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Elastic scattering angular distributions of "' S (beams)+" Ni have been measured at several
energies around the Coulomb barrier. An optical-model analysis of the data reveals remarkable en-

ergy dependences of the potentials at the strong absorption radii, in all cases. The largest effects are
observed for "S+ Ni. This is due to the coupled reaction channels which also strongly influence
the sub-barrier fusion cross sections. Coupled-channels calculations of elastic scattering and fusion
have been performed, including the inelastic excitations of projectile and target; the need for consid-
ering additional (transfer) channels is made evident. We also have indications that sub-barrier
fusion is not merely tunneling through a potential barrier, although energy dependent, as absorption
into fusion takes place at larger internuclear distances. Older fusion and quasielastic transfer data
are overviewed and compared with the reaction cross sections extracted from elastic scattering.
Open questions still remain about the role of specific channels in determining the observed isotopic
differences.

I. nnRODUCTIOX

The study of heavy-ion collisions around the Coulomb
barrier offers the opportunity of observing spectacular
effects due to the mechanisms of coupled reaction chan-
nels. The many facets of such processes were discussed in
a recent symposium. ' After the discovery of orders-of-
magnitude cross section enhancements in the sub-barrier
fusion (see Ref. 2 for a review), it was soon realized that a
full understanding of those effects in terms of channel
coupling can only be accomplished when complete sets
of data are available about the reaction channels compet-
ing with fusion in the same energy range. These channels
are the quasielastic ones, i.e., inelastic excitations and
transfer reactions of one or more nucleons or clusters.
Only in a few cases such studies were carried out so far,
while a large body of data on sub-barrier fusion exists by
now.

More recently, a complementary and equally interest-
ing manifestation of the same phenomena, i.e., channel
coupling, has been revealed ' by analyses of elastic
scattering measurements near the barrier. Here the evi-
dence is a rather sharp energy dependence of the optical
potential, which has been called "threshold anomaly.

"
Its interpretation relies on the already known existence,

on the basis of the causality principle, of a dispersion rela-
tion connecting the real and imaginary parts of the po-
tential. Near the barrier, where the absorption changes
rapidly, one gets an additional attractive contribution to
the real scattering potential, as the cooperative effect of
many reaction channels. This enhanced attraction of the
nuclear surfaces leads in turn to large sub-barrier fusion
cross sections. The threshold anomaly has been so far
observed in a few systems, ' ' ' the case of ' 0+ Pb
(Ref. 4) being perhaps the clearest one. For that system
there is also an early analysis of Delagrange et al. , point-
ing to the same physical conclusion, i.e., that the real po-
tential must be stronger at energies close to the barrier.

Moreover, it has been argued recently' that a descrip-
tion of the reaction mechanism within the optical model
can be accomplished by the use of a short-ranged and
sharp "fusion potential" confined within the Coulomb
barrier, plus a surface absorption which simulates the
quasielasic reaction channels. Other analyses, " however,
point to the need for extending the range of the fusion
potential allowing for absorption under and possibly out-
side the barrier. In Ref. 12, absorption into fusion at
large internuclear distances has been attributed to the on-
set of neutron transfer which provides a driving force to-
ward fusion; that model establishes a correlation between
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FIG. 1. Energy spectra of A =32 particles (upper panel) and
3 =36 particles (lower panel) from the reactions indicated.
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neutron transfer and fusion and it has proved to be quite
successful in various cases.

This paper presents the results of elastic scattering ex-
periments in the four nearby systems ' S+ ' Ni,
showing evidence of strong energy dependences of the op-
tical potential; a short account of the data with the S

0, (aeg;)

FIG. 3. Elastic scattering angular distributions for "S+'"Ni
at various laboratory energies. The lines are optical-model fits
performed with the code pToLEMY.

beam has been given in a previous Letter. Section II is a
description of the experimental setup; Sec. III presents
the experimental angular distributions and the corre-
sponding optical-model fits trying to show to which ex-
tent a short-range fusion potential is adequate. The ener-

gy dependences of the fit potentials are discussed in Sec.
IV, while Sec. V shows the results of coupled-channels
calculations where the inelastic excitations of both pro-
jectile and target are included; in addition, the sub-
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FIG. 2. Mass spectra of sulfur-like ions for the reactions in-

dicated. FIG. 4. Same as Fig. 3, but for "S+ Ni.
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barrier fusion excitation functions are calculated in the
same approach and compared with the corresponding
data. ' Section VI is a review of the quasielastic transfer
cross sections, ' together with the reaction cross sections
extracted from the present scattering experiments. Sec-
tion VII is a summary and concludes this paper.

II. EXPERIMENTAL

The present elastic scattering measurements were car-
ried out at the Legnaro XTU Tandem accelerator which
provided the S and S beams at several energies in the
range 82-150 MeV. An FeS sample, enriched to around
40% in mass 36, was used in the sputtering ion source to
produce the S beam. Typical beam intensities were
10-50 particle nA. The Ni targets were placed in a 60
cm diameter sliding seal scattering chamber; they were 30
yg/cm evaporations on 20 pg/cm carbon foils, enriched
to 99.8% and 96.5% in mass 58 and 64, respectively.
The beam intensity and direction were monitored by two
Si detectors placed at H~,b=+16' and slightly below the
reaction plane. They insured as well proper normaliza-
tion of the measured elastic yields.

The scattered sulfur ions were detected by up to three
time-of-flight-energy telescopes consisting of microchan-
nel plates detectors and 200-300 mm Si surface barrier
detectors, the flight path being 80-100 cm. The tele-
scopes were external to the scattering chamber; only one
microchannel plates detector was lodged inside, at
around 17 cm from the target, covering the backward an-
gles. The limit was, anyway, H~, b

~ 135'. The uncertainty
of the detection angle was estimated to be 58=+0.25',
and an integration over +0.30'-0.40' occurred, depend-
ing on the Si detector used.

Mass and energy resolutions were A/5A =50 and

hE =700—800 keV FWHM, which allowed a good sepa-
ration of the elastic scattering from the quasielastic reac-
tion channels. Only the lowest 2+ excitation in the Ni
targets gave some problems at the lowest energies and/or
at the most backward angles; in those cases careful
Gaussian fits of the energy spectra for A =32 (or A =36)
were necessary. Figures 1 and 2 give two examples of en-

ergy and mass spectra in diferent experimental situa-
tions.

III. DATA AND OPTICAL-MODEL FITS

The elastic scattering angular distributions for the four
systems at the various incident energies are shown in
Figs. 3-6 and all data are listed in Tables I-IV. We re-
call here that the general systematics of Ref. 15 gives
the following Coulomb barriers: Vb „b=94.2 (89.4) MeV
for S+ ' 'Ni and Vb~»=96. 6 (91.6) MeV for
' S+ ' 'Ni, respectively. The quoted errors in Figs.
3-6 are essentially the statistical uncertainties plus a
(minor) contribution due to the corrections for the isotop-
ical impurites in the targets. Those corrections were
negligible in the case of Ni and amounted typically to a
few percent for Ni. Possible systematic errors, coming,
e.g., from a poor evaluation of solid angles, were correct-
ed for by normalizing the elastic yields to the Rutherford
limit at the most forward angles. We note that the angu-
lar distributions for the S+Ni systems are at some ener-
gies not so rich of experimental points at those measured
with the S beam.

The optical-model code PToLEMY (Ref. 16) was used to
analyze the data, except those of 150 MeV S+Ni (see
Ref. 8). According to Ref. 10, the imaginary optical po-
tential is explicitly divided' into two parts WD(r) and
WF(r), so that the full nuclear potential is
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U(r) = V(r)+i [ WF(r)+ WD(r)],

to which the Coulomb interaction has to be added.
WD(r) takes care of the absorption into the quasielastic
(direct) reaction channels and it is surface peaked:

d 1
WD(r) =4WDaD

W~(r) and V(r) have Woods-Saxon shapes. WF(r) is re-
sponsible for the absorption into fusion and it is chosen'
to be a sharp potential confined within the barrier with
depth ELF=20 MeV, radius parameter rF=1.0 fm, and
diffuseness aF=0.25 fm in all cases. This assumption is
equivalent to postulating that fusion takes place if, and
only if, the Coulomb barrier has been tunneled or over-
come.

An initial series of g searches were done, where four

parameters of the full potential were varied, i.e., the real
strength V and the three parameters of the surface in-
teraction 8'D, rD, and aD. The Coulomb radius parame-
ter was always kept fixed to r, =1.20 fm. The real
diffuseness and the radius parameter were fixed to a =0.5
fm and ro= 1.247 (1.277) fm for ' 'S, respectively, fol-
lowing the previous analysis of 8+Ni. These four-
parameter fits showed that rL, varies little with energy
above the barrier (values between 1.40 and 1.50 fm were
found), whereas a general trend is observed that rz be-
comes larger at the lower energies for three of the four
systems.

Then a second series of three-parameter fits were per-
formed, by fixing rD to the average values resulting from
the above barrier energies, separately for each system.
These searches yielded the real strengths V as we11 as 8'D
and aD at every energy. The average values of rD show
an interesting systematics (see Table V): They scale al-
most perfectly with the number of neutrons and/or neu-
tron holes outside the closed shells at N =20 and 28. The

TABLE I. Elastic scattering cross sections for ' S+"Ni.

E)ab

(MeV)

87.5

90.0

92.5

8,
(deg)

85.8
92.7
99.5

105.8
112.0
117.8
123.4
128.5
133.4
137.8
142.0
145.8
149.3

85.9
92.7
99.5

105.8
112.0
117.9
123.4
128.5
133.4
135.2
137.8
141.9
145.8
149.3
152.6
156.8

85.7
92.6
99.5

106.1

d 0'e)

d O'Ru

1.002+0.088
0.979+0.060
1.044+0.049
0.987+0.064
0.989+0.063
0.899+0.069
0.834+0.048
0.899+0.084
0.769+0.062
0.743+0.085
0.636+0.066
0.510+0.061
0.487+0.064

1.046+0.057
1.032+0.054
0.976%0.050
0.969+0.070
0.991+0.065
0.855+0.068
0.795+0.061
0.767+0.057
0.693+0.066
0.731+0.070
0.563+0.052
0.542+0.064
0.622+0.059
0.531+0.053
0.564+0.062
0.466+0.048

0.993+0.045
1.073+0.055
1.018+0.062
0.960+0.053

Eiab

(MeV)

94.8

99.8

0,

(deg)

112.2
118.0
123.3
128.4
133.4
137.9
141.9
145.9
158.6
161.1

71.5
78.8
85.9
92.9
99.6

106.1

112.2
118.0
123.5
128.7
133.5
138.0
142.1

158.6

48.3
63.8
71.3
78.7
82.3
85.6
92.6
99.5

105.9

d 0'el

dRuth

0.955+0.054
0.793+0.062
0.708+0.049
0.673+0.058
0.627+0.067
0.557+0.037
0.473+0.033
0.434+0.043
0.270+0.031
0.228+0.027

0.968+0.038
0.988+0.066
1.030+0.046
1.008+0.056
1.006+0.067
0.993+0.073
0.936+0.044
0.993+0.068
0.751+0.050
0.664+0.067
0.550+0.050
0.394+0.026
0.299+0.044
0.154+0.024

0.983+0.061
1.002+0.069
1.047+0.070
1.064+0.064
1.022+0.067
1.144+0.057
1.208+0.062
1.036+0.063
0.947+0.062

E [&b

(MeV)

110.3

124.4

8,
(deg)

112.1
117.9
120.7
123.2
128.4
133.4
137.9

40.4
45.2
51.5
55.9
63.6
71.0
78.4
85.5
85.8
90.0
92.5
95.5
99.3

105.8
111.8
117.7

34.2
40.3
48.5
53.0
57.6
62.2
66.8
71.4
75.7
85.7

duel

d+ Ruth

0.703+0.055
0.521+0.044
0.388+0.044
0.336+0.035
0.280+0.033
0.167+0.018
0.143+0.014

1.018+0.066
0.988+0.055
0.999+0.055
0.991+0.043
1.004+0.043
1.055+0.060
1.088+0.044
0.745+0.049
0.721+0.068
0.597+0.054
0.344+0.055
0.299+0.030
0.220+0.025
0.097+0.010
0.038+0.006
0.021+0.004

0.991+0.079
0.943+0.060
1.066+0.091
l.121+0.105
1.259+0.098
1.164+0.102
0.939+0.128
0.561+0.114
0.286+0.081
0.083+0.017
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smallest rD is in fact found for S+ Ni and the largest
one for S+ Ni.

A third series of fits was finally performed for those
cases where the surface radius had the tendency to be
significantly larger (or smaller) than the average values,
retaining the real strengths (already determined) and
varying again WD, rD, and a~. Only a few exceptions to
these general rules had to be done, when the quality of
the fits was found to be really unacceptable. But other-
wise, the spirit of this analysis was to extract general
trends of the potentials with a reasonably small number
of free parameters; the price we paid for this is to have
some cases where the g values are not particularly good.

The final fits are shown in Figs. 3-6 as full lines and
the corresponding potential parameters are listed in
Table V together with the deduced reaction cross sections
and the y values. For S+Ni scattering at the lowest
energies a broad structure appears in the backward angu-
lar distributions, which was already noticed and whose
nature is still unclear. In these cases the extracted reac-
tion cross sections are rather large, and they are shown

within parentheses in Table V.
Apart from this, the chosen potential parametrization

(with a sharp fusion potential confined within the barrier)
seems to give a good account of the experimental angular
distributions. However, there are a few cases where the
surface absorption turns out to be very deep and sharp,
e.g., the scattering of S+ Ni at 101.8 MeV where
8D =4.57 MeV and aD =0.12 fm. This leads to imagi-
nary potentials of unusual shapes, casting some doubts
about their physical significance. It then appears that
one should relax the assumption about the fusion poten-
tial and let the corresponding absorption extend at larger
radii. This kind of approach has been successfully fol-
lowed by Udagawa' for the scattering of S+Ni, in the
spirit of their work" on ' 0+ Pb where they claim that
there is no way to avoid making the fusion radius as large
as 1.40 fm. In a very recent analysis' of the scattering of
88 MeV S+ Ni, the fusion potential is assumed to
have a surface portion in addition to the more internal
volume absorption; the approach seems successful and
predicts moreover wider spin distributions of the com-

TABLE II. Elastic scattering cross sections for ' S+ Ni.

El.b
(MeV)

87.5

90.0

92.5

8,
(deg)

82.6
89.3
95.8

102.0
108.0
113.8
119.3
124.4
129.2
133.7
138.0
142.0
145.8
149.3

82.6
89.3
95.9

102.0
108.0
113.8
119.3
124.3
129.2
131.1
133.7
138.0
142.0
145.8
149.3
153.8

82.6
89.3

d 0'el

d0 Ruth

1.030%0.071
0.981+0.072
0.97420.073
0.98920.062
1.027%0.060
0.899+0.066
0.88120.093
0.77120,085
0.60820.071
0.763+0.082
0.666+0.085
0.517%0.061
0.573+0.052
0.688%0.056

1.029+0.064
1.000+0.078
0.963+0.051
0.963+0.052
0.954%0.063
0.929+0.086
0.853+0.077
0.688+0.065
0.591+0.054
0.544+0.037
0.482+0.049
0.372%0.041
0.257+0.030
0.210+0.030
0.176+0.019
0.179+0.021

1.013+0.053
0.958+0.053

Elab

(MeV)

94.8

99.8

8,
(deg)

96.0
102.3
108.3
114.0
119.2
124.3
129.3
133.9
138.0
142.1

158.5

68.9
75.9
82.8
89.5
96.0

102.3
108.3
113.9
119.4
124.5
129.4
138.2
133.9

46.5
61.4
68.7
75.7
79.2
82.5
89.1

95.9

d 0'el

d+Ruth

1.029+0.065
1.083+0.062
1.031%0.068
0.640+0.054
0.449+0.048
0.352%0.039
0.273+0.034
0.198+0.018
0.155+0.046
0.100+0.013
0.073+0.022

1.018+0.054
1.002+0.074
0.980+0.063
1.105+0.083
1.180%0.072
1.023%0.066
0.744+0.082
0.549+0.060
0.362+0.045
0.261+0.023
0.192+0.023
0.096+0.014
0.134+0.018

0.955+0.066
0.936+0.194
1.023+0.056
1.115+0.160
1.169+0.041
1.297+0.099
0.948+0.050
0.687+0.031

Elab

(MeV)

110.3

124.4

8,
(deg)

102.1

108.1
113.7
116.5
119.1
124.2
129.3

39.1
43.5
49.5
53.9
61.3
68.3
75.5
82.5
86.7
89.1

91.9
95.7

102.0
107.8

32.9
38.9
46.5
51.1
55.4
60.0
64.4
68.7
72.8
77.1

do el

d+ Ruth

0.447+0.047
0.242+0.021
0.136+0.014
0.101+0.013
0.087+0.022
0.061+0.010
0.045+0.007

0.969+0.080
1.030+0.068
1.008+0.077
0.961+0.075
1.032+0.100
1.080+0.057
0.736+0.112
0.298+0.046
0.167+0.038
0.115+0.029
0.066+0.010
0.040+0.004
0.015+0.003

0.0075+0.002

1.064+0.082
1.032+0.090
0.904+0.080
1.100+0.160
1.167+0.143
0.823+0.132
0.481+0.113
0.232+0.045
0.117+0.030
0.066+0.020
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pound nucleus, which would be interesting to compare
with experimental data so far not available, unfortunate-
ly.

A further check on the validity of the potentials of
Table V may come from the fusion (absorption) cross sec-
tions which they yield in comparison with the corre-
sponding experimental values. We shall come back to
this in Sec. VII; now we keep our analysis scheme and
discuss the energy dependence of the potentials in the vi-
cinity of the strong absorption radii, where they are most
unambiguously determined.

IU. THRESHOLD ANOMAI. IKS

The analysis of the preceding section has yielded us the
potentials of Table V; their real and imaginary parts were

evaluated at r(6, &4) (quarter point) and plotted in Figs. 7
and 8 vs the bombarding energy. In order to have an es-
timate of the accuracy of those values, error bars have
been drawn for the real potentials, which correspond to a
10% increase of the y values of the fits obtained by
fixing the surface absorption parameters; according to the
same criterion, by varying only 8'D we could assign un-
certainties to the imaginary potentials. Error bars small-
er than the symbols are not shown.

The lowest energies, where the scattering data do not
show any quarter point in the angular distribution, corre-
spond to situations where the nuclei do not come close
enough to each other to allow an unambiguous deter-
mination of the potentials. As a consequence, the error
bars for the corresponding points in Fig. 7 are very large,

TABLE III. Elastic scattering cross sections for "S+"Ni.

E~~b

(MeV)

19„,

(deg)
d cTe)

d+Ruth

Elab 0,
(MeV) (deg)

d 0'el

doR th

Elab

(MeV)

8,

(deg)
dO el

d~ Ruth

87.8

92.8

46.2
50.4
56.4
62.0
67.6
79.1

83.0
88.6
95.0

101.2
107.2
1 1 1.6
115.1
119.2
123.3
127.3
131.1
132.9
134.6
137.3
140.3
142.7
145.6
148.4
151.1
153.8
156.2
158.0

46. 1

60.5
74.8
81.6
85.7
88.5
92.2
96.1

99.9
109.3
112.8
118.2
123.5

1.043+0.049
1.053+0.041
1.101+0.041
1.040+0.041
0.973+0.037
0.964+0.041
0.933+0.038
0.756+0.041
0.714+0.035
0.717+0.062
0.611+0.061
0.678+0.081
0.804+0.076
0.862+0.109
0.677+0.057
0.878+0.111
0.713+0.079
0.552+0.061
0.820+0.062
0.922+0.097
0.690+0.051
0.649+0.056
0.620+0.076
0.595+0.077
0.563+0.061
0.543+0.052
0.602+0.126
0.576+0.069

1.010+0.040
1.011+0.053
0.993+0.035
0.952+0.025
0.960+0.041
0.932+0.067
1.005+0.063
0.888+0.056
1.001+0.044
0.837+0.076
0.886+0.074
0.882+0.045
0.728+0.056

97.3

101.8

126.3
128.2
129.2
137.2
138.7
141.2
144.9
151.8
158.0

30.9
42.7
54.8
60.5
63.4
67.7
75.0
80.2
85.6
90.9
96.2

101.1
103.4
107.0
112.5
117.0
121.2
125.3
129.3
132.0
132.8
138.7
145.0

39.8
45.8
53.3
63.5
69.2
74.8
80.2
83.1

0.646+0.051
0.693+0.069
0.613+0.038
0.497+0.063
0.420+0.038
0.336+0.041
0.306+0.061
0.269+0.032
0.245+0.033

1.024+0.067
0.991+0.057
1.015+0.061
1.040+0.056
1.010+0.060
1.035+0.060
1.105+0,037
0.983+0.046
0.960+0.029
1.043+0.056
1.027+0.027
1.018+0.036
0.938+0.047
0.776+0.060
0.671+0.056
0.509+0.044
0.417+0.051
0.304+0.040
0.236+0.035
0.203+0.018
0.227+0.021
0.163+0.016
0.129+0.013

1.071+0.069
1.070+0.050
0.924+0.042
0.962+0.036
1.024+0.061
0.973+0.036
1.073+0.046
1.164+0.032

107.3

88.4
96.2
99.9

103.5
107.0
108.2
112.8
113.8
117.0
118.2
122.3
123.3
126.3
131.9
137.1
140.4

40.0
45.9
54.7
63.3
69.1

74.9
80.3
83.2
86.9
88.4
96.1

103.4
107.0
108.1
112.9
113.9
117.1
118.3
122.2
123.3
126.2
131.9
137.2
140.4

1.104+0.028
0.776+0.018
0.574+0.050
0.504+0.018
0.320+0.026
0.317+0.017
0.265+0.019
0.233+0.017
0.188+0.021
0.207+0.025
0.093+0.046
0.124+0.014
0.135+0.019
0.098+0.007
0.073+0.008
0.112+0.090

1.021+0.056
1.062+0.057
1.036+0.051
0.942+0.048
0.999+0.040
1.141+0.056
1.069+0.056
0.916+0.033
0.709+0.032
0.660+0.023
0.376+0.015
0.164+0.011
0.127+0.013
0.112+0.006
0.100+0.008
0.053+0.042
0.041+0.005
0.027+0.021
0.029+0.004
0.022+0.003
0.028+0.022
0.016+0.005
0.013+0.010
0.017+0.014
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and the lowest energy point for S+ Ni has been left
out of Fig. 8.

Strong variations with energy are observed in all cases.
As the energy decreases and reaches the barrier region,
the absorption is more and more reduced. At the same
time, the real potential increases and shows a broad max-
imum around the barrier position. The results for

S+Ni are in good agreement with those obtained previ-
ously. '

The lines in Figs. 7 and 8 are the calculated dispersive
corrections for the various systems, making use of the
dispersion relation in its subtracted form and of a simple
linear model for W rising from zero to Wo (in absolute
value) in the interval (E„EI,) and then remaining con-

TABLE IV. Elastic scattering cross sections for ' S+ Ni.

El&b

(MeV)

81.8

87.8

l9,

{deg)

44.5
48.8
54.4
60.0
65.4
71.0
76.4
85.5

103.7
111.6
115.8
119.8
123.8
127.6
131.3
133.8
139.5
142.6
145.5
148.4
151.2
153.8
155.7
44.6
48.7
54.5
60.0
65.4
80.3
85.6
91.8
97.9

103.8
108.3
109.4
111.7
115.9
119.8
123.8
127.7
129.4
131.2
133.8
137.1
137.9
139.6
142.7
145.5
148.4

d CTel

do Ruth

1.007+0.032
0.946+0.040
0.988+0.044
0.972+0.045
1.047+0.035
0.996+0.038
0.967+0.042
0.939+0.071
0.822+0.078
0.837+0.083
0.855+0.096
0.722+0.105
0.862+0.121
0.748+0.086
0.890+0.060
0.693+0.036
0.571+0.077
0.579+0.060
0.504+0.055
0.525+0.063
0.429+0.072
0.607+0.104
0.484+0.034
1.033+0.041
1.050+0.049
1.050+0.040
1.046+0.044
0.962+0.036
0.954+0.038
0.802+0.040
0.814+0.039
0.677+0.066
0.670+0.039
0.683+0.072
0.698+0.068
0.698+0.073
0.659+0.080
0.635+0.071
0.653+0.084
0.562+0.064
0.417+0.037
0.420+0.070
0.371+0.021
0.333+0.033
0.346+0.032
0.268+0.056
0.274+0.036
0.243+0.046
0.219+0.051

Elab

(MeV)

90.3

92.8

0,
(deg)

151.2
153.8
155.7

72.8
85.9
92.3
98.2

104.1

109.7
115.1
120.2
123.2
125.1

127.0
129.7
132.4
134.1
136.6
138.2
142.1

145.9
150.7
152.7
155.9
158.9
161.8

58.6
72.4
78.8
85.4
89.2

100.2
103.7
107.2
109.2
111.6
114.7
115.7
119.7
122.8
124.8
125.3
136.3
139.5
142.5
145.4
149.1

d (Teal

d+ Ruth

0.201+0.067
0.232+0.034
0.194+0.025

1.025+0.068
1.139+0.092
1.100+0.044
1.064+0.044
0.960+0.041
0.702+0.030
0.551+0.051
0.545+0.020
0.436+0.020
0.375+0.030
0.283+0.026
0.273+0.021
0.224+0.014
0.254+0.022
0.161+0.014
0.170+0.015
0.136+0.022
0.135+0.025
0.087+0.015
0.132+0.029
0.090+0.017
0.086%0.014
0.065+0.008

0.972+0.042
1.000+0.052
0.951+0.060
1.010+0.055
0.961+0.058
0.665+0.046
0.628+0.050
0.632+0.041
0.416+0.045
0.382+0.029
0.356+0.033
0.402+0.018
0.309+0.020
0.204+0.026
0.194+0.039
0.203+0.028
0.074+0.008
0.047+0.008
0.034+0.004
0.035+0.006
0.063+0.010

Elab

(MeV)

97.3

107.3

8,
(deg)

29.8
41.5
53.0
58.5
61.4
65.4
72.5
77.6
83.0
87.9
93.1

97.9
100.3
103.6
104.9
109.1
113.6
117.8
121 ~ 8

122.9
125.7
128.5
129.4
135.5
141.9
38.5
44 4
53.0
61.2
66.8
72.2
77.7
80.4
82.9
84. 1

85.4
93.1

100.1
103.6
104.8
109.2
110.4
113.7
117.8
118.8
119.8
137.1

dOel

d+Ruth

1.048+0.079
0.965+0.064
1.004+0.049
0.971+0.073
0.974+0.044
0.969+0.068
1.095+0.028
1.022+0.050
0.954+0.023
0.869+0.041
0.676+0.019
0.442+0.021
0.420X0.017
0.33620.039
0.329+0.020
0.179+0.023
0.141+0.023
0.098+0.009
0.077+0.014
0.057+0.046
0.076+0.015
0.047+0.005
0.028+0.016
0.032+0.011
0.020+0.016
0.978+0.061
1.003+0.057
0.842+0.077
0.952+0.046
0.953+0.034
0.806+0.028
0.579+0.031
0.426+0.024
0.333+0.031
0.280+0.018
0.281+0.015
0.108+0.010
0.040+0.004
0.042+0.033
0.016+0.004
0.012+0.004
0.012+0.006
0.009+0.002
0.013+0.008
0.007+0.001
0.010+0.003
0.008+0.005
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stant. The corresponding algebraic expression for the
real polarization potential is

8'o
AV(E)= (e, in~a, ~

—Ebln~eb ~),

where

E—E;
i =a, b, AO=E~ —E, .

0

The adopted values in MeV for 8'0, E„and Et, are 1.80
(0.92), 83.2 (87.8), and 92.8 (99.4) for S+ + 'Ni, and
0.82 (0.44), 87.5 (87.5), and 102.5 (99.8) for ' S+ "s'Ni,
respectively. They resulted from a simple fit of the "ex-
perimental" imaginary potentials. The calculated AV are
normalized to the data at the highest energies shown in
the figures, for each system.

The fitting potentials satisfy only qualitatively the
dispersion relation. This is especially true for S+ Ni
where the calculated real polarization potential is much
stronger than indicated by the data; in the cases of

S+Ni the smooth increase of the absorption with ener-

gy (smoother than with S) leads to rather gentle varia-
tions of the real potentials around the barrier, whereas
the data indicate sharper variations. All this can prob-
ably be expected due to the schematicity of the model for
W and to the large degree of uncertainty in the choice of
the parameters Wo, E„and Eb, unavoidable ambiguities

in the elastic scattering fits have to be taken into account
too. Anyway, the positions of the maxima in the real po-
tentials are well reproduced.

A difference exists between S+ Ni and the other
three cases: in that system there is much more absorp-
tion at all energies and the threshold anomaly is more re-
markable, as the real potential increases by a factor larger
than 3, when going from above to around the barrier. In
the other systems those factors are all in the range
= 1.6-2.0.

Actually, S+ Ni displays the largest enhancement
of sub-barrier fusion cross sections' which in a reduced
scale exceed by about one order of magnitude those of the
other systems. In other words, the cooperative effect of
the many quasielastic reaction channels, which produces
the strongest polarization potential in S+ Ni,
enhances considerably the sub-barrier fusion as well.

V. COUPLED-CHANNELS CALCULATIONS

We have used the results of the fits described in Sec. III
in coupled-channels (CC) calculations of both elastic
scattering and fusion, by substituting the surface absorp-
tion by explicit reaction channels and using again the
code FTQLEMY. The lowest 2+ and 3 excitations of
both projectile and target were included in the coupling
scheme and the coupling strengths were derived from the
experimental B (E2) and B (E3) data, as, e.g., in Ref. 3.

TABLE V. Optical-model parameters resulting from the fits to the elastic scattering data. Fixed pa-
rameters are underlined. In addition, the real diffuseness and radius parameter were fixed to a =0.5 fm

and ro =1.247 (1.277) fm for ' ' 'S, respectively. The fusion potential was WF =20 MeV, aF =0.25 fm,
and rF = 1.0 fm (see text). For 87.8 MeV ' S+"Ni the real diffuseness was fixed to 0.6 fm.

System

"S+' Ni

36S+58Ni

S+ Nj

32S+ 58N1

Elab
(MeV)

87.5
90.0
92.5
94.8
99.8

110.3
124.4
87.5
90.0
92.5
94.8
99.8

110.3
124..4

81.8
87.8
90.3
92.8
97.3

107.3
87.8
92.8
97.3

101.8
107.3

V

(MeV)

62.41
69.26
88.08
70.28
55.45
48.23
42.77
58.80
41.61
59.92
58.84
43.72
39.54
42.45
85.90
78.76
83.31
36.84
34.62
28.56
81.21
74.05
77.42
72.11
44.93

WD

(Mev)

0.40
0.38
2.09
4.50
2.66
2.24
2.98
1.26
0.56
0.44
0.75
1.87
2.73
3.83
1.25
0.36
3.27
3.26
4.30
4.14
0.23
0.50
4 43
4.57
3.43

(fm)

0.140
0.585
0.202
0.237
0.203
0.320
0.221
0.198
0.152
0.305
0.514
0.350
0.340
0.237
0.554
1.034
0.204
0.264
0.243
0.330
0.418
0.659
0.234
0.120
0.271

(fm)

1.689
1.474
1.474
1.430
l.474
1 ~ 474
1.474
1.669
1.694
1.614
1.419
l.419
1.419
1.423
l.503
1.517
1.503
1.503
1.503
1.469
1.914
1.440
1.440
1.483
1.440

1.49
0.31
0.82
0.52
0.72
0.11
0.13
0.55
0.47
0.50
0.40
1.75
0.38
0.48
1.01
0.85
1.91
2.66
1.08
1.20
1.43
0.75
0.98
1.05
1.26

(mb)

1.47
221
266
315
500
920
1183
(146)
138
170
166
286
632
924
178

(506)
283
415
581
928

(396)
215
279
406
583
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FIG. 7. The optical potential of ' S+" Ni vs the incident
energy. The adopted strong absorption radii [identified with

r(8, ~~)] are r„=11.18 (10.83) fm for ' S+64'5s'Ni. By assuming
for 8'(E) the schematic behavior (lower panel) shown by full

and dashed lines for the two systems, the real potential curves
shown in the upper panel result from the dispersion relation.

10 52 64 68 72 76
Ecm(MeV)

FIG. 9. Elastic scattering angular distributions at two
representative energies (upper panel) and fusion excitation func-
tions (lower panel) for ' S+' Ni (see text).
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FIG. 8. Same as Fig. 7, but for ' S+" Ni. The strong ab-
sorption radii are r„=11.38 (11.14) fm for S+ ' 'Ni. FIG. 10. Same as Fig. 9, but for "S+' Ni.
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I
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FIG. 11. Same as Fig. 9, but for "S+"Ni. FIG. 12. Same as Fig. 9, but for S+ Ni.

The "bare" potential was chosen according to the fol-
lowing prescriptions: (i) The geometry of the real part
was that used in the elastic scattering fits; (ii) its strength
was near to the fitting value at E„b=107.3 (110.3) MeV
for ' 'S (i.e., beyond the main part of the threshold
anomaly), with a renormalization determined by the fur-
ther constraint that the experimental fusion cross section
is correctly calculated at those energies, separately for
each system; this has led to shallower real potentials in all
cases but S+ Ni; (iii) the volume absorption was the
same as described in Sec. III; (iv) no surface potential was
introduced.

Representative results for the four systems (two ener-
gies each) are shown in the upper panels of Figs. 9—12

(dashed lines) in comparison with the experimental data.
In addition, the angular distributions calculated with the
bare potential without any coupling (dashed-dotted lines)
are shown for reference as well as the fits (potentials of
Table V, full lines). The CC calculations strongly overes-
timate the elastic scattering cross sections and conse-
quently underpredict the reaction cross sections; this is a
systematic feature which shows up at all energies for each
system, and which points to the need for coupling addi-
tional channels. Since the effect of coupling higher lying
inelastic states has been checked to be a minor contribu-
tion, we have evidence for the importance of transfer
channels in determining the scattering cross sections. In
fact we know from previous measurements that quasielas-

TABLE VI. Optical potentials for ' S+ Ni at El,b =107.3 MeV. The volume absorption is as in
Table V; Axed parameters are underlined. The fusion cross sections are calculated at El,b =92.8 MeV
where the experimental value is o.f„,=26+6 rnb. Case 1 is the adopted potential of Table V, while in
cases 1-a and 1-b the same parameters were used but the strengths of the coupled channels were varied
(see text).

Potential V
(MeV)

a
{fm)

Tp

(fm)

8'D

(MeV)
QD

{fm)
fD

(fm)

CC
Ofus

(mb)

1

1-a
1-b
A
B
C
D
E

44.93

50.00
44.52

100.00
182.54
346.75

0.500

0.407
0.445
0.260
0.60
0.395

1.247

1.301
1.281
1.366
1.069
1.20

3.43

3.20
3.30
1.83
3.60
3.15

0.271

0.264
0.272
0.279
0.267
0.264

1.440

1.440
1.440
1.440
1.440
1.440

1.26

1.19
1.25
1.16
1.45
1.19

16.8
20.1

13.5
55.6
41.7
80.5
11.3
62.7
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TABLE VII. Transfer, inelastic, fusion, and total reaction cross sections. The center of mass

Co lomb barriers (Ref. 15) are 60.7 and 59.6 MeV for "S+" Ni, and 59.6 and 58.6 MeV for
S+ Ni, respectively.

System

32S+58Nj

32S+64Ni

36S+58Nj

' S+ Nj

Ei.b
{MeV)

107.3
101.8
97.3
92.8

107.3
97.3
92.8
90.3
81.8

110.3
99.8
94.8

110.3
99.8
94.8

E,
(MeV)

69.1

65.6
62.7
59.8
71.5
64.7
61.9
60.2
54.5
68.0
61.6
58.5
70.6
63.9
60.7

65+7
(50)
34+6
925

223210
159+18
121+12
94+7
23+6

127+27
106+25
48210
80218
36+9
32+7

273
227
186
153
319
236
194
171
118
250
144
105
272
192
150

0 fus

(mb)

294+59
236+47
94+21
26+6

465+92
228+41
145+29
91+18

0.9+0.2
256+52
109+24

23. 1+6.5
453+91
293%59
150+30

~sum

632
(513)
314
188

1007
623
460
356
142
633
359
176
805
521
315

583
406
279
215
928
581
415
283
178
632
286
166
920
500
306

tic transfer contributes significantly to the total reaction
cross section in this range of energies, although the isoto-
pic differences are relevant (see also Sec. VI).

The lower panels of Figs. 9—12 show the experimental
fusion excitation functions together with the (smoothed)
CC results; the no-coupling limit (i.e., absorption by the
bare potential) is also reported. The calculations have
been limited to the energy range where elastic scattering
was measured. The CC results are in good agreement
with the data only for S+ Ni; otherwise, they underes-
timate the S+ "Ni cross sections and the largest
discrepancy is seen for S+ Ni, where transfer seems
therefore to play a particularly significant role.

360
&tr &in

320- 32S + 58N&

280-

200-

160-

120-

80-

40

0 I I

—8 —4 0 4 8

E, Vb (MeV-)
FIG. 13. Inelastic and total transfer cross sections versus the

energy distance from the barrier (Ref. 15) for the four investi-
gated systems.

The predictions of the energy-dependent barrier
penetration model (BPM) appear in Figs. 9-12 too (dot-
ted lines). The procedure to obtain them is the following:
at each energy where elastic scattering was measured and
fitted as described in Sec. III the reaction cross section
was calculated using the W'oods-Saxon part of the 6tting
potential (i.e., no surface absorption was included}. That
reaction cross section is the BPM fusion cross section by
definition. ' It is known' ' that a simple renormaliza-
tion of the real potential strength at the various energies,
as in this work, produces incorrect spin distributions of
the compound nucleus; however, data on such spin distri-
butions for the S+Ni systems are not available, as
remarked in Sec. III.

The BPM cross sections allow similar comments as al-
ready done for the CC calculations of fusion. They are
systematically larger than the CC results and, except for
some overestimation at high energies, the overall agree-
ment with the data is fair in all cases; this is true also for

S+ Ni, whose sub-barrier cross sections are badly un-
derpredicted by the CC calculations which only include
inelastic channels. One may argue that transfer channels
produce a significant part of the real potential renormal-
ization in that system, keeping in mind, however, the
twofold uncertainties existing in the BPM and CC calcu-
lations of fusions: the results are model dependent, not
only because of the choice of the fusion potential WF(r)
which a priori models the fusion process, but also in view
of the large ambiguities in determining the optical poten-
tial from elastic scattering at internuclear distances short-
er than the strong absorption radius (i.e., the Coulomb
barrier is largely fit dependent}; the worst situations are
found at the lowest energies, where the elastic scattering
has no quarter point. In addition, for CC calculations
one has to allow for the uncertainties in the measured
values of the 8(EA, ) strengths.

All such ambiguities were checked to some extent in a
representative case ( S+ Ni) where transfer is manifest-
ly playing a negligible role, by performing further CC cal-
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culations where (i) the strengths of the coupled inelastic
excitations were all put to the extremes (+10% typically)
allowed by the errors in their adopted values (cases 1-a
and 1-b in Table VI) but with no change in the potential
parameters, or (ii) the adopted values of the strengths
were kept, but five additional potentials (also listed in
Table VI) were used: all of them yield good and almost
indistinguishable fits to the elastic scattering data at
107.3 MeV and their real parts (used as bare potentials)
span a wide range of strengths, radii, andlor
diffusenesses.

The resulting fusion cross sections for E„b=92.8 MeV
(i.e., near to the top of the barrier) are shown in Table VI
and large differences show up: Varying the inelastic
strengths is apparently less dramatic than changing the
potential and an overall uncertainty of a factor 10 is
clear. Allowing also for changes in the fusion potential
(volume absorption) would certainly enhance the ambi-
guity. In view of all this and as a conclusion of this sec-
tion, we can say that the fair agreement between calcula-
tions and fusion data for three of the four systems is not a
strong indication that the fitting potentials of Table V
rely on sound physical assumptions.

VI. THE QUASIELASTIC REACTION CHANNELS

Table VII is a summary of the cross sections for
different channels, at the incident energies where mea-
surements of the transfer reactions were performed, in
addition to fusion and elastic scattering which are known
in a wider energy range. In Ref. 14, the various transfer
channels were identified and their Q-value integrated
cross sections were individually obtained, but here the
column named o„ lists the total transfer cross sections.
We performed recently further measurements with the

S beam so that the reported transfer cross sections differ
slightly from the previous work' in some cases. Also,
the o.„for 92.8 MeV S+ Ni and 90.3 and 81.8 MeV

S+ Ni were not published before.
The inelastic cross sections o;„are not experimental

values, as these are not available. They result from the
same coupled-channels calculations described in Sec. V,
which are usually quite reliable for inelastic excitations.
In fact, the results are not so different from the calcula-
tions of Ref. 14, where a standard potential was used.

By summing o„, cr;„, and ~&„, we obtain the quasiex-
perimental cross sections named o.,„which can be com-
pared with the total reaction cross sections o., deduced
from the elastic scattering fits. The comparison, taking
into account the uncertainties in the ingredients of cr,„,
indicates a substantial agreement between the two sets of
numbers, with some tendency for cr,„ to overestimate o.„
for S+Ni except for the lowest energies.

Interesting trends are observed in the o.„and o;„
values, which clearly appear in Fig. 13 where those cross
sections have been plotted versus the energy distance
from the barrier. ' The four systems are divided in two
pairs, S+ Ni and S+ Ni, having transfer cross sec-
tions larger than the other two cases by factors 3—5, de-
pending on the energy. An analogous situation shows up
for the (calculated) inelastic cross sections, where now the

S+Ni systems are somewhat favored with respect to
the other two. S+ Ni is therefore "unique, " having
larger transfer cross sections and/or stronger inelastic ex-
citations than any other system. This is why its imagi-
nary potential at r, &4 is so large and a correlation with its
larger sub-barrier fusion enhancement and threshold
anomaly is also established.

VII. CONCLUSIONS

Elastic scattering measurements were performed in the
four systems ' S+ ' Ni at various energies close to
the barrier, providing us with detailed and systematic in-
formation, which supplements what was already known
on the competing reaction channels such as quasielastic
transfer and fusion. The scattering data were analyzed
within the optical model and good fits were obtained in
most cases, by separating the absorption in a surface part
(simulating the quasielastic reaction channels) and in a
more internal fusion potential. However, it seems that
choosing such volume absorption to be confined inside
the barrier forces the surface potential to be quite strong
(and sharp) in many cases, so that the total imaginary po-
tential has unusual shapes with an evident secondary
pocket. The conclusion is that an analysis as in Refs. 11
and 17, where the fusion potential has a larger range, is
probably more appropriate. An interesting systematic
trend of the surface potential radius has been observed
anyway, scaling with the number of neutrons and neutron
holes away from closed shells in the colliding nuclei.

The threshold anomaly of the potentials shows up in
all cases, being more conspicuous in S+ Ni where the
sub-barrier fusion has the largest enhancement as well.
The fitting potentials satisfy qualitatively the dispersion
relation.

Coupled-channels calculations of elastic scattering and
fusion were performed, considering the lowest collective
inelastic excitations of projectile and target. The scatter-
ing cross sections are overpredicted in all cases and the
fusion cross sections are satisfactorily calculated only in
the case of S+ Ni, being otherwise lower than the ex-
periment. The discrepancy is largest for S+ Ni. All
this shows the (isotopic dependent) importance of includ-
ing the quasielastic transfer in a coupled-channels
description of both elastic scattering and fusion. No at-
tempt has been made here to explicitly couple such
transfer channels, also in view of the fact that simplified
CC calculations including transfer had already been per-
formed for the same systems in previous papers. ' ' Fur-
ther analyses in that sense would be useful, on condition
that a more rigorous treatment of the transfer channels is
done.

Fusion excitation functions were also calculated in the
energy-dependent barrier penetration model using the
real part of the fitting potentials to produce the Coulomb
barrier at each energy. The resulting cross sections are
systematically larger than the CC calculations and also
overestimate somewhat the experimental values, but the
overall agreement is fair in all cases.

The comparison between total cross sections and
fusion plus quasielastic cross sections shows a good
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overall agreement. S+ Ni have comparable total
transfer cross sections, larger than in the other two sys-
tems. In addition, the coupled-channels calculations of
the inelastic excitations predict larger cross sections for
the two S+Ni systems.

In summary, (i) we have indications that the size of the
fusion potential should be larger than assumed in Ref. 10;
(ii) we have demonstrated the need for including explicit-
ly transfer channels in a coupled-channels scheme, in or-
der to fully understand the low energy S+Ni collisions;
when considering the fusion, S+ Ni shows the most
clear-cut evidence of this; (iii) sub-barrier fusion enhance-
ment, quasielastic cross section, threshold anomaly, and
imaginary potential near the strong absorption radius are
intercorrelated; (iv) the energy-dependent fitting poten-

tials give fairly good predictions for the sub-barrier
fusion. However, the ambiguities inherent in extracting
fusion cross sections from those potentials are large, and
the need for experimental information on spin distribu-
tions is strongly felt.
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