poten
energy of the system.

There is also some experimental evidence for the e
tence of such highly deformed states in the lighter alp
conjugate nuclei. The ground state of8Be has long been
considered to be a linear chain of two alpha particles@3#. For
12C the 02

1 state atEx57.65 MeV has historically been
linked with a linear chain of three alpha particles@3,4#,
though the structure has also been suggested to be that
slightly bent chain or extended isosceles triangle@5–8#. For
16O an excitation function for the12C(a,8Be)8Be reaction
measured by Chevallieret al. @9# revealed several narrow
resonances over the range of excitation energiesEx(

16O)
517–21 MeV, which had large partial widths for the dec
of 16O into 8Be18Be. From the spins that were assigned
these resonances, it was suggested that they were mem
of a rotational band that possessed a large moment of ine
consistent with a configuration comprising a linear chain
four alpha particles. Ames@10# observed similar resonance
in a112C scattering measurements, where the12C was ex-
cited to the 02

1 state. As this state in12C is considered to
possess an extended alpha cluster structure, these reson
may be the nonsymmetric decay of the four-alpha chain
16O. More recently, a measurement of the12C(16O,4a)12C
PRC 590556-2813/99/59~3!/1456~8!/$15.00
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reaction was performed by Freeret al. @11#. Some of the
resonances that were observed in the breakup of16O* into
four a particles also could be linked with the decay of
deformed16O configuration.

Interestingly, an investigation of the inelastic scatteri
reaction 12C(12C,12C@02

1#)12C@02
1# by Wuosmaaet al. @12#

revealed a single broad peak in the measured excitation f
tion. This peak was;4.7 MeV wide and centered atEx

546.4 MeV, close to the predicted energy of the ‘‘6-a ’’
chain state in24Mg @1#. Resonance phenomena are typica
observed in reactions in which the entrance and exit chan
grazing angular momenta are well matched; for the ab
reaction the mismatch is 6\. It has been suggested that th
mismatch is overcome since the final state nuclei are p
duced in the highly deformed 01, 7.65 MeV state@12#, fur-
ther indicating a connection of the resonance with an
tended configuration. Alternative explanations of th
behavior in terms of direct reaction processes have also b
suggested@13–15#. A subsequent search for a 7a chain state
has also failed to provide evidence for such a state in28Si
around the energy region predicted by the ACM calculatio
@16#.

Although definitive conclusions are difficult concernin
the existence of these chain states without the observatio
the g-ray emission from the intraband transitions, it do
appear that the16O,4a chain may represent the limit to
which it is possible to find these extreme structures. T
stability of such a structure relies upon a significant sh
correction energy to create a pocket in the nuclear poten
and this correction diminishes with increasing deformatio
However, less extreme but still highly deformed structu
may survive. For example, ACM calculations by Zhan
Merchant, and Rae@17# predict a highly deformeda-cluster
structure in32S at an excitation energyEx;45.5 MeV with a
rotational gradient of\2/2I534 keV/\2. These authors sug
gest that this structure is based on a20Ne(g.s.)13a configu-
1456 ©1999 The American Physical Society
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ration, with an overlap with20Ne112C(02
1), where the pro-

late deformation axis of the deformed20Ne nucleus is
aligned with that of the12C chain structure. Leander an
Larsson@2# also find a minimum in their Nilsson-Strutinsk
calculations for32S that would correspond to this structur

A previous measurement of the elastic and inela
(12C@21#,20Ne@21 and 41]) scattering of 20Ne from 12C,
by Shapiraet al. @18#, revealed a small broad resonanceG
;1 MeV! at Ec.m.;27.8 MeV @Ex(

32S)546.7 MeV#. This
resonance is close to the energy at which ACM calculati
predict this highly deformed state to exist. If this is the ca
then the resonance should be enhanced in the20Ne
112C(02

1) exit channel. This paper describes a measurem
of the 12C(20Ne,12C@02

1#)20Ne reaction cross section ove
the relevant energy range.

II. EXPERIMENTAL DETAILS

The experiment was performed using the ATLAS facil
at the Argonne National Laboratory. A 4–8 pnA20Ne beam
was used to bombard a 37mg/cm2 carbon foil. An excitation
function was measured over the energy rangeEc.m.
522.5–31.9 MeV, with steps of approximatelyDEc.m.50.5
MeV. The 12C(02

1) state is unbound to decay with respect
8Be1a; so the measurement of the20Ne112C(02

1) channel
involves the detection of all threea particles from the12C
decay. An array of six double-sided silicon strip detect
~DSSSD’s!, each 2500 mm2 in area and 500mm thick, was
used for the experiment, with three detectors placed on ei
side of the beam. All detector faces possessed 16 strips
3 mm wide with the direction of the strips on the front a
back faces mutually perpendicular. Such detectors are i
for breakup reactions, as the detection of multiparticle eve
within a single detector as well as between different det
tors is possible@19#. The detectors had front and back fa
energy thresholds of 3.7 MeV and 2.4 MeV, respective
and energy resolutions of 200 keV. The resolution w
which it was possible to associate events in strips on b
detector faces, and thus infer the emission angle for mult
hits, was thus;250 keV. The angular resolution was limite
by the angle subtended by one 3 mm square ‘‘pixel,’’ whi
was typically Du lab;1°. Table I lists the distances of th
detectors from the target and their angles. The strip detec
were positioned so as to cover the center-of-mass ra
18°<uc.m.,155° for the 12C(20Ne,12C@02

1#)20Ne reaction.
The energy calibration of the detectors was performed us
sequentiala decays of a228Th source and elastic scatterin

TABLE I. Distances of detectors from target and the cent
angles of detectors.

Detector
Distance from target

~mm!
Center of detector

~degrees!

1 202 15.0
2 179 35.1
3 149 56.3
4 201 21.3
5 179 41.4
6 151 65.1
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of 20Ne from a 197Au target. In addition, two small silicon
detectors were placed atu lab58.8° to measure the elasti
scattering yields and the beam energy. A Faraday cup
used to measure the integrated beam current.

III. RESULTS.

For events in which there were a total of three hits in t
three detectors on either side of the beam axis, the mom
tum of each particle was deduced from the recorded ene

FIG. 1. Reconstructed excitation energy of the12C* nucleus
from the 3a decay.

FIG. 2. Excitation energy spectrum for the undetected20Ne after
gating on the~a! 12C(02

1) state and~b! 12C(32) state, Ebeam

574.4 MeV.

l



tions were
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FIG. 3. Excitation function for the reaction12C(20Ne,12C@02
1#)20Ne* . The cross sections have been summed across the rangeuc.m.

5100° –140°. The dashed line is the calculated detection efficiency. The arrows indicate the energies where the angular distribu
determined.
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and position, assuming that the three particles were4He nu-
clei produced from the decay of the12C nucleus. The exci-
tation energy of the12C* nucleus was calculated using th
relationship

Ex~
12C* !57.22

P~12C* !2

2312.0
1(

i 51

3

Ei~a! ~MeV!, ~1!

where P(12C* ) was calculated from the momentum of th
three alpha particles. A typical12C excitation energy spec
trum is shown in Fig. 1. Two excited states can be identifi
the 02

1 , 7.65 MeV state@full width at half maximum
~FWHM! 5 0.2 MeV# and the 32, 9.63 MeV state~FWHM
5 1 MeV!. The difference in resolution is due to the larg
opening angle of the three alpha particles emitted in the2
,

decay compared to that for the 02
1 state, which leads to an

increased uncertainty in the reconstructed excitation ene
The background in this spectrum originates from events
which either one of the three alpha particles has been m
dentified or from 3a coincidences which do not arise from
the decay of12C.

Using software gates to select only one of the states
served in Fig. 1, and applying the principles of conservat
of momentum and energy, the energy of the undetected
coiling 20Ne nucleus was deduced, and hence the reactioQ
value was determined:

E20Ne
5

~Pbeam2P12C
! 2

23MNe
, ~2!
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FIG. 4. Excitation function for the reaction12C(20Ne,12C@32#)20Ne* . The cross sections have been summed across the rangeuc.m.

5100° –140°. The dashed line is the calculated detection efficiency.
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Qvalue5E12C
1E20Ne

2Ebeam. ~3!

A representativeQ-value spectrum appears in Fig.
Three members of the20Ne ground state rotational band a
observed, which are the 01 ~0.00 MeV!, 21 ~1.63 MeV!, and
41 ~4.24 MeV! states.

For each of these three states, differential cross sect
were calculated at each energy in order to construct exc
tion functions. The normalization of these data was p
formed using integrated beam current. The accuracy of
normalization was verified using the monitor detectors a
12C120Ne elastic scattering yields, which also confirm
that the thickness of the target did not significantly chan
during the experiment. The cross sections, which are sh
in Figs. 3 and 4, were corrected for the 3-a detection effi-
ciency. The detection efficiencies were determined usin
ns
a-
r-
e
d

e
n

a

Monte Carlo calculation, which simulated the response of
detection system to the 3-a decay of the12C nucleus. The
code determined the efficiency of detecting the three al
particles from the decay of12C(02

1) using isotropic center-
of-mass angular distributions for the12C→8Be1a and
8Be→a1a reactions, and a 1/ sinu distribution~whereu is
the emission angle in the12C center-of-mass system! was
used to approximate the nonisotropic decay of the 32 state.
The resulting detection efficiency is shown as the dash cu
in Figs. 3 and 4 for the reactions12C(20Ne,12C@02

1#)20Ne*
and 12C(20Ne,12C@32#)20Ne* , respectively.

The excitation functions for the12C(02
1)120Ne channels

show evidence for some structure, particularly in t
20Ne(g.s.) and20Ne(21) yields. A significant enhancemen
in cross section is observed betweenEc.m.524.5–26.5 MeV
~almost a factor of 5 higher than the yield at neighbori
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1460 PRC 59S. J. HOADet al.
energies! and this structure appears to be correlated betw
the 12C(02

1)120Ne(g.s.) and12C(02
1)120Ne(21) channels.

A small peak also appears atEc.m.;28.5 MeV which may be
associated with a resonance that had been observed in
inelastic scattering measurements of Shapiraet al. @18#.
There is also some indication of an increase in the cr
section, particularly in the12C(02

1)120Ne(21) reaction, be-
tween Ec.m.530 and 32 MeV. ForEc.m.,25 MeV the 32

state could not be clearly identified. The measu
12C(32)120Ne excitation functions do not exhibit the sam
structure that was observed in the 02

1 channels. It should be
noted, however, that the yield is rising in the 32120Ne re-
actions at approximately the same energy as that for
12C(02

1) excitation. There is possible evidence for a bro
peak centered atEc.m.;28 MeV as observed in the 02

1 chan-
nels; however, this is wider than the one observed in
12C(02

1)120Ne(g.s.) and 12C(02
1)120Ne(21) excitation

functions and is thus likely to be unrelated.
In the 12C(20Ne,12C@02

1#)20Ne(g.s.) reaction, all of the
particles in the entrance and exit channels have zero spin
the angular distributions of the reaction products are cha
terized by the angular momentum of the32S center-of-mass
system and may be used to indicate resonant behavior.
angular distributions for the12C(02

1)120Ne(g.s.) channe
are shown in Fig. 5. These cross sections have been corre
for the detection efficiency evaluated using the Monte Ca
simulation of the reaction and detection processes, where
efficiency was calculated as a function of the12C(02

1)
center-of-mass emission angle. The errors shown are st
tical; the magnitude of the systematic uncertainty of
Monte Carlo calculation is estimated to be 30%. Perio
oscillatory structure, indicative of a single dominant part
wave, was observed at four particular energies,Ec.m.525.2,
26.5, 28.8, and 30.4 MeV. At other energies the angu
distributions exhibited irregular structure, suggesting con
butions from many angular momenta. Interestingly, th
four energies also correspond to the appearance of struc
in the excitation function and thus would be candidates
resonances. However, it is noteworthy that although the
tectors span the center-of-mass angular interval 18° –15
the data are limited to only 80° –155° despite the detec
efficiency being largest over the region of smaller center-
mass scattering angles. This indicates that the magnitud
the reaction yield is decreasing with increasing20Ne scatter-
ing angle. Although the angular distributions show oscil
tory structure possibly characteristic of a squared Legen
polynomial, the cross section falls off more rapidly th
1/sinu, indicating that several partial waves are contributin
Thus the oscillatory behavior is diffractive in origin and do
not indicate the presence of resonances. The limited ang
coverage of the data does not enable us to uniquely ass
grazing partial wave, the competing possibilities differing
three units. The data indicate dominant partial waves c
tered on the following sequence of angular momenta:Ec.m.
525.2 MeV (l 514/17\), 26.5 MeV (15/18\), 28.8 MeV
(16/19\), and 30.4 MeV (17/20\).

IV. DISCUSSION

The present data for the12C(02
1)120Ne(g.s.) final state

have been compared with the results of previous meas
n
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ments. Table II lists the center-of-mass energies and dedu
angular momenta of these structures observed in the var
reactions leading to a12C120Ne final state. The reaction
included are16O(16O,12C)20Ne @20,21#, 16O(16O,12C* )20Ne
@22#, and 12C(20Ne,12C)20Ne @23,18#. The corresponding ex
citation energy of the32S compound nucleus is also show
The table indicates that a number of resonancelike struct
have been observed in this region of excitation energy
32S. Apart from two of the angular momenta measured
Ford et al. @23#, l 514\ at Ec.m.527.9 MeV andl 515\ at
Ec.m.527.2 MeV, the other measurements appear to
largely consistent in terms of the sequence of energies
angular momenta. It is difficult to identify precisely stru
tures in these data which can be related to those in
present measurements, and this is made more difficult as
not possible to assign precise values of angular moment
the present data. Figure 6 presents a comparison of meas
energies and spins from Table II with the20Ne112C grazing

FIG. 5. Angular distributions overlaid with the calculate
coupled channels cross sections. The value of the imaginary po
tial is indicated for each case.
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angular momenta calculated using the optical model~solid
line! @24#. The optical model parameters were adapted fr
Ref. @25#, and are shown in Table III. For the present ana
sis, the imaginary potential was decreased from 23.9 to
MeV in order to account for the lower absorption as t
center-of-mass energy was reduced from 146.3 MeV~as in
Ref @25#! to ;30 MeV. There is good agreement betwe
most of the previously observed excitation function pea

TABLE II. Excitation energies and angular momenta from p
vious measurements compared with those from the present da

Reaction Ref. Ec.m./MeV Ex(32S)/MeV l

16O(16O,12C)20Ne @19# 23.0 39.5 16
26.5 43.0 18

16O(16O,12C)20Ne @20# 26 43
30 47

16O(16O,12C*)20Ne @21# 27.5 44.0 18
32.0 48.5 20

12C(20Ne,12C)20Ne @22# 21.38 40.34
23.63 42.59
27.23 46.19 15
27.75 46.70 14
28.20 47.16 19

12C(20Ne,12C)20Ne @17# 27.75 46.72

12C(20Ne,12C@02
1#)20Ne Present 25.24 44.21 14/

work 26.56 45.53 15/1
28.81 47.78 16/1
30.44 49.41 17/2

FIG. 6. Comparison of present data with that from previo
measurements; see Table II. The symbols in the key indicate
different authors, and the curves are results of the theoretical ca
lations described in the text. The dotted line shows the resul
ACM calculations@17# and the solid line shows the calculation
the grazing angular momentum using the modified Bohlen par
eters@25# with W 5 15 MeV.
-
5

s

and the grazing angular momentum trajectory. Furtherm
the present data also show a similar trend in increasing
gular momentum with center-of-mass energy as the graz
angular momentum trajectory. This feature, in addition to
forward-peaked nature of the angular distributions, indica
that the reaction cross section is dominated by direct inela
scattering. The dotted line in Fig. 6 shows the ACM calc
lations of the deformed32S structure corresponding to th
aligned 12C(02

1)120Ne configuration@17#. Clearly the rota-
tional behavior of this structure is not reproduced by t
present data.

In order to confirm the assumption that the data are do
nated by direct inelastic scattering, coupled channel calc
tions were performed using the coupled channels reac
model codeCHUCK97 @26#. In these calculations the12C and
20Ne ground states were coupled to the 21 ~4.43 MeV!, 02

1

~7.65 MeV!, and 32 ~9.63 MeV! states in12C and the 21

~1.63 MeV! state in20Ne; this coupling scheme is illustrate
in Fig. 7. The optical potential parameters used in these
culations are those shown in Table III, with deformatio
lengths listed in Table IV from Ref.@25#. The strength of the
imaginary potential was assumed to be energy depen
with scaling:

W.11.51~Ec.m.222.5!30.43 ~MeV!. ~4!

The results of these calculations are compared to the exp
mental angular distributions in Fig. 5. The calculations
produce many of the features of the measured distributi
including the magnitude and phase over the inter
100° –140°. For angles larger than 140° the experime
measurements are affected by the changing detection
ciency profile which decreases rapidly in this region, 15

-
.

s
he
u-
f

-

TABLE III. Potential parameters used in coupled channel a
optical model calculations.

Potential
V

~MeV!
r r

~fm!
ar

~fm!
W

~MeV!
r i

~fm!
ai

~fm!

Present work 175 0.775 0.924 15.0 1.107 0.8

FIG. 7. The coupling scheme used in the coupled channel
culations.
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being the limit of observation. The reduced experimen
cross section in this region is effected by the systematic
certainties in the Monte Carlo calculation of the detect
efficiency which are sensitive to the precise angular acc
tance and energy thresholds of the detectors. There is a
departure of the calculated cross sections from the exp
mental yields below;100°. We note that the present calc
lations are not fits to the experimental data, as owing to
absence of elastic and inelastic scattering data in this en
region there are no tuned scattering potentials which may
used to describe the12C120Ne interaction. Instead, we hav
used potentials and deformation lengths scaled from th
developed forEc.m.5146.3 MeV. The magnitude of the cros
sections in Fig. 5 at smaller12C(02

1) center-of-mass emis
sion angles~corresponding to larger center-of-mass emiss
angles for the20Ne nucleus! is sensitive to the interferenc
between one- and two-step processes and analysis of
plete elastic and inelastic scattering measurements woul
required to reproduce the data in this region.

The calculated partial wave decomposition of the scat
ing amplitudes shows that the dominant partial wave
creases froml i514\ to 17\ for Ec.m.525–30 MeV. The
data for inelastic scattering to the12C(02

1)120Ne final state
are consistent with partial waves two to three units sma
than the grazing partial wave.

Figure 8 shows the energy dependence of the cou
channel results for the12C(02

1)120Ne channel~dashed line!
compared to the experimental data. The cross sections
the coupled channel calculations were summed over
range 100° –140°, to coincide with the range of the m
sured angular distributions. The overall gross resonance
structure atEc.m.524.5–26.5 MeV is reproduced, in bot
magnitude and width. The12C(20Ne,12C@02

1#)20Ne inelastic
scattering reaction is mismatched by three units of ang
momentum and shows a particular sensitivity to oth
coupled reaction channels. Similarly, Hirabayashiet al. @13#

TABLE IV. Deformation lengths used in the coupled chann
calculations.

Coupling Deformation length~fm!

g.s.↔20Ne(21)
20Ne(21)↔20Ne(21) 1.365
12C(21)→20Ne(21)
g.s.↔12C(21)
12C(21)↔12C(21) 21.465
20Ne(21)→12C(21)
12C(21)→12C(02

1) 20.279
20Ne(21)→12C(02

1)
of
l
n-

p-
o a
ri-

e
gy
e

se

n

m-
be

r-
-

r

d

m
e
-

ke

ar
r

were able to reproduce many of the features of the m
matched 12C(12C,12C@02

1#)12C@02
1# reaction using the

coupled channel approach.

V. CONCLUSIONS

The present excitation function measurement of
12C(20Ne,12C@02

1#)20Ne reaction over the center-of-mass e
ergy intervalEc.m.522.5–31.9 MeV shows some evidenc
for broad structures. The angular distributions associa
with these broad structures are oscillatory. The periodicity
these distributions atEc.m.525.24, 26.56, 28.5, and 30.4
MeV can be characterized by a range of dominant ang
momenta centered on 14\, 15\,16\, and 17\, respectively.
Many of the characteristics of the experimental data, incl
ing the energy and angular dependence, are well reprodu
by coupled channel calculations of the inelastic scatter
reaction 12C(20Ne,12C@02

1#)20Ne without the inclusion of
resonances. The present measurement thus finds no evid
for broad (G.1 MeV! features over the above energy regi
and consequently no evidence for a highly deform
32S,20Ne13a cluster structure.
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FIG. 8. The 12C(20Ne,12C@02
1#)20Ne(g.s.) reaction excitation

function compared with the coupled channel calculations~dashed
line!. The experimental and theoretical cross sections have b
summed across the rangeuc.m.5100° –140°.
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