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A new approach has been used to explain the experimental data fSiahe€®Si system over a wide energy

range in the laboratory system from 29.0 to 142.5 MeV. A number of serious problems has continued to plague
the study of this system for a couple of decades. The explanation of anomalous large angle scattering data; the
reproduction of the oscillatory structure near the Coulomb barrier; the out-of-phase problem between theoret-
ical predictions and experimental data; the consistent description of angular distributions together with exci-
tation functions data are just some of these problems. These are long standing problems that have persisted
over the years and do represent a challenge calling for a consistent framework to resolve these difficulties
within a unified approach. Traditional frameworks have failed to describe these phenomena within a single
model and have so far only offered different approaches, where these difficulties are investigated separately
from one another. The present work offers a plausible framework where all these difficulties are investigated
and answered. Not only does it improve the simultaneous fits to the data of these diverse observables, achiev-
ing this within a unified approach over a wide energy range, but it departs for its coupling potential from the
standard formulation. This new feature is shown to improve consistently the agreement with the experimental
data and has made major improvements on all the previous coupled-channels calculations for this system.
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[. INTRODUCTION system have been studied extensively and some of the above-
mentioned problems could not be accounted [fb2—17.
Since the first observation of the unexpectedly large cros$he most extensive study for this system was carried out by
section nea#, , = 180° for the elastic and the inelastic scat- Kobos and Satchlgi2] who used a double folding potential
tering between light and medium heavy nugtsj, consider- ~ with two small additionakd hocpotentials to reproduce the
able experimental and theoretical efforts have been devote@easured elastic scattering data. Without two small addi-
to the systematic studies of this phenomenon and relatedonal potentials, they observed that the theoretical calcula-
aspects. tions and the experimental data were completely out-of-
The physical origin of the observed structure is not yetPhase and could not reproduce the experimental data.
fully understood[2,3] and presents a challenge to different ~ Therefore, building on two previous papd®9], which
approaches that have been proposed to explain it. These apere outstandingly successful in explaining the experimental
proaches range from the occurrence of possibly overlappingata for the **C+**C and *’C+?*Mg reactions that both
shape resonancef4] and the scattering from surface- have been intensively investigated over the ydars-19,
transparent optical potential§] to more exotic effects like We investigate the elastic and inelastic scattering’t
explicit parity dependence of the ion-ion potenfi@|7]. At ~ +2%Si system from 29.0 to 142.5 MeV. The excitation func-
present, none of these approaches provides a consistent diens for the ground and the first excited states have also
planation for all the existing data for this system. been analyzed over this energy range. In this paper, our aim
Consequently, the following problems continue to existis to reproduce all the experimental data with empirigal
for this reaction[8—11: (1) the explanation of anomalous value.
large angle scattering daté) the reproduction of the oscil- In the following section, we first introduce the standard
latory structure near the Coulomb barri¢B) the out-of-  coupled-channels model and then show the results of these
phase problem between theoretical predictions and exper&nalyses in Sec. lll fronk,,=29.0 to 142.5 MeV. In Sec.
mental data; (4) the consistent description of angular IV, we introduce a new coupling potential to analyze the
distributions together with excitation functions data; #8H  experimental data in the same energy range and show the
the deformation parameterg (values: previous calculations results of these new coupled-channels calculations. Finally,
require B8 values that are at variance with the empirical val-Sec. V is devoted to our summary and conclusion.
ues and are physically unjustifiable.

The elastic and inelastic scattering data of ti@+ 25Si Il THE STANDARD COUPLED-CHANNELS

CALCULATIONS

*Present address: Computational Mathematics Group, School of In the present coupled-channels calculations, we describe
Computer Science and Mathematics, University of Portsmouththe interaction betweetfO and ?®Si nuclei with a deformed
Portsmouth PO1 2EG, U.K. optical potential. The real potential is assumed to have the
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square of a Woods-Saxon shape: structure in the cross section. The effect of this pocket can be
understood in terms of the interference between the internal
3 -V and barrier waves that correspond to a decomposition of the
Vn(r)= _ 2 1) scattering amplitude into two components, the inner and ex-
[1+expr—R)/a]
ternal waveg20,21].
with  V,=706.5 MeV, R=rq(AY>+AY with 1y The relative significance of the volume and surface com-

=0.7490 fm anda=1.40 fm. The parameters of the real ponents of the imaginary potential has also been examined
potential are fixed as a function of energy and are nofor all the energies consi(_jered. For higher energ?es, omitting
changed in the present calculations although it was observef€ volume term predominantly affects the amplitude of the
that small changes could improve the quality of the fits. Thefr0SS Section at large angles. However, this effect is small
Coulomb potential with a radius of 5.56 fm is also added. and negligible at lower energies. Omitting the surface term
The imaginary part of the potential is taken as the sum ofcreases the cross sections at large angles that are as much

a Woods-Saxon volume and surface potentials: as two orders of magnitude. It is observed that this term has
a significant effect at all the energies considered.
W(r)=—-Wyf(r,Ry,ay)+4Wgagdf(r,Rg,ag)/dr, (2) Since the target nucleu®Si is strongly deformed, it is
essential to treat its collective excitation explicitly in the
1 framework of the coupled-channels formalism. It has been
f(r,R,a)= 1+exd(r—R)/a] ©) assumed that the target nucleus has a static quadrupole de-

formation, and that its rotation can be described in the frame-
with W,=59.9 MeV, a,=0.127 fm andWs=25.0 MeV, Wwork of the collective rotational model. It is, therefore, taken
ag=0.257 fm. These parameters are also fixed in the calcunto account by deforming the real optical potential in the
lations and only their radii increase linearly with energy ac-following way:

cording to the following formulas: 13 1
R(6,4) =T oA+ 1oATTL+ By Yoo 6,4)], ()
Ry=0.061E,,—0.44, 4 o )
whereP andT denote the projectile and target nuclei respec-
Rg=0.24F ,— 2.19. (5) tively and 8= —0.64 is the deformation parameter osi.
This value is actually larger than the value calculated from
The real and imaginary potentials are shown in Fig. 1 forthe knownB(E2). However this largep3, was needed to fit
E.p=41.17 MeV. The sum of the nuclear, Coulomb, andthe magnitude for the 2 state data as discussed in the fol-
the centrifugal potentials is also shown in the same figure folowing sections.
the orbital angular momentum quantum numberlO. The In the present calculations, the first two excited states of
superposition of the attractive and repulsive potentials resultthe target nucleug®si, i.e., 2" (1.78 MeV) and 4" (4.62
in the formation of a potential pocket, which the width and MeV), are included and the'6-2" —4* coupling scheme is
depth of the pocket depend on the orbital angular momenemployed. The reorientation effects fof 2and 4" excited
tum. This pocket is very important for the interference of thestates are also included. The inclusion of the and 4
barrier and internal waves, which produces the pronouncedxcited states has important effects as their effects change the
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problem was also found in earlier coupled-channels calcula-
FIG. 2. Ground state_ results obtained using the standargigns for this systeni1,13,23.
coupled-channels model with,= —0.64. When studying this reaction systematically in a wide en-
ergy range, we came across several problems: The first prob-
elastic scattering fits substantially. These effects confirm thgem relates to the oscillatory structure and to the backward
it is essential to use the coupled-channels method in the casgse in the cross section at large angles for which the standard
where one of the nuclei in the reaction is strongly deformedcoupled-channels model provides a solution.
Extensively modified version of the codeiuck [22] has The second problem pertains to the calculation of the first
been used for the all calculations. excited state cross section. Using the exgatalue, we ob-
served that the calculations underestimated the experimental
data, a phenomenon confirmed by other works which assert
that in the coupled-channels or distorted-wave Born approxi-
Using this standard coupled-channels model, the result@ation (DWBA) calculations, one has to increase or de-
for the ground and first excited states are shown in Figs. 2—%:rease the deformation parametg) to be able to get agree-
It should be stressed that very close fits to the experimentanent with the measured experimental data and that the
data at forward, backward, and intermediate angles were olghoice of thes value is somehow arbitrary in fitting the data.
tained without applying anyad hoc procedures other than Therefore, we also adopted to increase ghealue.
increasing thes, value(seey? values in Table)l In general, The third problem arises due to Blair’'s phase r[24]
the previous coupled-channel€C) calculations aiming to that states that “the oscillations for evériransfer are out-
explain the structures at large angles obtained rather poor figf-phase with those for elastic scattering, while those for
at forward angles or vice versa. Even when the forward an@dd{ transfer are in phase.” These experimental data obey
backward angles were fitted, the intermediate angles werthis rule at numerous energies, except the energies around
not[1,23]. E.p—35.0 MeV (see Figs. 3 and)5While the measured
However, there are problems in our first excited state reeross section for the ground state has maxima- &80°, it
sults. The magnitude of the cross sections and the phase bés also maxima at-180° for the 2 state whereas, it
the oscillations are obtained correctly at most angles. Howshould have minima-180° according to the Blair's phase
ever, when one looks at the"2state results in detail, it is rule.

Ill. RESULTS
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) —! ' ' — problems by modifying the shape and the parameters of the
00 200 _40'0 60.0 80.0 100.0 real potential as well as the parameters and the shape of the
Scattering Angle (Degree) imaginary potential. These modifications in the real and
imaginary potentials improved the 180° excitation function.
owever, we were unable to fit individual angular distribu-
tions and excitation functions simultaneously over the whole
energy range.
€ We then sought to include the'6excited state. The in-

FIG. 4. Ground state results obtained using the standar
coupled-channels model with,= —0.64 (continued from Fig. B

The theoretical predictions are completely out-of-phas
around these energies for thé 2tate although they fit the
ground state data. This problem is also clearly observed in tag| E | Numerical values of? for the standard and new CC
the 180° excitation function of the2state as shown in Fig. .ases in the inelastic scattering calculations.

6. The magnitudes of our calculations are also at least twice

bigger than the experimental data at lower energies. = Standard CC New CC
Our coupled-channels calculations showed that the thresh
old energy isE,,~35.0 MeV. It was also reportd@5] that 29.34 2.5 3.7
the irregular behavior of the experimental data starts beyond = 29.92 21 3.5
this energy. No coupled-channels calculation has been car- 30.70 3.0 3.4
ried out below and above this energy simultaneously. How-  31.63 2.7 41
ever, research has been conducted and studies have been 32.75 1.7 2.7
published pertaining to below or above this enerds(.{ 33.17 3.3 3.0
~35.0 MeV). 33.89 3.2 2.3
In the past, a number of models have been proposed in 35.04 13.7 3.3
order to solve the above-mentioned problems, ranging from 35.69 135 8.9
isolated resonancdg,26] to cluster exchange between the 38.20 46.0 11.7
projectile and target nucleyd5,27 (see Ref[2] for a de- 41.17 127.0 20.4

tailed discussion We have attempted to overcome these
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clusion of one additional excited state weakened the imagi-
nary potential and this was useful to infer what the shape ogyer, varying the value of thg, and the inclusion of the,
the imaginary potential should be. Nevertheless, we wergjqg not solve the problems.

merical accuracy/instability problem in the code. We finally o|ution to the above-mentioned problems. We were unable

changed the3, value and included @, deformation. How-
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to explain the elastic and inelastic scattering data as well as
their 180° excitation functions simultaneously.

IV. NEW COUPLING POTENTIAL

The limitations of the standard coupled-channels theory in
the analysis of this reaction has been well established by
both our analyses and the works published so far. We came
across the same type of failure of the standard coupled-
channels method in explaining the experimental data for the
2c+1%C and ?C+?“Mg reactions.

In order to explain the experimental data for these sys-
tems, we had to introduce a new type of coupling potential,
which is a second-derivative coupling potential used in the
place of the usual first-derivative coupling potential. This
new coupling potential has successfully explained the scat-
tering observables of these two reactions over wide energy

new coupling potential, parametrized as the second derivative ofanges and has made major improvement on the all the pre-
Woods-Saxon shape.

vious coupled-channels calculations for these systems. The
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to the problems that®0+ 28Si reaction manifests. This new Scattering Angle (Degree)

coupling potential is displayed in comparison with the stan- _ _ _
dard Coup“ng potent|a| in F|g 7.1t is parametenzed accu- FIG. 10. Ground state results obtained using the new coupling
rately as the second derivative of the Woods-Saxon shape fptential with the exacg value (continued from Fig. 2

the following form:
ing while Fig. 12 shows the 180° excitation function for the

< ground and first excited states.
Ve £i(e'-1) This new coupling potential solves the out-of-phase prob-
Veln) = a1+e]® @) lem as shown in Fig. 12 and fits the ground state data and the
180° excitation functions simultaneously. A comparison is
given for the 2° excited state in Fig. 12. While the standard
where x=(r—R)/a and V¢ =155.0 MeV, R=4.16 fm,  coupling potential is out-of-phase with the measured one,
anda=0.81 fm. this new coupling potential significantly improves the agree-
In the new coupled-channels calculations, the real andnent with the experimental data and solves the out-of-phase
imaginary potentials have the same shapes as given by thoblem.
Egs.(1) and(2) and the same potential parameters are used It is striking that the phase variation and the absolute
except for the depth of the real potential and Bevalue.  magnitude of the inelastic cross sections for all energies are
They have to be readjusted ag,=750.5 MeV and correctly accounted for with this model. In contrast to the
B>=—0.34, which corresponds to the exact value derivedoredictions of the standard coupled-channels calculations,
from the life time of the 2 state[23,28,29. the magnitude of the 2 excited state data at lower and in-
We have analyzed the experimental in the same energigrmediate energies, where we have available experimental
range using this empiricgB, value and the results of the data for the individual angular distributions are fitted well.
new coupled-channels calculations are shown in Figs. 8—1The comparison of the? values with the standard one is
for the ground state. Figure 11 presents the inelastic scattegiven in Table I.
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Finally, Table Il shows the volume integrals of the real

and surface and volume imaginary potentials. The volumdailed, as others did, to describe certain aspects of the data, in

integrals of the real and imaginary potentials are calculategarticular, the magnitude of the*2excitation inelastic scat-

by using following formulas:

— am R Zd
Jy(E)= mfo V(r,E)r<dr|,

Jw(E)=

am f “W(r.E)r2d
e r, r r
ApArJo

8

tering data although the optical model and coupled-channels
models explain perfectly some aspects of the elastic scatter-

ing data. In order to reproduce the first excited staté)(2

data in the standard coupled-channels calculations, we were

TABLE II. Volume integrals of the surface and volume imagi-
nary potentials for the new coupled-channels calculations. The vol-

ume integral of the real potential is 381.9 MeV¥m

The radii of the imaginary potentials are calculated from

Egs.(4) and(5). It is seen from Table Il that the potentials

fulfill the dispersion relations and the agreement between

Mg and "}Vs,v is very good.

V. SUMMARY

We have shown a consistent description of the elastic and
inelastic scattering of thé®0+28Sj system from 29.0 to
142.5 MeV in the laboratory system by using the standard
and new coupled-channels calculations. In the introduction,
we presented the problems that this reaction manifests. We
attempted to find a consistent solution to these problems.

However, within the standard coupled-channels method, we

Eip (MeV) Jwg (MeV fm?) Jw, (MeV fm?)
29.34 3.23 0.25
29.92 3.59 0.27
30.70 4.12 0.31
31.63 4.81 0.35
32.75 5.75 0.40
33.17 6.13 0.42
33.89 6.82 0.45
35.04 8.03 0.52
35.69 8.78 0.56
38.20 12.10 0.73
41.17 17.02 0.97

024603-7



. BOZTOSUN AND W. D. M. RAE PHYSICAL REVIEW C65 024603

compelled to increase the value of nuclear deformation andlobal solution to the problems relating to the scattering ob-
such arbitrary uses @8 have been practiced in the past with- servables of this reaction over a wide energy range has been
out giving any physical justifications other than stating it isprovided by this new coupling potential. However, it is not
required to fit the experimental data. Although we obtained gossible at present to provide a solid theoretical foundation
reasonable agreement between the experimental data aadd further work in order to derive this term from a micro-
theoretical calculations for the ground and 8tate data, the scopic viewpoint is still under progress. Any insights that
standard coupled-channels method have totaly failed in proaould lead to progress in this direction will be greatly wel-
viding simultaneous fits to the individual angular distribu- come in the future.

tions and 180° excitation functions and could not solve the
out-of-phase problem between the theory and experimental
data for these states.

We have, however, obtained excellent agrement with the Authors wish to thank Dr. Y. Nedjadi, Dr. S. Ait-Tahar,
experimental data over the whole energy range studied bgnd Dr. B. Buck, and Dr. A. M. Merchant, Professor B. R.
using a new coupling potential, which has been outstandFulton, and Aye Odman for valuable discussions and en-
ingly successful in explaining the experimental data for thecouragements. I.B. also would like to thank the Turkish
the 12C+'°C [8] and '*C+2*Mg [9] systems over wide en- Council of Higher EducatioiYOK) and Erciyes University,
ergy ranges. The comparison of the results indicates that &urkey, for their financial support.
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