
PHYSICAL REVIEW C, VOLUME 64, 054607
Analysis of the 12C¿24Mg reaction using a new coupling potential

I. Boztosun* and W. D. M. Rae
Department of Nuclear Physics, University of Oxford, Keble Road, Oxford OX1 3RH, United Kingdom

~Received 16 April 2001; published 10 October 2001!

We introduce a new coupling potential to explain the experimental data for the12C124Mg system at
numerous energies in a laboratory system from 16.0 MeV to 24.0 MeV. This new coupled-channels based
approach involves replacing the usual first derivative coupling potential by a new, second-derivative coupling
potential. This paper first shows and discusses the limitation of the standard coupled-channels theory in the
case where one of the nuclei in the reaction is strongly deformed. Then, this new approach is shown to improve
consistently the agreement with the experimental data and has made major improvement on all the previous
coupled-channels calculations for this system.
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I. INTRODUCTION

The elastic and inelastic scattering of the light heavy-
reactions, such as16O128Si, 12C124Mg, and 12C112C have
been extensively investigated over the last 40 years an
large body of experimental data has been accumulated f
the systematic studies of these reactions~see@1–3# and ref-
erences therein!. A variety of theoretical accounts, based
dynamical models or purely phenomenological treatme
have been proposed to explain the experimental data@1,4,5#.
However, there appears no unique model that explains c
sistently the elastic and inelastic scattering data over w
energy ranges without applying anyad-hocprocedures.

Consequently, the following problems continue to ex
for the light heavy-ion reactions@6,7#: ~1! explanation of
anomalous large angle scattering data;~2! reproduction of
the oscillatory structure near the Coulomb barrier;~3! the
out-of-phase problem between theoretical predictions
experimental data;~4! the deformation parameters~b
values!—previous calculations requireb values that are a
variance with the empirical values and are physically unj
tifiable.

The elastic and inelastic scattering data of the12C
124Mg system have been studied extensively and som
the above-mentioned problems could not be accounted
@2,8–10#. The most extensive study for this system was c
ried out by Scianiet al. @2# who usedQ-dependent potential
whose parameters had different values for the incoming
outgoing channels in the coupled-channels calculatio
Without Q-dependent potentials, they observed that the t
oretical calculations and the experimental data were c
pletely out of phase and could not reproduce the experim
tal data. However, they overcame this problem
introducing theseQ-dependent potentials. Nevertheless, n
only were the parameters changing from energy to energ
an arbitrary way, but they also had to change theb value in
order to optimize the fits.
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It has been the practice to increase or decrease artific
the b value to obtain the magnitude of the 21 state data
correctly in the standard coupled-channels calculations, w
out giving the physical justification other than stating tha
is required to fit the data@2,8,9,12–14#.

The out of phase between the theoretical predictions
the experimental data for the ground and 21 states has also
been observed and without optimizing theb value, it has
been impossible to obtain a simultaneous fit to the elastic
inelastic scattering data@2,11–14#.

Therefore, building on a previous paper@6#, which was
outstandingly successful in explaining the experimental d
for the 12C112C system, we investigate the12C124Mg re-
action that has been intensively investigated experiment
at energies near the Coulomb barrier@2,8–10#. The main
feature of the experimental data is a strong oscillatory str
ture that cannot be explained in a wide energy range wit
the coupled-channels and distorted-wave Born approxi
tion methods if anyad hocprocedures are not applied. In th
paper, our aim is to explain the elastic and inelastic scatte
data with empiricalb value.

In the following section, we first introduce the standa
coupled-channels model and show the results of these an
ses in Sec. III forElab516.0 MeV–24.0 MeV. Then, in Sec
IV, we introduce a new coupling potential to analyze t
experimental data in the same energy range and show
results of these new coupled-channels calculations. Fin
Sec. VI is devoted to our summary and conclusion.

II. THE STANDARD COUPLED-CHANNELS
CALCULATIONS

The interaction between12C and24Mg nuclei is described
by a deformed optical potential. As shown in Fig. 1, the re
potential is chosen as the square of a Woods-Saxon sha

VN~r !5
2V0

@11exp~r 2R!/a#2
~1!

and the parameters are fixed as a function of energy to
produce the experimental data over the whole energy ra
The numerical values are shown in Table I.
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The sum of the nuclear, Coulomb, and the centrifugal
tentials is also shown in the same figure for various value
the orbital angular momentum quantum numberl. The super-
position of the attractive and repulsive potentials results
the formation of a potential pocket—the width and depth
the pocket depend on the orbital angular momentum. T
pocket is very important for the interference of the barr
and internal waves, which produces the pronounced struc
in the cross section. The effect of this pocket can be un
stood in terms of the interference between the internal
barrier waves that correspond to a decomposition of the s
tering amplitude into two components, the inner and exter
waves@15,16#.

The imaginary potential has the standard Woods-Sa
volume shape as in Eq.~2! and the depth increases linear
with energy as in Eq.~3!,

W~r !52
W0

$11exp@~r 2R!/a#%
, ~2!

W54.375Elab267.0. ~3!

The other parameters of the real and imaginary potentials
fixed as a function of the energy and are not changed in
present calculations as shown in Table I.

TABLE I. The parameters of the real and imaginary potentia
V and W stand for the strengths of the real and imaginary pa
respectively.Rc is the Coulomb radius.

V RV aV W RW aW Rc

~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm!

427.0 4.486 1.187 Eq.~3! 1.386 0.286 5.174

FIG. 1. Interaction potential between12C and 24Mg is plotted
for various values of the orbital angular momentum quant
numberl.
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It is assumed that the target nucleus24Mg has a static
quadrupole deformation and this assumption is taken
account by deforming the real potential in the following wa

R~u,f!5r 0AP
1/31r 0AT

1/3@11b2Y20~u,f!#, ~4!

whereP and T refer to projectile and target nuclei, respe
tively, andb2 is the deformation parameter of24Mg. In the
present calculations, only target nucleus24Mg is deformed,
although it is well known that the projectile12C is also a
strongly deformed nucleus. However, when it is deform
the number of channels increases and it makes the comp
tional processing time insurmountable.

In our coupled-channels calculations, we shall use the
act value ofb2, derived from the deformation lengthd. The
invariant parameter in the coupled-channels formalism is
fact the deformation length,d5bR, or its value derived from
the reduced electromagnetic transition probabilityB(E2)
rather thanb itself.

.
s

FIG. 2. Ground state results of the standard coupled-chan
calculations withb2

N5b2
C50.52 ~solid lines! and with b2

N50.52,
b2

C50.93 ~dashed lines!.
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The actual value ofB(E2) is 430e2 fm4 @17# and that of
d is between 1.48 fm@18# and 1.50 fm@8# for the target
nucleus24Mg. We used51.50 fm ~b50.52! in our coupled-
channels calculations. For the Coulomb deformation, we
sumeb2

C5b2
N @19#.

In the present calculations, the first two excited states
the target nucleus24Mg, i.e., 21 ~1.47 MeV! and 41 ~4.12
MeV!, are included and the 01-21-41 coupling scheme was
employed. The reorientation effects for 21 and 41 excited
states are also included. An extensively modified version
the codeCHUCK @20# has been used in all the calculations

III. RESULTS

Using the standard coupled-channels model, some of
results obtained using the empiricalb values for the nuclea
and Coulomb deformations (b2

N5b2
C50.52) are shown in

Figs. 2 and 3 for the ground state and in Fig. 4 for the fi
excited state with dashed lines, respectively. Although

FIG. 3. Ground state results of the standard coupled-chan
calculations withb2

N5b2
C50.52 ~solid lines! and with b2

N50.52,
b2

C50.93 ~dashed lines! ~continued from Fig. 2!.
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obtained a good agreement with the experimental data for
ground state, it has not been possible to get the magnitud
the first excited state (21) correctly. The magnitudes of th
21 predictions are smaller than the measured experime
data and the minima and maxima observed in the experim
tal data are not reproduced correctly.

This has been a recurring problem in the earlier theor
cal calculations, where numerous arbitrary values of the
formation parameter had to be used@2,8,9,12–14#. Varying
the parameters and changing the shape of the real and im
nary potentials does not provide a global fit to the expe
mental data for both ground and 21 states. However, it is
clear from these results that the problem is in the forw
angle region, where two factors are very important@19,21#.
The first one is the number of partial waves used in
calculations. Since the calculated cross section depend
the orbital angular momentum numberl, the number of the
partial waves used in the calculations should be chec
whether they all contribute. This conception is examined
order to determine their effect on the results and it is o
served that the number of the partial waves does not af
the results beyond a critical value.

The second factor, which is effective in this region, is t
value of the Coulomb deformation parameterb2

C . The sen-
sitivity of the calculations to theb2

C is checked and theb2
C

ls

FIG. 4. 21 state results of the standard coupled-channels ca
lations with b2

N5b2
C50.52 ~dashed lines! and with b2

N50.52, b2
C

50.93 ~solid lines!.
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value required to fit to the data is found to beb2
C50.93,

which is larger than its actual value.
The results of these calculations using the exactb2

N and
increasedb2

C are shown in Figs. 2 and 3 for the ground sta
and in Fig. 4 for the first excited state with solid lines. T
agreement is good for both the ground and the first exc
states over the whole energy range although the magni
and the phase oscillation problems persist at high ener
for the 21 results.

IV. NEW COUPLING POTENTIAL

In the analyses of this reaction, our aim was to solve
out-of-phase problem and to reproduce the experimental
with empirical b value. We succeeded in achieving th
former one, but failed to provide a solution to the latter.

Because of the limitations of the standard couple

FIG. 5. Comparison of thestandardcoupling potential, which is
the first derivative of the central potential, with ournew coupling
potential, parametrized as the second derivative of Woods-Sa
shape as in Eq.~5!.

FIG. 6. Orientation potentials of the12C and 24Mg nuclei at
different angles.
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channels method in the analyses of this reaction, we us
new second-derivative coupling potential that has succ
fully explained the experimental data for the12C112C reac-
tion @6#. The standard and new coupling potentials are co
pared in Fig. 5 and the new coupling potential has
following shape:

VC~r !5
2VC0

e(r 2R)/a~e(r 2R)/a21!

a2@11e(r 2R)/a#3
, ~5!

whereVC0
5185.0 MeV,R53.67 fm, anda50.62 fm.

One possible interpretation of such a second-deriva
coupling potential can be made if we express the total po
tial as a function of the radii for different orientations of th
two colliding 12C and 24Mg nuclei. If uP,T are the angles
between the symmetry axes and the axis joining the cen
of the projectile and target, then the total potential, as
approximation, can be expressed in the following way:

on

FIG. 7. Ground state results of the new coupled-channels ca
lations using the new coupling potential with the exactb value
(b2

C5b2
N50.52).
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ANALYSIS OF THE 12C124Mg REACTION USING A . . . PHYSICAL REVIEW C 64 054607
V~r !5VN~r !1b2RP

dVC

dRP
Y20~uP ,fP!

1b2RT

dVC

dRT
Y20~uT ,fT!, ~6!

whereVN is the nuclear potential andVC is the new second
derivative coupling potential. The difference between Eq.~8!
in Ref. @6# and Eq.~6! is due to the simultaneous mutu
excitation of two nuclei. In Ref.@6#, we took in to account
the simultaneous mutual excitation of the projectile and
get nuclei, therefore, there is an extra term to define
whereas in Eq.~6! we do not have mutual excitation term
since we just include the excitation of target nucleus.

The result for the12C124Mg system is shown in Fig. 6
A second local minimum is observed in the interaction p
tential for certain orientations. This feature has not be
taken into account in the standard coupled-channels calc
tions. To investigate this minimum, we looked at the to

FIG. 8. Ground state results of the new coupled-channels ca
lations using the new coupling potential with the exactb value
(b2

C5b2
N50.52) ~continued from figure 7!.
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inverted potential, i.e., the dynamical polarization poten
plus the bare potential, obtained by the inversion of theS
matrix @22#. Our analysis suggests that the new coupling p
tential points to the presence of the superdeformed confi
rations in the compound nucleus36Ar, as it has been specu
lated @23,24#.

V. RESULTS

The real and imaginary potentials in these new calcu
tions have the same shapes and parameters as in the pre
calculations@see Eqs.~1! and ~2!# and the parameters of th
new coupling potential are displayed in the caption of Fig.
We have analyzed the experimental data in the same en
range.

It is clearly seen from Figs. 7 and 8 for the ground sta
and Fig. 9 for the first excited state that the new seco
derivative coupling potential with the exactb value (b2

N

5b2
C50.52) yields excellent agreement with the experime

tal data over the whole energy range studied. These fig
show perfect fits with the experimental data; the phases
the oscillations and magnitudes in the 21 state data are wel
accounted for.

The comparison of thex2 values in Table II indicates tha
this new coupling potential has not only solved the out-

u-

FIG. 9. 21 state results of the new coupled-channels calcu
tions obtained using the new coupling potential with the exacb
value (b2

C5b2
N50.52).
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I. BOZTOSUN AND W. D. M. RAE PHYSICAL REVIEW C64 054607
phase problem and reproduced the experimental data
empirical b value, but it has also improved the quality
the fits.

VI. SUMMARY

We have shown a consistent description of the elastic
inelastic scattering of the12C124Mg system from 16.0 MeV
to 24.0 MeV in the laboratory system by using the stand
and new coupled-channels calculations. In the Introduct
we presented the problems that this reaction manifests.
attempted to find a consistent solution to these proble

TABLE II. The numerical values ofx2 for the standard and new
coupled-channels calculations.

Elab Standard CC New CC

16.0 1.24 1.4
17.0 1.37 0.59
18.5 0.67 0.34
19.0 1.44 0.8
19.5 1.29 0.7
20.0 1.63 0.4
20.51 2.48 0.5
21.0 2.45 1.6
21.5 3.46 3.1
22.0 8.2 2.3
22.5 1.7 3.0
23.0 3.96 1.4
23.5 5.69 3.5
24.0 6.59 4.8
ni,
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However, within the standard coupled-channels method,
failed, as others did, to describe certain aspects of the dat
particular, the magnitude of the 21 excitation inelastic scat-
tering data although the optical model and coupled-chan
models explain perfectly some aspects of the elastic sca
ing data. We were compelled to increase the value of C
lomb deformation to reproduce the 21 data and such arbi
trary uses ofb have been practiced in the past without givin
any physical justifications other than stating it is required
fit the experimental data.

We have obtained excellent agrement with the experim
tal data over the whole energy range by using a new coup
potential, which has been outstandingly successful in
plaining the experimental data for the12C112C @6# and
16O128Si @25# systems over a wide range of energies. T
comparison of the results indicates that a global solution
the problems relating to the scattering observables of
reaction over a wide range of energies range has been
vided by this new coupling potential. This work reveals th
there is no reason for the coupling potential to have the sa
energy dependence as the central term. The work in orde
derive the coupling potential explicitly from a microscop
viewpoint is still under progress and studies using this n
coupling potential may lead to new insights into the form
ism and also a new interpretation of such reactions.
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