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Analysis of the 12C+2%Mg reaction using a new coupling potential
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We introduce a new coupling potential to explain the experimental data forhe 2*Mg 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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[. INTRODUCTION It has been the practice to increase or decrease artificially
the B value to obtain the magnitude of the" 2state data
The elastic and inelastic scattering of the light heavy-ioncorrectly in the standard coupled-channels calculations, with-
reactions, such a¥0+28Si, 12C+2?4Mg, and*°C+*2C have out giving the physical justification other than stating that it
been extensively investigated over the last 40 years and i& required to fit the dat§2,8,9,12—-14
large body of experimental data has been accumulated from The out of phase between the theoretical predictions and
the systematic studies of these reacti¢see[1-3] and ref-  the experimental data for the ground and &tates has also
erences therejnA variety of theoretical accounts, based onbeen observed and without optimizing tifevalue, it has
dynamical models or purely phenomenological treatmentsheen impossible to obtain a simultaneous fit to the elastic and
have been proposed to explain the experimental [datg5).  inelastic scattering daf,11-14.
However, there appears no unique model that explains con- Therefore, building on a previous papd], which was
sistently the elastic and inelastic scattering data over wideutstandingly successful in explaining the experimental data
energy ranges without applying aag-hocprocedures. for the 1°C+12C system, we investigate thEC+2*Mg re-
Consequently, the following problems continue to existaction that has been intensively investigated experimentally
for the light heavy-ion reactionf5,7]: (1) explanation of at energies near the Coulomb barr[@8-10. The main
anomalous large angle scattering daf@); reproduction of feature of the experimental data is a strong oscillatory struc-
the oscillatory structure near the Coulomb barri@) the ture that cannot be explained in a wide energy range within
out-of-phase problem between theoretical predictions anthe coupled-channels and distorted-wave Born approxima-
experimental data;(4) the deformation parameter$s  tion methods if anyad hocprocedures are not applied. In this
values—previous calculations requirg values that are at paper, our aim is to explain the elastic and inelastic scattering
variance with the empirical values and are physically unjusdata with empiricalg value.
tifiable. In the following section, we first introduce the standard
The elastic and inelastic scattering data of th&  coupled-channels model and show the results of these analy-
+2%Mg system have been studied extensively and some dfes in Sec. Ill foiE,,,=16.0 MeV—24.0 MeV. Then, in Sec.
the above-mentioned problems could not be accounted fd¥, we introduce a new coupling potential to analyze the
[2,8—10. The most extensive study for this system was carexperimental data in the same energy range and show the
ried out by Sciangt al.[2] who usedQ-dependent potentials results of these new coupled-channels calculations. Finally,
whose parameters had different values for the incoming an8ec. VI is devoted to our summary and conclusion.
outgoing channels in the coupled-channels calculations.
With_out Q-deper]dent potentials, the_y observed that the the- II. THE STANDARD COUPLED-CHANNELS
oretical calculations and the experimental data were com- CALCULATIONS
pletely out of phase and could not reproduce the experimen-
tal data. However, they overcame this problem by The interaction betweel’C and?*Mg nuclei is described
introducing theseé-dependent potentials. Nevertheless, notby a deformed optical potential. As shown in Fig. 1, the real
only were the parameters changing from energy to energy ipotential is chosen as the square of a Woods-Saxon shape
an arbitrary way, but they also had to change ghealue in
order to optimize the fits. ~V,

Vn(r)

= . (1)
[1+expr—R)/a]
*Permanent address: Department of Physics, Erciyes University,
Kayseri 38039 Turkey. Present address: Computational Mathemaand the parameters are fixed as a function of energy to re-
ics Group, School of Computer Science and Mathematics, Univerproduce the experimental data over the whole energy range.
sity of Portsmouth, Portsmouth PO1 2EG, UK. The numerical values are shown in Table |I.
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FIG. 1. Interaction potential betweelfC and ?Mg is plotted 10°L 195 MeV 3
for various values of the orbital angular momentum quantum Al € -
numberl. wor T ]
The sum of the nuclear, Coulomb, and the centrifugal po-  °—— _
tentials is also shown in the same figure for various values ol E 20,0 MeV E
the orbital angular momentum quantum numb@&ihe super- 10 =
position of the attractive and repulsive potentials results in L .
the formation of a potential pocket—the width and depth of oF . J
. . 10°E E
the pocket depend on the orbital angular momentum. This E 50,51 MeV 5
pocket is very important for the interference of the barrier 10" - e
and internal waves, which produces the pronounced structur Y S S T B B B
in the cross section. The effect of this pocket can be under- g 30 60 90 120 150 180

stood in terms of the interference between the internal anc
barrier waves that correspond to a decomposition of the scat-
tering amplitude into two components, the inner and external FIG. 2. Ground state results of the standard coupled-channels
waves[15,16]. calculations withg) = 85=0.52 (solid lineg and with gY=0.52,

The imaginary potential has the standard Woods-SaxoB$=0.93 (dashed lines
volume shape as in E@2) and the depth increases linearly

Scattering Angle (Degrees)

with energy as in Eq(3), It is assumed that the target nuclet®Iig has a static
quadrupole deformation and this assumption is taken into
W(r)= Wo @) account by deforming the real potential in the following way:

" {1+exd(r—R)/a]}’
R(6,¢)=ToAF +ToATTL+ B, Yoo 6,4)],  (4)
whereP and T refer to projectile and target nuclei, respec-
The other parameters of the real and imaginary potentials atgely, and 3, is the deformation parameter éfMg. In the
fixed as a function of the energy and are not changed in thgresent calculations, only target nucletf#lg is deformed,
present calculations as shown in Table I. although it is well known that the projectilé’C is also a
o ~strongly deformed nucleus. However, when it is deformed,
TABLE I. The parameters of the real and imaginary potentials.the number of channels increases and it makes the computa-
V and W stand for the strengths of the real and imaginary partsjgpg] processing time insurmountable.
respectivelyR; is the Coulomb radius. In our coupled-channels calculations, we shall use the ex-
v R a W a R act value ofg3,, derived from the deformation length The
ey fV fV MoV fR"’ fW ¢ c invariant parameter in the coupled-channels formalism is in
(Mev)  (fm)  (fm)  (MeV)  (fm)  (fm)  (fm) fact the deformation lengthi§= AR, or its value derived from
4270 4486 1.187 Eq3) 1386 0.286 5.174 the reduced electromagnetic transition probabilByE2)
rather thang itself.
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FIG. 4. 2" state results of the standard coupled-channels calcu-
lations with 8= 8S=0.52 (dashed linesand with 85=0.52, 85
=0.93(solid lines.
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FIG. 3. Ground state results of the standard couple

obtained a good agreement with the experimental data for the
ground state, it has not been possible to get the magnitude of
d-channelhe first excited state (2) correctly. The magnitudes of the

calculations withgy= 85=0.52 (solid lines and with 85=0.52, 2" predictions are smaller than the measured experimental

,8%20.93 (dashed lines(continued from Fig. 2

data and the minima and maxima observed in the experimen-
tal data are not reproduced correctly.

The actual value oB(E2) is 430€? fm*[17] and that of This has been a recurring problem in the earlier theoreti-
6 is between 1.48 fnj18] and 1.50 fm[8] for the target cal calculations, where numerous arbitrary values of the de-
nucleus?“Mg. We uses=1.50 fm(8=0.52) in our coupled- formation parameter had to be usgt8,9,12—14 Varying
channels calculations. For the Coulomb deformation, we ashe parameters and changing the shape of the real and imagi-

sumeps= g5 [19].
In the present calculations, the first two excited
the target nucleug®Mg, i.e., 2" (1.47 MeV) and 4"

nary potentials does not provide a global fit to the experi-
states ofnental data for both ground and 2states. However, it is
(4.12 clear from these results that the problem is in the forward

MeV), are included and the'32*-4* coupling scheme was angle region, where two factors are very importgif,21].
employed. The reorientation effects fof 2and 4" excited  The first one is the number of partial waves used in the
states are also included. An extensively modified version otalculations. Since the calculated cross section depends on
the codecHuck [20] has been used in all the calculations. the orbital angular momentum numblerthe number of the

Ill. RESULTS

partial waves used in the calculations should be checked
whether they all contribute. This conception is examined in
order to determine their effect on the results and it is ob-

Using the standard coupled-channels model, some of theerved that the number of the partial waves does not affect
results obtained using the empirigaivalues for the nuclear the results beyond a critical value.
and Coulomb deformationsg}= 85=0.52) are shown in The second factor, which is effective in this region, is the

Figs. 2 and 3 for the ground state and in Fig. 4 fo

r the firstvalue of the Coulomb deformation parameg. The sen-

excited state with dashed lines, respectively. Although wesitivity of the calculations to th(ﬁg is checked and theg
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FIG. 5. Comparison of thetandardcoupling potential, which is E E 19.0 MeV s o s 3

the first derivative of the central potential, with omew coupling af 1
potential, parametrized as the second derivative of Woods-Saxor 10k
shape as in Eq5). B

value required to fit to the data is found to |8§=0.93,
which is larger than its actual value.

The results of these calculations using the exgltand
increasecB‘Z: are shown in Figs. 2 and 3 for the ground state
and in Fig. 4 for the first excited state with solid lines. The
agreement is good for both the ground and the first excitec
states over the whole energy range although the magnitud
and the phase oscillation problems persist at high energie
for the 2" results.

IV. NEW COUPLING POTENTIAL

In the analyses of this reaction, our aim was to solve the
out-of-phase problem and to reproduce the experimental data
with empirical 8 value. We succeeded in achieving the
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FIG. 7. Ground state results of the new coupled-channels calcu-

former one, but failed to provide a solution to the latter. |atign3 '\l‘JSing the new coupling potential with the exgtwalue
Because of the limitations of the standard coupled{B;=/8;=0.52).
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channels method in the analyses of this reaction, we use a
new second-derivative coupling potential that has success-
fully explained the experimental data for thé&C+ °C reac-

tion [6]. The standard and new coupling potentials are com-
pared in Fig. 5 and the new coupling potential has the
following shape:

_ VC e(rfR)/a(e(rfR)/a_ 1)
0

Ve(r)= , ®)

a2[ 1+ e(rfR)/a:|3

Wherevcoz 185.0 MeV,R=3.67 fm, anda=0.62 fm.

One possible interpretation of such a second-derivative
coupling potential can be made if we express the total poten-
tial as a function of the radii for different orientations of the
two colliding *C and *Mg nuclei. If 6p 1 are the angles
between the symmetry axes and the axis joining the centers
of the projectile and target, then the total potential, as an
approximation, can be expressed in the following way:
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FIG. 8. Ground state results of the new coupled-channels calcumatrix [22]. Our analysis suggests that the new coupling po-
lations using the new coupling potential with the exgcwalue  tential points to the presence of the superdeformed configu-
(B5=B5=0.52) (continued from figure )7 rations in the compound nucleéAr, as it has been specu-
lated[23,24].
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dv
V(D) =V(r)+ BaRe g Yl B ) U RESULTS
c The real and imaginary potentials in these new calcula-
+,82RTd—RTY20( b7, é1), ) tions have the same shapes and parameters as in the previous
calculationgsee Eqgs(1) and(2)] and the parameters of the
whereV,, is the nuclear potential ard is the new second- Nnew coupling potential are displayed in the caption of Fig. 5.
derivative coupling potential. The difference between@®y. We have analyzed the experimental data in the same energy
in Ref. [6] and Eq.(6) is due to the simultaneous mutual fange.
excitation of two nuclei. In Ref[6], we took in to account It is clearly seen from Figs. 7 and 8 for the ground state
the simultaneous mutual excitation of the projectile and tarand Fig. 9 for the first excited state that the new second-
get nuclei, therefore, there is an extra term to define |tder|vat|ve coupling potential with the exagt value (85
whereas in Eq(6) we do not have mutual excitation term ,82 0.52) yields excellent agreement with the experimen-
since we just include the excitation of target nucleus. tal data over the whole energy range studied. These figures
The result for the'?C+2?*Mg system is shown in Fig. 6. show perfect fits with the experimental data; the phases of
A second local minimum is observed in the interaction po-the oscillations and magnitudes in thé 2tate data are well
tential for certain orientations. This feature has not beeraccounted for.
taken into account in the standard coupled-channels calcula- The comparison of thg? values in Table Il indicates that
tions. To investigate this minimum, we looked at the totalthis new coupling potential has not only solved the out-of-
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TABLE II. The numerical values of? for the standard and new However, within the standard coupled-channels method, we

coupled-channels calculations. failed, as others did, to describe certain aspects of the data, in
particular, the magnitude of the*2excitation inelastic scat-
Eiab Standard CC New CC tering data although the optical model and coupled-channels

models explain perfectly some aspects of the elastic scatter-

16.0 1.24 14 ing data. We were compelled to increase the value of Cou-
17.0 1.37 0.59 lomb deformation to reproduce the' 2data and such arbi-
18.5 0.67 0.34 trary uses of3 have been practiced in the past without giving
19.0 1.44 0.8 any physical justifications other than stating it is required to
195 1.29 0.7 fit the experimental data.

20.0 1.63 0.4 We have obtained excellent agrement with the experimen-
20.51 2.48 0.5 tal data over the whole energy range by using a new coupling
21.0 2.45 1.6 potential, which has been outstandingly successful in ex-
215 3.46 3.1 plaining the experimental data for th#C+'%C [6] and
22.0 8.2 23 160+ 285 [25] systems over a wide range of energies. The
225 1.7 3.0 comparison of the results indicates that a global solution to
23.0 3.96 1.4 the problems relating to the scatterjng observables of this
235 5.69 35 reaction over a wide range of energies range has been pro-
24.0 6.59 4.8 vided by this new coupling potential. This work reveals that

there is no reason for the coupling potential to have the same
energy dependence as the central term. The work in order to

phase problem and reproduced the experimental data with€rive the coupling potential explicitly from a microscopic
empirical 8 value, but it has also improved the quality of VIewpoint is Stl|! under progress am_j studles: using this new
the fits. coupling potential may lead to new insights into the formal-

ism and also a new interpretation of such reactions.
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