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Nuclear structure effects on the absorption in the scattering of heavy ions at low energy
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Elastic scattering data for different systems, at energies close to the Coulomb barrier, are systematically
analyzed with a renormalized M3Y double folding real potential and a Woods-Saxon imaginary one. Then the
contribution to the imaginary potential of couplings to the low lying inelastic channels is calculated in the
Feshbach formalism and shown to give too weak absorption except for strongly deformed systems,
35,37Cl124Mg. For the others systems the transfer cross sections are known to be large which implies that the
coupling to transfer channels should contribute to absorption. To simulate their effect a fitted surface term is
added to the Feshbach term. The radial distribution of the reaction cross section shows a strong sensitivity to
the absorption but at large distances only.@S0556-2813~99!06802-8#

PACS number~s!: 25.70.Bc, 24.10.2i
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I. INTRODUCTION

From many years ago one knows that at low energy
elastic and transfer channels couplings give large contr
tion to the imaginary potential of elastic scattering at lar
distances. The contribution of inelastic and single-parti
transfer channels has been calculated in a semiclassica
proach@1,2#. Starting from the Feshbach theory of the optic
potential@3# a number of attempts were performed to eva
ate the nucleus-nucleus potential. In this formalism the c
tribution of the low lying inelastic channels is described
using microscopic@4# or macroscopic@5# form factors. The
nonelastic channels were introduced either individua
@4,5,6# or globally by using closure relation@7#. This last
model was able to reproduce successfully the elastic sca
ing data@8#, as well as to predict the excitation function
the near- and sub-barrier fusion for spherical or weakly
formed systems@9#. However, when the energy of the coll
sion is close to the Coulomb barrier and the absorption
mainly due to a reduced number of inelastic channels, a
was observed in deformed systems@10#, the model overesti-
mates the absorption and it is more accurate to evaluate
polarization potential corresponding to each of the few ch
nels that control the absorption. Nevertheless for some
tems this contribution to the absorption is too weak a
transfer channels become important.

Recently semiphenomenological and microscopic an
ses of32S124Mg elastic scattering data has been successf
compared at low energy@11#. Experiments show that at low
energy the 21

1 deformed states of24Mg(E* 51.37 MeV) and
32S(E* 52.23 MeV) are the only states strongly populate
A good agreement between semiphenomenological and
croscopic calculations was obtained on elastic scattering
dial absorption, and spin distributions as well as on to
reaction cross section. Our analysis has shown that the
absorption is sensitive in a narrow domain of the nucle
nucleus surface potential and that the volume absorp
gives a negligible contribution to the reaction cross secti
PRC 590556-2813/99/59~3!/1518~8!/$15.00
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With only a reduced number of low lying collective states
was possible to reproduce the total absorption. Motivated
the success of our calculations in reproducing the most c
acteristic experimental features in the case of a strongly
formed system as32S124Mg, we have investigated if a simi
lar behavior is observed in other deformed or spheri
systems. In the present paper, we analyze a number of
ferent systems in which the transfer processes give contr
tions whose importance can be similar to those due to
inelastic channels contribution. We have analyzed the
perimental data for32S132S @12#, 32S136S @13#, 32S128Si
@14#, 32S140Ca @15# systems at 90.0 Mev, as well a
35Cl124Mg @10# at 85.0 MeV,37Cl124Mg @10# at 87.9 MeV,
31P127Al @13# at 79.5 MeV, and16O1208Pb @16# at 87.0
MeV. In all cases, the energies are just above the Coulo
barrier.

Section II describes an analysis of elastic scattering d
with a renormalized double folding real potential and a ph
nomenological imaginary one. In Sec. III we briefly report
calculation of the contribution of the strongly excited sta
of target and projectile to the absorptive part of the poten
using Feshbach theory and show that, for some of our s
tems, this contribution is not enough and it is necessary
add a phenomenological surface term to the absorptive
tential fitted on elastic scattering data. The radial and s
distributions of reaction cross section are calculated in S
IV for both potentials of Secs. II and III. Our conclusions a
proposed in Sec. V.

II. SEMIPHENOMENOLOGICAL DATA ANALYSIS

The real part of the optical potential is calculated usi
the double folding model@17# with an effective M3Y two-
body force @18# which must be renormalized. The nucle
densities are obtained by unfolding the finite-sized cha
distribution of the nucleons from the charge densities in
standard way@17#. The nuclear charge distributions include
1518 ©1999 The American Physical Society
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PRC 59 1519NUCLEAR STRUCTURE EFFECTS ON THE ABSORPTION . . .
in Table I and Table II are taken from electron scatter
experiments, except for208Pb where we use the density ca
culated by Brack@24# in a variational semiclassical metho
For all the nuclei included in Table I the densities are para
etrized in a four-parameter Fermi parabolic form while w
give in Table II the coefficients of a Bessel-Fourier para
etrization for the case of36S. The imaginary potential is
parametrized assuming a Woods-Saxon radial form fa
@25#. Our total potential is then

VT~R!5N•VM3Y~R!1 iWWS~R!1VC~R!

5U~R!1 iWWS~R!1VC~R!, ~1!

whereVM3Y(R) is the bare double folding real potential an
N is the usual renormalization factor,VC(R) is the Coulomb
potential, andWWS(R) is a Woods-Saxon potential. The p
rameters ofWWS(R) and the renormalization factor,N, are
fitted on elastic scattering data using the ECIS94 code@26#.
As it is well known, at low energies the cross sections are
sensitive to the interior of the potential and to reduce
number of parameters we have fixed the imaginary poten
depth toW0560 MeV. The best fits~full lines! of elastic
scattering data are shown in Figs. 1~a!–4~a! and correspond
to the parameters of Table III, where calculated total reac
cross sections are also included.

III. POLARIZATION IMAGINARY POTENTIAL

In this section we assume that the real potentialU(R) is
the potential of Sec. II and we propose an analysis of
imaginary potential in terms of coupling to nonelastic cha
nels. We calculate first the contribution of inelastic chann
by using the Feshbach theory and then we add a phenom
logical absorptive term to simulate the transfer proces
contribution.

TABLE I. Experimental charge densitie
rc(r )5r0(11vr 2/c2)@11exp„(r 2c)/z…#2n.

Nucleus c ~fm! z ~fm! v n Note Ref.

16O 2.608 0.513 20.051 1.00 @19#
27Al 3.079 0.519 0.0 1.00 @19#
28Si 3.239 0.574 20.149 1.00 @20#
31P 3.369 0.582 20.173 1.00 @19#
32S 3.441 0.624 20.213 1.00 @21#
35Cl 3.490 0.602 20.120 1.00 @22#
37Cl 3.554 0.588 20.130 1.00 @19#
40Ca 3.676 0.585 20.102 1.00 @23#
208Pb 7.194 0.658 0.0 1.56 neutron @24#
208Pb 6.975 0.635 0.0 1.42 proton @24#
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A. Low lying inelastic channels contribution

In the Feshbach theory the contribution of inelastic ch
nels to the nonlocal imaginary potential may be written a

FIG. 1. Experimental data and calculations for35Cl124Mg sys-
tem at 85.0 MeV~left! and37Cl124Mg system at 87.9 MeV~right!.
~a! Elastic scattering data and calculations obtained from semip
nomenological or Feshbach1surface potentials~full line! and Fesh-
bach potential~dotted line!; ~b! imaginary potentials correspondin
to Woods-Saxon~full line!, Feshbach~dotted line!, surface~dashed
dotted line!, and Feshbach1surface~dashed line!; ~c! radial distri-
bution of the absorption calculated from Woods-Saxon~full line!,
Feshbach~dotted line!, and Feshbach1surface~dashed line! poten-
tials; ~d! spin distributions deduced from Woods-Saxon
Feshbach1surface potentials~full line! and Feshbach~dotted line!
potential. In upper windows thêl& and ^ l 2& energy dependence
calculated from Woods-Saxon potentials~triangles! are compared
to the values obtained for Feshbach1surface potentials~circles! at
the energies where the experiments were carried out.
TABLE II. Experimental charge density of36S ~Ref. @19#! rc(r )5Snanj 0(npr /R) if r<8.0 andrc(r )50 if r .8.0.

a1 0.3703231021 a4 20.1985231021 a7 0.3779531022 a10 0.1584531023 a13 20.1166331024

a2 0.5793931021 a5 20.6717631022 a8 20.5527231023 a11 20.8406331024 a14 0.3520431025

a3 0.1004931021 a6 0.6188231022 a9 20.1290431023 a12 0.3410131024 a15 20.9513531026
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1520 PRC 59PACHECO, KADI-HANIFI, BILWES, AND REMIRO
Im DVin~r ,r 8!5(
iÞ0

Vi* ~r !Im Gi~r ,r 8!Vi~r 8!, ~2!

whereVi(r ) is the transition matrix element for the excit
tion of a statei of target or projectile andGi(r ,r 8) is the
Green function that describes the propagation of the sys
in the channeli. Gi is approximated@7# by the WKB propa-
gator

Gi~r ,r 8!.Gi
WKB~r ,r 8!52

m

2p\2

eiK i ur2r8u

ur2r 8u
, ~3!

whereKi is the WKB local momentum for the channeli

Ki
25

2m

\2 @Ec.m.2„Ei1U~R!1 i Im DVL
in~R!1VC~R!…#.

~4!

Ec.m. is the center of mass energy of the collision,Ei the
excitation energy of the channeli, U(R) the real potential of
Eq. ~1!, VC(R) the Coulomb potential, and ImDV L

in(R) the
local imaginary potential coming from the inelastic chann
contribution that for simplicity we write in the following
Im DV L

in(R)5Win(R). Ki can be written as

FIG. 2. Same as Fig. 1 but for the16O1208Pb system at 87.0
MeV ~left! and the32S140Ca system at 90.0 MeV~right!.
m

s

Ki5ki1 ik i ~5!

with

ki
25

m

\2 †Ec.m.2EB
i* ~R!1A@Ec.m.2EB

i* ~R!#21@Win~R!#2
‡,

k i5
m

\2

Win~R!

ki
, ~6!

and

EB
i* ~R!5Ei1U~R!1VC~R!. ~7!

From Eq.~4! one can deduce that the propagator of E
~3! includes multistep processes. Indeed our propagator
be expanded in terms of the bare propagator,G0 , as

G5G01G0VG01G0VG0VG01¯. ~8!

Introducing this relation in Eq.~2!, we obtain

Im DV in5Im~VG0V1VG0VG0V1¯ !. ~9!

FIG. 3. Same as Fig. 1 but for the32S132S system at 90.0 MeV
~left! and the32S136S system at 90.0 MeV~right!.
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PRC 59 1521NUCLEAR STRUCTURE EFFECTS ON THE ABSORPTION . . .
The first term describes the absorption due to the di
inelastic processes while the others give the absorption
responding to the multistep processes which take accoun
the compound nucleus contribution. Assuming a weak n
locality, the local nucleus-nucleus potential can be obtai
as the Wigner transform of the nonlocal potential@27,28#

Win~R!5E eik•s Im DVin~R,s!ds, ~10!

FIG. 4. Same as Fig. 1 but for the32S128Si system at 90.0 MeV
~left! and the31P127Al system at 79.5 MeV~right!.
ct
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-
d

where ImDV in is the nonlocal potential of Eq.~2!, now ex-
pressed in terms ofR ands coordinates defined by

R5
r1r 8

2
, s5r2r 8. ~11!

R and s are, respectively, the center of mass and relat
motion coordinates andk is the local momentum defined a

k25
2m

\2 @Ec.m.2„U~R!1VC~R!…#. ~12!

In the summation overi in Eq. ~2!, we keep only the low
lying collective states of target and projectile. Assuming
brational states we use the collective model form factors
write

Vi~r !5
1

A2l11
f l

~ i !~r !Yl
m~r ! ~13!

with

f l
~ i !~r !5bl j

~ i !Rj

]Uc~r !

]r
, ~14!

wherebl j
( i ) is the transition amplitude ofl-multipolarity in

channeli for nucleusj, Rj is the radius of the excited nucleu
andUc(r ) is the real nucleus-nucleus Copenhagen poten
@1,29#. It was shown that the nuclear form factor of Eq.~14!
reproduces the RPA-microscopic nuclear form factors at
nuclear surface@30,31#. The details of the derivation of the
local potential of Eq.~10! are given in Refs.@7,10#. It gives

Win~R!52
m

2pk\2 (
l,iÞ0

~bl j
~ i !Rj !

2E
0

2R

ds e2k i s

3sin~ks!sin~kis!
]Uc~r !

]r U
r 5R1s/2

]Uc~r !

]r U
r 5R2s/2

,

~15!

where k i and ki depend uponWin(R). This equation is
solved by iteration.

In the limit of a small nonlocality rangeWin(R) has a
simple form, similar to the semiclassical polarization pote
tial of Broglia @1,2#
TABLE III. Best optical model parameters~the W0 parameter was kept fixed!.

System
Elab

~MeV! NR

W0

~MeV!
RW

~fm!
aW

~fm! x2/n
sR

~mb! Note

31P127Al 79.5 1.217 60 7.378 0.471 1.80 737
35Cl124Mg 85.0 1.252 60 7.897 0.386 1.60 489
37Cl124Mg 87.9 1.366 60 7.929 0.382 0.90 508
32S128Si 90.0 1.410 60 7.853 0.406 1.15 749 a
32S132S 90.0 1.672 60 8.416 0.305 2.90 631
32S136S 90.0 1.710 60 7.967 0.501 1.75 943
32S140Ca 90.0 1.419 60 8.539 0.378 3.59 473
16O1208Pb 87.0 1.607 60 11.10 0.324 1.08 474

aOnly experimental data at angles 34.50°<uc.m.<80.50° were used in the fit. Allx2/n values were obtained
for comparison with the complete angular distributions.
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TABLE IV. Low lying collective states included in Feshbach calculations.

Nucleusg.s. Jp EJp ~MeV! El bN Branching ratio Mixing ratio

16O01 32 6.130 E3 0.71 100.0
21 6.920 E2 0.38 100.0
21 11.520 E2 0.25 100.0

24Mg01 21 1.370 E2 0.60 100.0
21 4.250 E2 0.14 78.9

27Al5/21 3/21 1.014 E21M1 0.12 97.0 10.351
7/21 2.211 E21M1 0.24 100.0 20.468
9/21 3.004 E2 0.19 88.6

28Si01 21 1.780 E2 0.41 100.0
32 6.880 E3 0.40 100.0

31P1/21 3/21 1.266 E21M1 0.15 100.0 10.300
5/21 2.234 E2 0.22 100.0
7/22 4.431 E3 0.31 1.0

32S01 21 2.230 E2 0.31 100.0
21 4.280 E2 0.12 86.0
32 5.010 E3 0.44 3.1

35Cl3/21 5/21 1.760 E21M1 0.17 100.0 12.850
7/21 2.650 E2 0.10 90.6
7/22 3.160 E3 0.10 90.0

36S01 21 3.290 E2 0.16 100.0
37Cl3/21 5/21 1.730 E21M1 0.08 100.0 10.250

5/21 3.090 E21M1 0.13 100.0 11.500
7/22 3.100 E31M2 0.16 100.0 10.180
9/22 4.010 E3 0.17 31.0

40Ca01 32 3.740 E3 0.40 100.0
21 3.900 E2 0.12 100.0

208Pb01 32 2.600 E3 0.11 100.0
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Win~R!5 lim
s→0

Im DVin~R,s!

52
m

8p2\2 (
l,iÞ0

ki~bl j
~ i !Rj !

2U]U~R!

]R U2

. ~16!

Our approximation to take vibrational low lying state
only and to approach their form factors by a surface funct
implies that we have the compound states contribution at
surface only. This is an approximation but at low energy
will not affect the elastic cross sections since they are
sensitive to the potential in the interior. For higher energ
our approximation would not be enough.

The imaginary potential of Eq.~15! is calculated for each
system by including excited states listed for each nucleu
Table IV with their energy and vibrational amplitudesb i .
The results are displayed in Figs. 1~b! to 4~b! and compared
with the phenomenological imaginary potentials of previo
section. We see that except for35,37Cl124Mg, where the phe-
nomenological~full lines! and Feshbach~dotted lines! imagi-
nary potentials agree for distances larger than 9.5 fm@see
Fig. 1~b!#, the imaginary Feshbach potential does not g
enough absorption compared to phenomenology@see Figs.
2~b! to 4~b!#. As expected from our results on the imagina
potential, the inclusion of inelastic channels only is n
enough to reproduce the elastic scattering cross section
cept for 35,37Cl124Mg. This is shown in Figs. 1~a! to 4~a!
n
e

t
t

s

in

s

e

t
x-

where we compare elastic scattering calculations from p
nomenological~full line! and Feshbach~dotted line! imagi-
nary potentials.

B. Phenomenological transfer channel contribution

The lack of absorption obtained in Sec. III A with th
inelastic channels only can be easily understood. Tran
cross sections have been measured for some of these
tems. For35,37Cl124Mg the experimental transfer cross se
tions @10# are indeed small for the two systems. For the fi
system at 73.6 MeV lab,s tr,0.3 mb and at 100.0 MeV lab
s tr51062 mb, while for the second one at 76.1 MeV la
s tr,0.6 mb and at 103.5 MeV lab,s tr52563 mb, which
represent few percents of the total absorption. On the c
trary, for 16O1208Pb, experimental measurements perform
at 86 MeV lab@32# and at 88 MeV lab@33# show that the
transfer cross section represents about twenty percent o
total reaction cross section and is comparable to the inela
cross section. In fact at 86 MeV lab,s in587.5626.2 mb,
s tr581.4610.4 mb, sfis-fus5218611 mb, and s tot5384
648 mb while at 88 MeV lab,s in5117.5625 mb, s tr

595.866.2 mb, sfis-fus5350640 mb, and s tot5572
671 mb.

These last results show that the contribution to the re
tion cross section coming from the transfer processes ma
very important and, consequently, we cannot reproduce in
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TABLE V. Best surface potential parameters.

System
Elab

~MeV!
Fesh. states
~number!

s in

~mb!
WS

~MeV!
RS

~fm!
aS

~fm! x2/n
s in1tr

~mb!
Note

b

31P127Al 79.5 6 662 0.85 8.50 0.519 5.72 748
35Cl124Mg 85.0 5 484 2.14 8.44 0.280 1.58 485
37Cl124Mg 87.9 6 505 3.64 8.24 0.264 0.95 508
32S128Si 90.0 4 683 0.83 8.66 0.407 1.02 742 a
32S132S 90.0 3 629 5.15 8.50 0.271 2.79 632
32S136S 90.0 4 790 2.19 8.78 0.529 2.29 942
32S140Ca 90.0 5 394 2.53 9.00 0.413 3.29 472
16O1208Pb 87.0 4 373 7.00 11.43 0.294 1.00 460

aOnly experimental data at angles 34.50°<uc.m.<80.50° were used in the fit.
bAll x2/n values were obtained for comparison with the complete angular distribution.
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cases the elastic scattering without including the contribu
coming from these processes.

Because the one-nucleon transfer cross section repre
a few percent of the total measured transfer cross sec
@32,33#, we can understand why the single-particle rad
form factors of Refs.@1,2# underestimate the contribution o
the transfer processes and they cannot be used to evalua
transfer cross section. In a more consistent way, calculat
assuming complicated radial form factors can be perform
to evaluate the contribution to the absorptive potential co
ing from the multinucleon transfer processes. However
is not the aim of this paper, which is to determine the reg
of the potential where the absorption take place.

In order to correct this lack of absorption coming from t
noninclusion of the transfer processes, we add to our im
nary potential of Eq.~15! a surface absorptive term, whic
simulates the contribution of these processes. We assum

Wtr~R!524Wsas

d f~R!

dr
~17!

with

f ~r !5
1

11e~r 2Rs!/as
, ~18!

whereWs , Rs, andas are the depth, the radius and the d
fusivity parameters of the potential, respectively, are fit
on elastic scattering data. In this way, the total imagin
potential is given by

Wtot~R!5Win~R!1Wtr~R!. ~19!

The Wtr(R) term contains certainly more than transfer pr
cesses; in particular it may correct the first one,Win(R). This
last term has been obtained by including in our Feshb
calculation all the open inelastic channels that give a con
bution to the total reaction cross section higher than
percent. Consequently the corrections coming from
Wtr(R) term must be very low and we think that thisWtr(R)
term corresponds mostly to transfer.

Table V shows, for each system, the number of inela
channels included in the Feshbach potential calculations
theWs , Rs, andas parameter values deduced from the fit
the elastic scattering data by using the total imaginary po
n

nts
on
l

the
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d
-
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n
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d
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h
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e
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tial of Eq. ~19!. In this table we also include the reactio
cross sections in and s in1tr calculated with both Feshbac
and Feshbach1transfer imaginary potentials. The contribu
tions to the total reaction cross section coming from t
phenomenological transfer term are compatible with
measured transfer cross sections when they are availa
The contribution ofWtr(R) ~dotted-dashed lines! as well as
the total imaginary potential~dashed lines! are drawn in
Figs. 1~b! to 4~b!. One can observe that there exists a lar
radial domain in which both Woods-Saxon and total ima
nary potential of Eq.~19! are in good agreement. The con
tribution of Wtr(R) is weak for the35,37Cl124Mg systems for
which the transfer cross section is weak, while it is importa
for the other analyzed systems. For these ones the inclu
of this transfer term is crucial. In Figs. 1~a! to 4~a! we only
show the calculation with the imaginary potential of Sec.
because it is not possible to distinguish between elastic s
tering cross sections calculated with both imaginary pot
tials of Sec. II and Eq.~19!.

IV. RADIAL AND SPIN DISTRIBUTIONS OF REACTION
CROSS SECTION

The total reaction cross section,sR , can be written as
@34#

sR52
1

~2I P11!~2I T11!

2

\v0
^x0

1uWtot~r !ux0
1&, ~20!

whereI P and I T are the intrinsic spin of the projectile (I P)
and target (I T) nuclei in their ground states whilev0 andx0

1

are the velocity and wave function of the relative motion
the elastic channel at the energyEc.m.. Introducing the par-
tial wave expansion ofx0

1

x0
15

1

kr (l
i l~2l 11!x l~r !Pl~cosu! ~21!

in Eq. ~20!, one can write

sR5E
0

`

s~r !dr ~22!

with
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TABLE VI. Total reaction cross section and angular momentum mean values.

System Elab ~MeV!

Semiphenom. calculations Fesh.1phen. surf. calculations

^l& ^ l 2& sR ~mb! x2/n ^l& ^ l 2& s in1tr ~mb! x2/n

31P127Al 79.5 16.57 318.12 737 1.80 16.70 323.20 748 5.7
35Cl124Mg 85.0 13.13 202.32 489 1.60 13.00 197.41 485 1.5
37Cl124Mg 87.9 13.45 211.41 508 0.90 13.39 209.88 508 0.9
32S128Si 90.0 17.78 364.35 749 1.15 17.69 359.99 742 1.0
32S132S 90.0 17.51 352.68 631 2.90 17.47 350.71 632 2.7
32S136S 90.0 22.76 597.03 943 1.75 22.77 597.72 942 2.2
32S140Ca 90.0 17.23 347.16 473 3.59 17.24 348.00 472 3.2
16O1208Pb 87.0 20.15 475.00 474 1.08 19.95 464.38 460 1.0

aOnly experimental data at angles 34.50°<uc.m.<80.50° were used in the fit. Allx2/n values were obtained
for comparison with the complete angular distributions.
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s~r !52
1

~2I P11!~2I T11!

3(
l

8p

k2\v0
~2l 11!ux l~r !u2Wtot~r !, ~23!

wherek is the wave number.
TheECIS94code@26# was used to calculate thex l(r ) wave

functions with the different imaginary potentials described
Sec. II, Sec. III A, and Sec. III B. The correspondings(r )
functions are drawn in Figs. 1~c! to 4~c!. These curves de
scribe the radial distribution of the cross section reacti
Because we assume in all calculations the same real po
tial, our calculations give a direct comparison between
absorptive part of the potentials. Figures 1~c! to 4~c! show
the radial distributions of the reaction cross section cal
lated with ~1! the imaginary Woods-Saxon potentials~full
lines! of Table III, ~2! the microscopic Feshbach imagina
potentials ~dotted lines! that include the states shown
Table IV, and~3! the imaginary potentials coming from th
contribution of the Feshbach potential plus our phenome
logical surface term of Table V. We see@Figs. 1~c! to 4~c!#
that absorption takes place at large distances only wh
Woods-Saxon andWtot(r) imaginary potentials are in goo
agreement@Figs. 1~b! to 4~b!#. It shows explicitly why one
can reproduce with a similar quality the experiments at
ergies close to the barrier, either by using a Woods-Saxo
a surface imaginary potential including inelastic and trans
processes only.

From Eqs.~20! to ~23! the total reaction cross section
sR , can be rewritten as

sR5(
l

sR~ l ! ~24!

with

sR~ l !52
1

~2I P11!~2I T11!

8p

k2\v0
~2l 11!

3E
0

`

ux l~r !u2Wtot~r !dr, ~25!
.
n-
e

-

o-

re

-
or
r

where the functionsR( l ) gives the contribution of each par
tial wave to the total absorption. In Figs. 1~d! to 4~d! the spin
distributions as well as thêl& and^ l 2& values calculated with
the potentials of Table III~full lines and filled triangles in
upper windows, respectively! are compared with those ca
culated at one energy with theWtot(r) potential of Eq.~19!
~full lines and open circles!. In the upper windows we have
included the ^l& and ^ l 2& values taken from Ref.@35#
where they have been calculated at different energies in
same way described in Sec. II. Calculations with potent
of Sec. II and Eq.~19! are indistinguishable. Compariso
with calculations performed with Feshbach potentials o
~dotted lines! allows to show the importance of transfe
processes. In Table VI thêl&, ^ l 2&, andsR values calculated
from potentials of Table III and Eq.~19! are compared.
The x2/N values obtained in the fit of the elastic scatteri
data with the two above mentioned potentials are a
given.

V. CONCLUSIONS

Elastic scattering angular distributions for different sy
tems, at energies close to the Coulomb barrier, have b
analyzed in a systematic way. First the data have been fi
by using a renormalized M3Y double folding real potent
and a fitted Woods-Saxon imaginary potential. These s
dard calculations have been taken as a reference for al
other calculations performed in this paper. Then an atte
to analyze the absorption in terms of couplings of the ela
channel to nonelastic channels has been proposed. In
Feshbach formalism the contribution of low lying inelas
channels has been first evaluated. These couplings are
weak to reproduce the data in all systems except the stro
deformed35,37Cl124Mg. This lack of absorption is assume
to come from transfer channel couplings what is suppor
by the measured transfer cross sections. Such transfer c
nels are known to give a long range surface contribution
they have been introduced empirically as a parametrized
face term added to the inelastic channels contributions.
data are now very well reproduced. The added absorp
term has a larger radius than inelastic couplings accordin
to what one expects from transfer contributions@2#. The in-
crement on the total reaction cross section due to this l
range term has been calculated and is close to the meas
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transfer cross sections when they are available what sh
that this empirical surface term comes mainly from trans
couplings.

The radial distribution of the reaction cross reaction h
been calculated. It is concentrated in the far surface of
absorptive potential. At low energy only the tail of the imag
nary potential contributes to the reaction cross section wh
means that good fits to data can be obtained with eithe
Woods-Saxon or a surface imaginary total potential and
nf

ys

d

s

B

in

.

e

,

ws
r

s
e

h
a

at

the volume absorption gives an inefficient contribution to t
reaction cross section.
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