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Coupled-channels calculations of elastic and inelastic scattering
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Cross sections for the elastic and inelastic scattering of ' 0 on "Ni, Sr, Ca, and Ca have been
calculated in a coupled-channels treatment, including the low-lying 2 and 3 states of both projec-
tile and target. Real, energy-independent ion-ion potentials and form factors were used, and fusion
was simulated by ingoing wave boundary conditions in all channels. The agreement with the mea-
sured scattering data is qualitatively as good as obtained in previous optical-model calculations.

I. INTRODUCTION

In recent years it has. been realized that the optical po-
tential extracted from fitting elastic scattering data in the
distorted-wave Born approximation (DWBA) can have a
strong energy dependence near the Coulomb barrier.
This has been demonstrated for the reactions ' 0+ Pb
(Ref. 1) and ' 0+ Ni. The energy dependence has
been explained from a dispersion relation between the
real and the imaginary part of the optical potential and
the fact that the eA'ect of nuclear couplings diminishes as
the energy is decreased below the Coulomb barrier.

A physically more satisfying approach is to perform
explicit coupled-channels calculations which include the
most dominant reaction channels. In this approach one
uses a real, energy-independent ion-ion potential, whereas
the energy-dependent polarization potential is generated
implicitly from the couplings. We have calculated the
cross sections for elastic and inelastic scattering of ' 0 on

Ni, Sr, Ca, and Ca, and made detailed compar-
isons to measurements. ' Previous analyses have been
based on optical-model calculations. We have used a
coupled-channels treatment and included the inelastic 2+

I

and 3 excitations of both projectile and target. The cal-
culations are based on a real, energy-independent ion-ion
potential, which has been determined empirically.

The one- and two-nucleon transfer channels are
suppressed at energies near the Coulomb barrier due to
unfavorably large negative Q values in most of the reac-
tions we have studied. The magnitude of the one-proton
cross section is 1 —20 mb for Ni (Ref. 7) and Sr, and it
is smaller than the cross section for inelastic excitations.
We shall ignore the transfer channels in our calculations.
They may become important at the highest energies that
we have considered. Transfer channels can play an im-
portant role for other systems near Coulomb barrier. An
example is the ' 0+ Pb scattering, which previously
has been studied in a coupled-channels treatment. '

II. THE ION-ION POTENTIAL AND FORM FACTORS

The empirical ion-ion potential that we have used has
been extracted from an overall fit to the elastic scattering
data of several light and intermediate heavy projectile-
target combinations. We have used a Wood-Saxon pa-
rametrization, which is adjusted to fit the tail of the
empirical potential,

R)R2
U~(r ) = —31.67 MeV fm '

I 1+exp[(r —R, —R2 DR )/a])—
1 2

2p

where R; =1.2333 —0.983, ' fm, DR =0.29 fm, and a =0.63 fm.
Elastic scattering data for ' 0 on Ca, Ni, and Sr were included in the determination of the parameters for the

ion-ion potential, whereas no data for ' 0+ Ca were considered. We have found it necessary to make a slight adjust-
ment of DR for the latter system in order to improve the fits and have chosen DR =0.44 fm. This adjustment is
equivalent to a slightly larger radius for Ca than predicted by the above formula (from 3.93 to 4.08 fm). It is interest-
ing to note that with this adjustment the ratio of the radii for Ca and Ca are now consistent with the ratio of the
measured matter rms radii. "

We solve the conventional coupled equations for inelastic scattering. The radial wave functions for the inelastic
channels are generated by a direct coupling to the elastic channel

lp(lp+ 1) Z, Z~e+ + +U~(r)+E E, u,'q(r)= —[Fc(r—)+F~(r)](—1) (lOAO~lpO)u('o(r),
dr r r P

where the Coulomb and nuclear form factors are
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(PR )~ BU~(r)
FA, (r)—
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Above, the total angular momentum is denoted by l, and it is identical to the orbital angular momentum in the elastic
channel. The orbital angular momenta in the inelastic channels are denoted by l&, and they can assume all values that
can be reached by the coupling of the multipolarity A, of the excitation to the total angular momentum /. The radial
wave function for the elastic channel is similarly determined by couplings to all included inelastic channels,

2+ 2
+ +U~(r) F, — ul'o(r)= —g [Fc(r)+F~(r)](—1) (lOXO~lpO)u(' A(r) .d 1 (l + 1) zlz2e

2p dr r A, lp
P

The spectroscopic input for the various reaction calcula-
tions is given in Table I. The B(EA, ) values for the
Coulomb coupling are taken from the literature (Refs. 12
and 14—17). The nuclear coupling strengths depend on
the parametrization of the ion-ion (or optical) potential
used to analyze the data. The strengths given in Table I
are the values we have obtained to give a reasonable fit to
the data. For the oxygen states, however, we have used
the values determined in Ref. 13 from alpha scattering.
The values obtained in Refs. 4 and 5 are shown for com-
parison in the last column of Table I.

We solve the coupled equations with the usual scatter-
ing boundary conditions at large separations. At small
distances, inside the Coulomb barrier, we impose ingoing
wave boundary conditions in all channels to simulate the
fusion process. The exact location turns out to be not so
important, but the distance of maximum nuclear attrac-
tion, r =R, +R2 +DR, is a reasonable choice.

III. ' 0+ Ni AND ' 0+ Sr SCATTERING

The energy dependence of the cross sections for elastic
and inelastic 2+ scattering have been measured systemat-
ically for the reactions ' 0+ Ni and ' 0+ 8Sr. A
comparison of our calculations to the measured angular
distributions for ' 0+ Ni is shown in Fig. 1. The fully
drawn curves are the results of including all the 2+ and
3 states given in Table I, for both projectile and target.

I

The nuclear coupling strength of the 2+ state in the tar-
get has been adjusted to make a reasonable fit to the data.
The dashed curves were obtained by including the 2"
state in Ni as the only inelastic channel. The couplings
to the other inelastic channels are seen to have a
significant effect on both the elastic scattering and the in-
elastic 2+ excitation. The most obvious discrepancy ap-
pears at 44 MeV, where the elastic scattering data are
about 20% higher than the full calculation at large
scattering angles.

The calculated 2+ cross sections at 60 MeV deviate
also significantly from the data at large scattering angles.
In particular, the calculated angular distribution contains
an interference pattern with a period of about 6' —8.
This reAects the presence of a strong and narrow peak in
the 2+ S matrix as a function of the orbital angular
momentum near I =25, which is slightly below the graz-
ing l value of 28. The same pattern also appears in the
elastic scattering calculation.

The energy dependence of the differential cross sec-
tions is illustrated in Fig. 2 at different fixed scattering
angles. The agreement is very good for elastic scattering
at 175'. The elastic scattering data at 60 —90 are gen-
erally 20—30% larger than the calculated cross section at
the 10% level of Rutherford scattering. This may partly
be due to systematic errors in the measurements. In fact,
the angular distributions measured at fixed beam energy
(shown in Fig. 1) have an overlap with the data shown in

TABLE I. Spectroscopic input to the calculations. The nuclear coupling strengths marked by an as-
terisk are the values we have obtained to give a reasonable fit to the data. The last column lists the
values obtained in previous analyses (Refs. 4 and 5). The numbers in square brackets indicate reference
numbers.

Nucleus Z. (MeV) 8(EX) (e'b )
(P& )c

(fm)
&4~

(PR )~
(fm)

&4~

Same from

Refs. 4 and 5

16O

58N1

88S

Ca

Ca

2+ 6 92
3 6.13
2+ 1.45
3 447
2+ 1.836
3 2.734
2+ 3 90
3 374
5 4.49
2+ 3.832
3 4 505
5 5.146

0.0038 [12]
0.0014 [12]
0.0674 [14]
0.0186 [14]
0.114 [15]
0.062 [15]
0.0092 [16]
0.0176 [16]
2.7 X 10 [5]
0.0086 [17]
0.0065 [17]
9.1 X 10 [5]

0.300
0.608
0.236
0.267
0.197
0.272
0.138
0.465
0.344
0.126
0.250
0.049

0.268
0.398
0.280
0.260
0.170
0.185*
0.125*
0.315*
0.175*
0.190
0.190*
0.038*

[13]
[13]

0.264

0.179
0.179
0.116
0.305
0.152
0.175
0.189
0.064
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FIG. 1. Angular distributions for elastic scattering of ' 0 on "Ni and for the inelastic excitation of the 2 state at 1.45 MeV in' Ni, at three diferent bombarding energies. The results of calculations which include the coupling to the low-lying 2+ state in ' Ni,
are shown as dashed curves, whereas the fully drawn curves were obtained by also including the 3 state and the 2+ and 3 states of
' 0 given in Table I. The data are from Ref. 4.
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FIG. 1. Angular distributions for elastic scattering of ' 0 on 'Ni and for the inelastic excitation of the 2 state at 1.45 MeV in
' Ni, at three dift'erent bombarding energies. The results of calculations which include the coupling to the low-lying 2+ state in ' Ni,
are shown as dashed curves, whereas the fully drawn curves were obtained by also including the 3 state and the 2 and 3 states of
' 0 given in Table I. The data are from Ref. 4.
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Fig. 2. The interpolated values, indicated by crosses, are
about 20—25 % lower than the data obtained in the fixed
angle measurements. An evaluation of the original data
gives systematic errors of about 10% due to beam energy,
angular positions, and target thicknesses, both for the an-
gular distributions and the excitation functions. The
different data sets are thus not inconsistent. Disagree-
ments between calculations and experimental data at the
10% level, when making a global comparison, should not
be considered as a discrepancy. Finally, the calculated
cross sections at the 1% level of Rutherford scattering
are higher than the data. This may reAect a lack of ab-
sorption due to other channels, as, for example, nucleon
transfer, which is expected to become more important
with increasing beam energy.

The energy dependence of the measured inelastic 2+
cross sections shown in Fig. 2 is reproduced very well by
the calculations. The overall agreement is in fact better
than -obtained in the optical-model calculations per-
formed in Ref. 4, which allowed for a Woods-Saxon
shaped, energy-dependent optical potential.

We have performed similar calculations for the
' 0+ Sr scattering. A comparison to the data is shown
in Fig. 3. Note the good agreement, both with the 2+
and the 3 excitation. The general trend is very similar

to the ' 0+ Ni scattering, and we shall therefore not
discuss them here in further detail.

Let us finally mention that the nuclear coupling
strengths given in Table I agree to better than 10% with
the values extracted from the optical-model analysis per-
formed in Ref. 4. This may seem surprising, at first sight,
since the parameters for the ion-ion potential are quite
different in the two approaches. They produce, however,
almost identical barrier heights and the nuclear form fac-
tors are very similar in the barrier region.

IV. ' 0+ Ca AND i60+4sCa SCATTERING

We have also applied our method to the scattering of
' 0 on " Ca at 60 MeV and on Ca at 56 MeV. To ob-
tain a satisfactory agreement with the Ca data, in par-
ticular for the weak excitation of the 5 state, it was
necessary in the original analysis to use coupled-
channels calculations, which include the low-lying states
in Ca. The most dominant coupling effect was due to
the inelastic excitation of the strong, collective 3 state.
The calculations performed in Ref. 5 also employed an
adjustable imaginary potential.

The results of our calculations are shown in Fig. 4.
The fully drawn curves are the results we obtain when we
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FIG. 3. Energy dependence of the differential cross section for elastic scattering of ' 0 on Sr and for the inelastic excitation of
the 2+ state at 1.836 MeV in ' Sr, at four different scattering angles. Also shown are the cross sections for the excitation of the 3
state at 2.73 MeV in "Sr at 175' scattering. The curves show the results of coupled-channels calculations which include all the states
given in Table I, for both projectile and target. The data are from Ref. 4.
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FIG. 4. Angular distributions for elastic and inelastic scattering of ' 0 on Ca at 60 MeV, and on 'Ca at 56 MeV. The fully
drawn curves were obtained by including all the states given in Table I, for both projectile and target. The dashed curves are the re-
sults we obtain when we only include the low-lying 2+, 3, and 5 states in Ca. The data are from Ref. 5.

include all the states given in Table I, for both projectile
and target. The nuclear coupling strengths were adjusted
to fit the data at forward angles. The dashed curves are
the results we obtained for ' 0+ Ca when we only in-
clude the Ca states in the coupled equations. The effect
of the ' 0 states is seen to be significant. One can obtain
a better agreement with the inelastic data in the calcula-
tions that only include the Ca states by reducing the nu-
c1ear coupling strengths by about 15%%uo. The effect of the
' 0 states is larger than in the ' 0+ Ni scattering. This
is due to the fact that the cross sections are more sensi-
tive to nuclear couplings, since the ratio of nuclear to
Coulomb form factors is larger in the lighter scattering
system.

The agreement with the data is almost as good as ob-
tained in Ref. 5. The major difference between the two
calculations is the presence of oscillations at large scatter-
ing angles in our calculated angular distributions for elas-
tic scattering. The calculations performed in Ref. 5 in-
cluded an imaginary potential, and the angular distribu-
tions for the elastic scattering are much smoother. It is,
however, very satisfying that we are able to reproduce the
main features of the data so well in a coupled-channels
treatment, using a real, energy-independent ion-ion po-
tential. In fact, the only parameters we have adjusted in
order to fit the data are the nuclear coupling strengths,
whereas the modification of the radius parameter for Ca

discussed in Sec. II can be predicted from the measured
rms radii of the calcium isotopes.

The quality of the fits shown in Fig. 4 are similar for
the two different scattering systems. The remaining
discrepancies may be reduced by including more cou-
plings. One example is four-particle transfer, which is
the most dominant transfer channel for ' 0+ Ca and it
has a similar streogth for ' 0+ Ca. ' Another example
is one-nucleon transfer which is much smaller for
' 0+ Ca than for ' 0+ Ca, where it has a magnitude
that is close to the inelastic cross section. ' It would be
very instructive to perform coupled-channels calculations
which also include the most dominant transfer channels
for these two systems in order to assess their effect on
elastic and inelastic scattering more explicitly.

V. CONCLUSIONS

We have performed coupled-channels calculations for
the elastic and inelastic scattering of ' 0 on a variety of
targets including the low-lying states of both projectile
and target. Fusion is simulated by ingoing wave bound-
ary conditions in all channels at a distance located inside
the Coulomb barrier. One- and two-nucleon transfers are
suppressed for most of the systems we have considered at
energies near the Coulomb barrier, and we have neglect-
ed them in the calculations. The overa11 agreement with
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systematic measurements of the elastic scattering and the
2+ excitation of the target is qualitatively as good as ob-
tained in previous DWBA analyses. The 2+ and 3
states in ' 0 have a significant infiuence on the ca]culated
cross sections. Some discrepancies appear, in particular
at the higher beam energies and large scattering angles,
which may indicate a lack of absorption due to neglected
reaction channels.

A coupled-channels treatment, which includes the
most dominant reaction channels, seems feasible for
many scattering systems at energies near the Coulomb
barrier. It is also a more attractive approach than con-
ventional DWBA calculations, since one can study the in-
terplay between the different reaction channels and ob-
tain a consistent description. The input is strongly con-

strained, either by an empirically determined ion-ion po-
tential or folding potentials and form factors, whereas the
energy-dependent polarization potentials are generated
by the explicit couplings. An obvious extension of our
calculations is to study reactions, where transfer is im-
portant, and in particular to study the effect of higher-
order couplings such as, for example, the transfer cou-
pling between excited states. -
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