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Elastic and inelastic scattering of16O164Zn at near-barrier energies
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Elastic and inelastic scattering angular distributions were measured for the16O164Zn reaction at bombarding
energies close to the Coulomb barrier. The experimental data were analyzed within the optical model and
coupled-channel model. An extended dispersion relation of integral quantities using a Gaussian weight was
applied, instead of the normal relationship. Within this frame, the optical model parameters obtained from the
data are in agreement with the dispersion relation and show the threshold anomaly at energies close to the
Coulomb barrier. Analysis of the inelastic scattering angular distributions leads to some indications that an
inelastic threshold anomaly is beginning to develop at energies lower than the ones for which our data were
taken.@S0556-2813~96!01106-5#

PACS number~s!: 25.70.Bc, 24.10.Eq, 24.10.Ht
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I. INTRODUCTION

The study of the energy dependence of the strength of
real and imaginary optical potentials which fit the elast
scattering data, especially at energies in the vicinity of t
Coulomb barrier (Vb), has become quite common in recen
years. Emphasis is usually given to the analysis of the
called threshold anomaly, which is the rapid variation of th
real and imaginary potentials, observed as the energy
creases towardsVb . This fact and its connection with the
dispersion relation that links the optical model depth para
eters have been the subject of several works in different m
regions, such as, for example, on16O1208Pb @1# and
16O160Ni @2#, where it was shown that the imaginary poten
tial decreases sharply when the energy decreases to va
belowVb , while the real potential increases, reaches a ma
mum value, and then decreases in a sort of bell shape.

In this paper a situation is presented where the dispers
relation has to be applied by taking into account the spa
localization where the sensitive radius is defined; this is ne
essary to apply the generalized dispersion relation@3# using
volume integrals of the potentials, per interacting pair
nucleons, and properly weighted in order to include this sp
tial range. The dispersion relation is also expected to apply
all elements of the scattering matrix@4#; in particular, this
should also be true for the inelastic scattering; if the thres
old anomaly is observed in the elastic scattering, then a si
lar behavior is expected in the inelastic channel.

In the present work, elastic and inelastic scattering cro
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sections for the16O164Zn reaction were determined exper
mentally in the energy range 32.0<Ec.m.<51.2 MeV. The
elastic scattering data are analyzed via the optical mode
order to find the energy dependence of the real and im
nary parts of the potentials which fit the data. For the inel
tic channel, the real and imaginary parts of the transit
potential are calculated by performing distorted-wave Bo
approximation ~DWBA! analysis of the angular distribu
tions; the presence of the threshold anomaly in this chan
is discussed. A coupled-channel analysis is performed, wh
the structure of the target nucleus, such as the coupling
different channels, is considered in the calculation of ela
and inelastic differential scattering cross sections.

The excitation function for this system has been pre
ously reported@5# at ulab5174°.

II. EXPERIMENTS AND RESULTS

The16O beam extracted from a Duoplasmatron ion sou
was delivered by the 8UD 9 MV Tandem accelerator facil
at the University of Sa˜o Paulo. The beam intensity on th
target was typically 120 nA, and the laboratory energy ran
at which the angular distributions were measured was fr
40 to 64 MeV. Energy corrections for energy losses w
taken into account. The Zn targets were made by evapora
Zn oxide by electron bombardment on a thin carbon back
~about 5mg/cm2 thick!. The target thicknesses were with
the 30 to 40mg/cm2 range. Three targets of Zn and a thin o
of gold were mounted vertically at the center of the scatt
ing chamber. The elastic and inelastic scattering data w
obtained using an array of nine silicon surface barrier de
tors with angular separation of 5° between them. The de
tors are coupled to a device in front of them containing c

,
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53 2871ELASTIC AND INELASTIC SCATTERING . . .
cular slits for solid angle definition and antiscatterin
apertures. Two silicon surface barrier monitor detectors w
mounted at615° to the beam direction. The relative sol
angle of the detectors was determined by the Rutherf
scattering of16O on the gold target. The array was mount
on a circular plate inside the 1 m scattering chamber. Angl
determination was made by reading on a goniometer wit
precision of60.05°. The angular distributions were take
from uc.m.;20° to ;175°, except for the higher energie
where practical counting times become an important limiti
factor.

Figure 1 shows a16O spectrum taken atulab540°, for a
bombarding energy in the laboratory frame of 54.0 Me
Typical resolution obtained close toulab;90°, which is the
most unfavored case, was of the order of 350 keV@full width
at half maximum ~FWHM!#. The previous value is due
mostly to energy loss and straggling of the ions emerg
from the target and kinematic broadening. As can be s
from this figure, a very nice separation is obtained betwe
the elastic and inelastic peaks, for the first 21 excited state in
64Zn. The ratio to the Rutherford scattering was obtain
assuming that cross sections measured at forward angle
pure Rutherford. The uncertainty of the experimental d
goes from 5% at forward angles to 25% at the most ba
ward ones.

III. OPTICAL MODEL ANALYSIS

The optical model analysis of the data was perform
assuming potentials of the Woods-Saxon form, namely,

U~r !5V~r !1 iW~r !. ~1!

Both real and imaginary parts are defined by the usual
rameters depth, radius, and diffuseness,V0, r 0v, av andW0,
r 0w and aw , respectively. The radial dependence of the
parts is expressed in the form

U~r !5
2V0

11exp@~r2Rv!/av#
2

iW0

11exp@~r2Rw!/aw#
~2a!

where

Rv5r 0v~Ap
1/31At

1/3! and Rw5r 0w~Ap
1/31At

1/3!. ~2b!

FIG. 1. Typical spectrum for the16O164Zn reaction, obtained at
Elab554.0 MeV anduc.m.540°. The expanded region shows ve
clearly the elastic and the first inelastic~0.992 MeV! peaks.
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Ap andAt denote the projectile and target mass numbers.
The fitting procedure of the data can be summarized

follows. First the optical model potential~OMP! parameters
that reproduce the experimental elastic scattering angu
distributions were determined. The codePTOLEMY @6# was
used for such purpose and the selection criterion for the b
fitting was the set that minimizes thex2, per degree of free-
domN, defined as

x25
1

N (
i50

Npoints ~s theo
i 2sexp

i !2

Dsexp
2 . ~3!

The geometry of the system turned out to ber 0v5r 0w51.25
fm andav5aw50.56 fm, for the real and imaginary parts
Very small deviations from these values were observed. F
ure 2 shows the elastic scattering angular distributions for t
whole energy range. Also on the same figure the best
obtained with the OMP parameters from Table I is show
~solid line!. An important feature of the optical model analy
sis is that the same experimental elastic scattering angu
distribution can be fitted, with reasonable goodx2 values, by
more than one set of OMP parameters. However, it is fou
that the real parts of these OMPs have the same value a
certain radius, where they cross each other, which is call
the sensitive radius or crossing radius. The experimental d
for the elastic scattering was fitted in order to obtain th
crossing radius. The values ofr 0v andr 0w were kept fixed at
1.25 fm and the diffusenessav5aw was changed from 0.52
to 0.62 fm in steps of 0.02 fm, in order to find theV0 andW0
values that fit the data, using the bestx2.

Table II shows the values for the real,RCV , and imagi-
nary,RCW , crossing radius and the respective standard d
viationss. Figure 3 shows the crossing radius at the energ
of Ec.m.534.8 MeV. The 15 intersection points between th
six sets of OMP parameters at each energy were found us
a Newton-Ramphson routine. A well defined crossing radiu

y

FIG. 2. Elastic scattering angular distributions for the16O164Zn
reactions. The solid lines show the best fit within the optical mod
using the OMP parameters listed in Table I.
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TABLE I. Summary of the potential parameters obtained from the optical model analysis of the elastic scattering angular distrib
and deformation lengthsbR obtained from the DWBA analysis, performed on the inelastic scattering angular distributions.

Ec.m.
~MeV!

V0
~MeV!

av
~fm!

W0
~MeV!

aw
~fm!

bvRv
~fm!

bwRw

~fm! x2

32.0 68.21 0.557 7.05 0.574 0.892 2.823 0.60
32.8 51.09 0.556 9.14 0.551 0.941 1.815 1.09
34.0 44.30 0.562 18.76 0.556 1.106 1.047 0.74
34.8 43.78 0.561 14.76 0.551 1.207 1.106 1.07
35.2 45.69 0.559 12.09 0.563 1.250 0.411 1.26
38.4 44.66 0.560 20.61 0.560 1.117 1.011 1.38
41.6 41.03 0.560 18.56 0.560 0.889 1.013 2.22
43.2 44.40 0.560 18.97 0.559 1.258 0.932 0.62
44.8 43.99 0.560 19.30 0.560 1.258 0.831 1.20
49.6 46.82 0.561 17.43 0.554 1.106 1.359 1.07
51.2 43.52 0.561 19.40 0.552 1.106 1.334 0.82
-

h
f

r

i
e

d
h

t

ts,

on
g
d

na-
can be seen from this figure for the real part of the OMP
with s50.02 fm. However, for the imaginary part, the inter
secting points are more scattered, with an average value
RCW of 9.86 fm and a standard deviation ofs50.12 fm. It
can be seen that the crossing radii for the real part of t
potential are not necessarily equal to the ones obtained
the imaginary part of the potential. TheRCV values increase
with energy and the opposite is observed with theRCW ones.
Such an energy dependence has already been reported fo
16O1208Pb system, where a systematic increase from 12.5
13.0 fm is observed when the bombarding energy goes fro
80 to 100 MeV@7#. This behavior ofRCV could be a direct
consequence of the variation of the real potential at energ
close to the threshold anomaly, as predicted from the disp
sion relation.

The physical meaning of the crossing radius has alrea
been studied and it is associated with the point at which t
OMP is well defined by the elastic scattering data@8#. How-
ever, the analysis of the experimental data for the16O1208Pb
system shows that the value of the crossing radius depen
strongly on the shape of the nuclear potential@9# and, there-
fore, the dispersion relation cannot be evaluated direc
from values of the potentials at just one point.

TABLE II. Real and imaginary crossing radiiRCR andRCW
and their standard deviationss.

Ec.m.
~MeV!

RCV

~fm!
s

~fm!
RCW

~fm!
s

~fm!

32.0 10.35 0.06 10.68 0.22
32.8 10.13 0.09 10.04 0.13
34.0 10.39 0.09 10.66 0.06
34.8 10.38 0.03 9.86 0.12
35.2 10.42 0.03 9.64 0.26
38.4 10.92 0.10 9.76 0.34
41.6 10.84 0.02 9.78 0.08
43.2 10.70 0.01 9.76 0.10
44.8 10.72 0.23 9.65 0.10
49.6 10.67 0.13 9.04 0.12
51.2 10.69 0.01 9.33 0.22
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IV. ENERGY DEPENDENCE OF THE POTENTIALS

The energy dependence of the real and imaginary par
V(r ;E) andW(r ;E), without taking into account nonlocality
effects, are expected to be given by the dispersion relati
@3# which arises from considerations of causality. Accordin
to Ref. @3#, the dispersion relation between the real an
imaginary parts of the OMP can be written as

DV~r ;E!5
P

p E W~r ;E8!

E82E
dE8, ~4!

where P denotes the principal value and

DV~r ;E!5V~r ;E!2V0 . ~5!

FIG. 3. V(r ) andW(r ) versusr for different values of the real
and imaginary diffuseness parameters. Crossing radius determi
tion for Ec.m.534.8 MeV.
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53 2873ELASTIC AND INELASTIC SCATTERING . . .
V0 is the energy-independent term. In order to calculate t
energy dependence of the real and imaginary parts of
OMP and their connection through the dispersion relati
~4!, we have followed the procedure introduced by Brand
et al. @10# for the analysis of the elastic scattering of th
58Ni127Al system.

Following Refs.@3# and @10#, the dispersion relation~4!
can be expressed as

D@G~E!#V5
P

p E @G~E8!#W
E82E

dE8, ~6!

where

@G~E!#V5
1

ApAt
E V~r ;E!G~r !4pr 2dr ~7!

and

@G~E!#W5
1

ApAt
E W~r ;E!G~r !4pr 2dr. ~8!

In these equations the weighting function has been d
fined as a Gaussian centered on some mean value of
crossing radiusRg , and with a widths defined in such a way
that it considers the region where the OMP is sensitive to t
elastic scattering data. According to this,G(r ) is expressed
as

G~r !5
1

A2ps
expF2

~r2Rg!

2s2 G . ~9!

Figure 4 shows the values of [G(E)]V and [G(E)]W cal-
culated with the OMP parameters from Table I and makin
Rg510.4 fm ands50.5 fm. The error bars reflect the uncer
tainties in the OMP parameters that are obtained ifx2 in-
creases by one unit, according to the codePTOLEMY. We
have taken the integral limits in~7! and ~8! in such a way
that the values of the crossing radius do not present a disp
sion aroundRg larger than the mean wavelength~s<l/2!.
Values ofRg between 10.2 and 10.5 fm, used in the evalu
tion of G(r ), imply only modifications that are qualitatively
small in the behavior of [G(E)]V and [G(E)]W with energy,
mainly due to the fact that the radial dependence of the r
and imaginary parts of the OMP that fit the data are n
much different between them and they do not vary too mu
in the whole region of energy that has been studied. T
curves for [G(E)]V shown in Fig. 4 were obtained using the
dispersion relation for the indicated parametrizations
[G(E)]W , normalized to the empirical value of [G(E)]V
near the energyEc.m.538.4 MeV. Some features from the
optical model analysis of the elastic scattering can be del
eated: the quantity [G(E)]W , which is related to the absorp-
tive OMP, seems to show a plateau at higher energies, l
the one obtained for16O1208Pb @1#, but it decreases slightly
as the energy increases. Also, at energies close toVb , a sort
of pocket is observed with its higher value at the lowe
energy side just belowVb , and after that [G(E)]W decreases
sharply. The energy dependence of the quantity [G(E)]V ,
connected with the real OMP, is in qualitative agreeme
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with the dispersion relation and increases its magnitude
Ec.m.532.0 MeV, where the threshold anomaly is observe

At this lowest energy, a detailed analysis of the OM
parameters that fit the experimental data has been perform
The result is summarized in Table III. These OMP param
eters were obtained by imposing in the search the followi
conditions: the ones marked with* were kept fixed, and the
rest were left to change freely. Also the values marked w
1 might vary, but were restricted to be the same for the re
and imaginary parts of the potential. The last condition w
necessary to avoid getting values foraw and r 0w out of the
range with a reasonable physical meaning. All the OMP p
rameters gave equally good fittings of the data, but the m
interesting fact is that the values obtained for [G(E)]V are
coincident, within error, with [G(E)]V52.0 MeV fm3,
which is greater than the values obtained for the higher e
ergies. The values of [G(E)]W , from Table III, are more
fluctuating, but all of them are under the plateau defined
higher energies. The energy dependence of the quan
[G(E)]V is in qualitative agreement with the dispersion re
lation and shows a sharp increase of magnitude
Ec.m.532.0 MeV, where there is a threshold anomaly.

V. INELASTIC SCATTERING ANALYSIS

A. DWBA calculation

The angular distributions measured for the inelastic sc
tering64Zn~16O,16O!64Zn~21; 0.992 MeV! were fitted by per-
forming DWBA calculations and using the collective mode
to determine the shape of the transition potential. T
DWBA calculations were also performed using the cod
PTOLEMY. In this way, the transition potential is given by th
derivative of the OMP

FIG. 4. Variation with energy of [G(E)]V and [G(E)]W defined
in the text. Two different parametrizations for [G(E)]W are shown
with the corresponding curves obtained for [G(E)]V .
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TABLE III. Different sets of OMP parameters that fit the experimental data and their correspondi
functions [G(E)]V and [G(E)]W defined in Eqs.~7! and ~8!. Ec.m.532.0 MeV.

V0
~MeV!

r 0v
~fm!

av
~fm!

W0
~MeV!

r 0w
~fm!

aw
~fm! x2

[G(E)]V
~MeV fm3!

[G(E)]W
~MeV fm3!

67.1 1.25* 0.56* 7.90 1.25* 0.56* 0.61 2.0860.06 0.2560.06
58.7 1.25* 0.58* 6.77 1.25* 0.58* 0.63 2.0460.05 0.2460.05
52.1 1.25* 0.60* 5.80 1.25* 0.60* 0.63 2.0160.05 0.2260.05
46.7 1.25* 0.62* 4.97 1.25* 0.62* 0.66 1.9960.05 0.2160.04
77.6 1.25* 0.54* 9.21 1.25* 0.54* 0.65 2.1460.06 0.2560.07
43.5* 1.2541 0.626 7.50* 1.2541 0.575 0.67 1.9860.07 0.2660.04
43.5* 1.208 0.7261 7.50* 1.111 0.7261 0.64 2.0160.07 0.1560.04
43.5* 1.2671 0.608 18.0* 1.2671 0.460 0.71 2.0760.07 0.3560.07
43.5* 1.208 0.7271 15.0* 1.031 0.7271 0.64 2.0160.07 0.1560.04
35.64 1.200* 0.8061 1.85 1.200* 0.8061 0.62 2.0860.04 0.1160.03
18.28 1.300* 0.771 2.69 1.200* 0.806* 0.60 2.0460.03 0.1660.04
25.85 1.300* 0.6421 2.62 1.300* 0.6421 0.61 1.9560.04 0.2060.03
25.04 1.3361 0.560* 3.23 1.3361 0.560* 0.64 1.9760.05 0.2560.06
P’s
only
this

se
in a
n,
10°
ular
b-

2
fit
la-
U tr~r !5Vtr~r !1 iWtr~r !5bvRv

]V

]r
1 ibwRw

]W

]r
~10!

wherebvRv andbwRw are the real and imaginary deforma
tion lengths, respectively, forL52. The Coulomb deforma-
tion length was kept fixed and derived from

bCRC5
4puB~EL!u1/2

3ZeRC
. ~11!

In Eqs.~10! and ~11!, Rv andRw are given in Eq.~2b! and
RC5r 0C(A p

1/31A t
1/3).

In order to fit the experimental data the values ofbvRv
and bwRw were varied independently, keeping the radi
shape ofVtr andWtr unchanged.

In the calculations, the OMP’s in the entrance and ex
channels were considered to be the same, except
Ec.m.532.8 MeV, where for the exit channels we have use
the values obtained for the OMP parameters that fit the el
tic scattering data atEc.m.532.0 MeV ~solid line in Fig. 7
below!. This case will be discussed separately below. T
angular distributions for the inelastic scattering and the p
dictions from the DWBA calculations are shown in Figs
5–7. Table I shows the values obtained forbvRv andbwRw
from the fitting procedure.

It can be seen that for energies aboveEc.m.534 MeV good
agreement between DWBA predicted cross sections and
experimental data is achieved. The real part of the transit
potential can be fitted with reasonable precision. On t
other hand, the imaginary part of the transition potentialWtr
is less sensitive as the energy decreases. Figure 6 shows
Ec.m.534.8 MeV ~dashed line! a variation of 20% in the
value ofVtr and forEc.m.535.2 MeV, also with dashed line,
is shown a variation of 50% inWtr . For energies below
Ec.m.534 MeV, it was not possible to reproduce the exper
mental angular distributions. This can be seen in Fig. 7 f
the energiesEc.m.532.0 and 32.8 MeV, where the DWBA
prediction only reproduces the data up to the Coulom
nuclear interference region and does not reproduce the
ther increase of the inelastic cross section at backwa
-
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rd

angles. ForEc.m.532.8 MeV is shown in Fig. 7, with a
dashed line, the DWBA calculation where the same OM
for the entrance and exit channels were used. This is the
case where a significant difference is observed by doing
type of variation in the DWBA. The calculation ofVtr and
Wtr in this energy region, which could reproduce the increa
of the inelastic cross section at backward angles, results
shift of the position of the minima in the angular distributio
due to the Coulomb-nuclear interference, of more than
towards lower angles and, being so, the rest of the ang
distribution is not reproduced. A similar situation was o

FIG. 5. Inelastic scattering angular distributions for the first1

excited state in64Zn, at 0.992 MeV. Solid lines represent the best
obtained from the DWBA analysis of the data. See text for exp
nation of dashed lines.
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served in the analysis of the inelastic scattering
208Pb~16O, 16O!208Pb~32! within the framework of the collec-
tive model@11#. In this case the inelastic data could not b
fitted at near-barrier energies where the threshold anomaly
the elastic scattering is observed.

The results for the inelastic scattering data are summ
rized in Fig. 8. In this figure the volume integral of the rea
and imaginary parts of the transition potential is show

FIG. 6. Like Fig. 5; see the text for explanation of the dotted an
dashed lines.

FIG. 7. Like Fig. 5; see the text for the explanation of th
dashed and dot-dashed lines.
f

e
in

a-
l
n

weighted by a Gaussian function given by~9! with Rg510.4
fm ands50.5 fm, plotted as a function of the incident en
ergy. This result does not indicate that the inelastic thresh
anomaly is present for the16O164Zn system, in the region of
energy studied in this work. However, Go´mez-Camacho and
Nagarajan@12# have shown that the threshold anomaly f
the inelastic scattering will be shifted to lower energies by
amount (a/R)Vb relative to that in the elastic channel. Fo
the system studied here a crude estimate of this shift, us
a50.57 fm,R510.0 fm, andVb534.48 MeV, indicates that
the inelastic threshold anomaly occurs at an energy of;32
MeV, which is below our lowest energy value. This predi
tion, and the fact that angular distributions of inelastic sc
tering at the lowest energies were not reproduced by
calculations, within the collective model, is an indication th
the inelastic threshold anomaly is beginning to rise and t
can be answered only with a further extension of the data
lower energies.

B. Coupled-channel analysis

In order to analyze in more detail the possible influence
the structure of the low-lying collective levels of the targ
nucleus and the effect of channel coupling at lower energ
on the inelastic angular distribution, a coupled-chan
analysis was performed.

Elastic and inelastic scattering studies on Zn isotopes
dicate the possibility of an oblate to prolate transition b
tweenN536 and 46@13#. In Ref. @14# it has been found that
64Zn and66Zn have a prolate shape in the first excited sta
Ballester, Casal, and England@15# have concluded that a
transition in the nuclear structure occurs between64Zn and
66Zn for theg band. In this sense, on account of their so
ness characteristic, in the analysis of inelastic data differ
collective models have been used to describe the structur

d FIG. 8. Variation with energy of the@G(E)#Vtr and @G(E)#Wtr

values obtained from the DWBA analysis.
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2876 53C. TENREIROet al.
the even isotopes of zinc@16–23#.
In our coupled-channel analysis, the first step was

inclusion of excitation to and reorientation of the first excit
state of64Zn at 0.992 MeV using the coupled-channel co
ECIS @24#, which has the possibility of considering differen
collective models. The coupling strength for reorientation
the 21 excited state of64Zn was assumed to be equal to th
for the 01↔21 coupling. Before starting a complete analys
of the data, we tested three different collective models for
two lowest incident energies: the harmonic vibrational mo
~HVM ! @25#, the symmetric rotational model~SRM! @26#,
and the asymmetric rotational model~ASM! @27#. In a pre-
liminary fitting of the data we found that the SRM best d
scribes the experimental angular distributions.

On this basis, the calculations assume the 01 and 21

states to be members of a ground-state rotational band
ing K50. Coulomb corrections to the scattering were
cluded in the calculations. To explore the sign of the qu

FIG. 9. Comparison of the coupled-channel calculation of el
tic and inelastic angular distributions at positive and negative val
of b2.
he
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rupole deformation parameterb2, searches were performe
using starting values ofb2 equal to both20.23 and10.23.
In both cases, the starting parameters were the set in Tab

Calculations demonstrate that the elastic and inela
scattering differential cross sections at the higher energ
~Ec.m.541.6 MeV and above! are relatively insensitive to the
sign ofb2. However, at lower energies the situation chang
At Ec.m.532.0 MeV, the sign ofb2 is particularly sensitive to
the backward part of the elastic angular distribution~see the
dashed line in Fig. 9!, and at energies just above the barri
this sensibility is most pronounced in the inelastic chann
In general, the inelastic scattering differential cross secti
are best reproduced by calculations having negativeb2.

The parameter set of Table I, derived from the optic
model analysis of the elastic scattering, was used as the s
ing point of a search to simultaneously adjust the differen
cross section data for scattering to the ground and first
cited states of64Zn. An initial series ofx2 searches was done
where the radii of the real, imaginary, and Coulomb pote
tials r 0v, r 0w, andr 0C were varied, keeping fixed the depth o
the potential and its diffusenesses. The quadrupole defor
tion parameter was initially fixed at the value of20.23 for
all the potentials. Then a second series of three-paramete
was performed by varying the deformation parametersb2v,
b2w, and b2C, separately, for the three potentials. A thir
series of fits was finally performed by varying the depth
the real and imaginary potentials,V0 andW0, using a cou-
pling scheme of four states: 01-21-41-61. The resulting
potential parameters obtained from the search are listed
Table IV, together with thex2 values.

The coupled-channel angular distributions for the elas
differential cross section and the inelastic one, at energ
above the barrier, were close to the ones obtained in Fig
and 6 ~dotted lines! by DWBA analysis. At lower energies
~Ec.m.532.0 and 32.8 MeV!, although the coupled-channe
calculations~dot-dashed lines! were in better agreement tha
the DWBA calculations~full lines! for the inelastic angular
distribution, as is shown in Fig. 7, it is still not possible t
reproduce satisfactorily the structure observed in the d
such as the increase of the cross section at large angles.
structure, appearing at lowest energies in the backward
gular distributions, was also previously noticed at the thre

s-
es
le I. The
TABLE IV. Summary of the OMP parameters obtained after a coupled-channel search, starting from the values given in Tab
diffusenesses were kept the same as the ones obtained in the optical model analysis.

Ec.m
~MeV!

V0
~MeV!

W0
~MeV!

bvRv
~fm!

bwRw

~fm!
bCRC

~fm! x2~01! x2~21!

32.0 42.93 0.425 1.502 1.158 1.939 0.57 1.13
32.8 42.84 3.840 2.068 2.115 1.859 0.95 2.77
34.0 44.03 19.80 1.806 1.651 1.795 0.42 0.94
34.8 43.88 14.89 1.663 2.644 1.741 0.81 1.77
35.2 45.66 18.75 1.826 1.146 1.782 1.86 2.07
38.4 42.37 21.36 1.626 1.512 1.891 1.07
41.6 39.02 22.79 1.517 1.379 1.872 2.32 2.22
43.2 39.87 19.63 1.898 1.696 1.804 1.85 2.67
44.8 41.29 18.88 1.264 2.191 1.620 2.02 2.57
49.6 47.01 16.47 1.777 2.243 1.790 1.71 3.36
51.2 42.93 18.89 1.731 2.082 1.785 1.50 1.96
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old in other systems@28,29# and its nature is still unclear. In
our case, it could not be described by the three collec
models considered, nor by the coupling of different chann
These results could be improved by considering in a m
realistic way the structure of the collective low-lying stat
of the 64Zn isotope, which is still unclear.

Comparing the values of the real part of the potent
depth obtained between DWBA and coupled-channel an
ses from Tables I and IV, it is noted that as more inelas
channels are included, the need for a large value ofV0 for
describing the data is reduced. This is another indirect in
cation, as pointed out by Satchler@30#, of the existence of the
threshold anomaly.

VI. SUMMARY AND CONCLUSIONS

The experimental elastic and inelastic scattering angu
distributions were measured for16O164Zn from energies be-
low the Coulomb barrier~Vb

c.m.534.48 MeV! up to ;1.8
times Vb . Optical model analysis of the elastic scatterin
angular distributions shows well defined crossing radii
the real and imaginary potentials, corresponding to comm
values for different families of OMP parameters which fit th
data. These sensitive radii were found to have different s
tial localization for the real and imaginary potentials.

An extended dispersion relation of the integral quantit
[G(E)]V and [G(E)]W was used in the analysis of both ela
tic and inelastic scattering data, instead of the usual dis
sion relation. The energy dependence of the integral qua
ties for the elastic scattering data is in qualitative agreem
with the dispersion relation, and [G(E)]V increases its mag-
tive
els.
ore
es

ial
aly-
tic

di-

lar

g
for
on
e
pa-

ies
s-
per-
nti-
ent

nitude at the lowest energies, where the threshold anoma
observed.

The inelastic scattering data can be fitted by a DW
analysis for energies above the Coulomb barrier, but not
the low-energy data backward angles. The volume integ
of the real and imaginary parts of the transition potential
not show the energy dependence observed for the el
channel. This is understood as due to a shift towards lo
energies of the inelastic threshold anomaly, when compa
with the elastic. For the lowest studied energy there are
dications that the inelastic threshold anomaly is beginning
develop, but one needs to extend the measurements to fu
lower energies, in order to verify that.

The quality of the fits of elastic and inelastic data
coupled-channel and DWBA analyses was similar for en
gies above the barrier, and much better for the coup
channel calculation at lowest energies, although the inela
data at backward angles could not yet be reproduced.
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