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Coulomb-nuclear interference effects were investigated in the inelastic scattering of '*0O and 20
by ®4Zn. Measurements of elastic and inelastic angular distributions of ®*0 were performed at a
laboratory energy of 49 MeV, over the angular range from 1., ~ 30° to 85°. The excitation functions
of %0 and '®0 ions were measured at incident energies between 29 and 46 MeV at 6., = 174°.
The experimental angular distributions show structures which are more pronounced for projectile
excitation than for target excitation. The interference minimum for the excitation of the 20 first 2%
state was found to be shifted towards forward angles by approximately 5°(c.m.) with respect to the
distorted-wave Born approximation calculations and by approximately 3.5°(c.m.) with respect to
the coupled-channels calculations. A pronounced Coulomb-nuclear interference minimum was seen
in the excitation of ®*Zn(2%) state by inelastic scattering of *®O projectiles, whereas no pronounced
minimum was observed in target excitation by 80 projectiles. The elastic scattering data were
analyzed with the optical model. The inelastic differential cross sections for the excitation of the
first 27 states in the target and in the 'O projectile were analyzed using the distorted-wave Born
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approximation and also the coupled-channels approach with collective form factors.

PACS number(s): 25.70.—z, 27.50.+e

I. INTRODUCTION

At energies in the vicinity of the Coulomb barrier both
the Coulomb and the nuclear interactions play an im-
portant role for processes like inelastic scattering, which
occur at the surface of the colliding nuclei. The inter-
ference between Coulomb and nuclear amplitudes shows
typically a minimum in the inelastic cross-section angular
distributions and excitation functions. This Coulomb-
nuclear interference has been relatively well described by
the distorted-wave Born approximation (DWBA) [1]
with collective form factors for the excitation of low-lying
2% and 3~ collective states in several target nuclei, when
there is no excitation of the projectile.

However, “anomalies” have been observed in inelas-
tic scattering excitation functions and angular distribu-
tions for several systems when the projectile is excited
[2-10]. In particular, for colliding systems in which the
180 projectile is excited to the 2% state (E, = 1.98
MeV), DWBA calculations using the collective model fail
to describe the projectile excitation. In such cases, the
experimental cross-section minimum resulting from the
Coulomb-nuclear interference is usually shifted (3° - 6°)
towards forward angles when compared to DWBA pre-
dictions. Such results, observed since early studies [2-6],
still are not completely understood.

In an extension to higher bombarding energies of our
earlier study [11] on the excitation of the first 2% ex-
cited state in 4Zn, we have made detailed measurements
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of elastic and inelastic angular distributions and exci-
tation functions for the scattering of O and %0 by
647n, in the vicinity of the Coulomb barrier. We present
here the experimental results and the analysis performed
with DWBA and coupled-channels formalisms. We also
present a comparison between projectile and target exci-
tation in the 80 + ®4Zn system, and discuss the differ-
ences between the excitation of ¢4Zn by 80 and 20.

II. EXPERIMENTAL METHOD

Beams of 1®0 and 80 ions were extracted from a duo-
plasmatron ion source and accelerated in the electrostatic
accelerator at the University of Sio Paulo. Beam cur-
rents measured in a Faraday cup after the target were
of the order of 200 nA. The targets were made by vac-
uum evaporation of ZnO, enriched to 99.85% in %4Zn,
on a thin layer (~ 5 pg/cm?) of Au evaporated onto
15 pg/cm? carbon backing. The ®4Zn targets were typ-
ically ~ 10 pg/cm?. The Au layer was used in order to
improve the uniformity of the deposited Zn layer in the
evaporation process. It also served as a reference in the
determination of the absolute cross sections.

Two different experimental setups were used to mea-
sure angular distributions and excitation functions. The
excitation functions were measured in a 60 cm diame-
ter scattering chamber [12] for incident beam energies in
the vicinity of the Coulomb barrier, in 0.5 MeV steps.
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The scattered ions were detected at 0, ~ 174° in a
cooled (~ —30° C) annular silicon surface-barrier de-
tector. Two silicon detectors symmetrically placed with
respect to the beam direction at 6,5, = 30° were used
to normalize the cross sections to absolute values and
to monitor the beam direction. The energy resolution,
essentially due to the target thickness, was ~ 120 keV.
At some energies 8#0+4Zn spectra were contaminated
by alpha particle groups from the 2C(*80, «)?**Mg re-
action on the carbon backing. This was the only source
of discrete background which had to be considered in the
analysis. For the spectra where the alpha and the inelas-
tic peaks were partially resolved, the alpha background
was subtracted by a peak fitting procedure using the ex-
perimental shape of an isolated alpha peak as a standard.
Spectra in which the alpha group could not be separated
from the peak of interest were not included in the present
analysis. No background corrections were necessary for
one and two neutron transfer reactions: (120,70) and
(180,180). At the backward angle of 173.8°, due to the Q
values involved, the 60, 70O, and 0 groups could be
separated from each other. The contribution of 17O and
657n excited states from one neutron transfer reaction
to the inelastic ®*Zn and 80 peaks is negligible. Their
contribution to the elastic 180 peak is always less than
1% from estimates based on spectra taken at more for-
ward angles with the magnetic spectrograph (see below)
where mass identification was made. Also due to the Q
values involved no background corrections from transfer
reactions were necessary for the '®O scattering spectra.
Typical spectra are shown in Figs. 1 and 2. The spec-
tra were analyzed using the method and the line-shape
fitting program described in Refs. [13] and [14].

For the angular distribution measurements, a split-
pole magnetic spectrograph [15,16] was employed. The
scattered ions were detected in a gas-filled E-AFE po-
sition sensitive detector with a delay line readout [17,
18], placed in the focal plane of the spectrograph. The
position resolution, corresponding to an energy resolu-
tion of approximatelly 140 keV, is mainly due to target
thickness, and was adequate to completely resolve the
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FIG.1. Spectrum of backscattered particles from the elas-
tic and inelastic collision of 'O with ®*Zn at E, = 42.5
MeV, measured with a cooled annular surface barrier silicon
detector.
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FIG. 2. Spectrum of backscattered particles from the elas-
tic and inelastic collision of 80 with ®*Zn at Ej., = 42.5
MeV, measured with a cooled annular surface barrier silicon
detector.

inelastic groups. Three parameter data (particle energy
E, partial energy loss AE, and particle position P along
the focal plane) were stored in the computer and were
recorded event by event on magnetic tapes for off-line
analysis. The simultaneous determination of £, AE, and
P allowed for a clear separation of masses 16, 17, and
18 of the oxygen ions. In particular, 4Zn('%0,70)%Zn
reaction products could be separated from the inelastic
groups under study. A typical two-dimensional plot of
E versus P is shown in Fig. 3. Groups of detected
particles (A = 16, 17, and 18) are clearly separated from
each other. The projected position spectrum for the 20
group is presented in Fig. 4. Two silicon detectors sym-
metrically placed at ), = 30° with respect to the beam
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FIG. 3. Mass identification of products from %0 + ®*Zn
at Elab = 49 MeV, measured with a position sensitive gas
detector at the focal plane of the magnetic spectrograph at
61ab = 60°. Groups of particles corresponding to masses 16,
17, and 18 are clearly separated. Two charge states (g = 77
and ¢ = 8%) are detected in the range of magnetic rigidities
covered by the detector.
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FIG. 4. Projected position spectrum for the **O group ex-
tracted from the two-dimensional spectrum presented in Fig.
3.

line were also used to monitor the beam direction and to
normalize the cross sections to absolute values.

Due to charge separation in the magnetic spectrograph
and because all charge states cannot be simultaneously
detected in the position sensitive detector, the relative
yields of the several charge states were measured in order
to obtain the cross section values. The distributions for
charge states 5%, 67, 7+, and 8" were determined by
measuring the elastic scattering over the angular range
30° < 6141, < 85°. The contribution from the 6+, 7+, and
8+ charge states ranged from ~ 15% to 30%, ~ 45% to
50%, and ~ 20% to 40%, respectively, depending on the
energy of the outgoing ion. The contribution from the
5% charge state was always less than 3%.

The experimental angular distributions and excitation
functions are presented in Figs. 5-7. The circles are ex-
perimental data and the error bars represent statistical
uncertainties only. The curves are the results of theoret-
ical calculations with the optical-model code ABACUS-3
[19] and with the heavy-ion program PTOLEMY [20] in
its version [21,22] which can compute inelastic scattering
cross sections in the DWBA or with the coupled-channels
formalisms, as will be discussed in the next section.

III. THEORETICAL ANALYSIS

The elastic scattering differential cross sections were
fitted by an optical-model analysis with a complex po-
tential of Woods-Saxon geometry:

U(r) = =V f(r) —iWg(r) + Ve(r), (1)
where
f(r)= [1 + exp (—r;—Rz} ) , (2)

g(r) = [1 + exp (T—;I—RQ] - , 3)

R=ro (Ai/ 34 AY 3) , (4)

R =7} (A}/3 +A;/3) , (5)

Vo) = {2‘_5;_52/T B for r > Rg, (6)
3 (3— c)forr<Rc,

Rc =125 (A1/3 + A‘”) : (7)

with the mass number and the atomic number of the
projectile and of the target designated by (A;,Z;) and
(A2, Z2), respectively.

For each projectile several independent searches of op-
tical parameters were done. The optical parameters for
the 180+4-%4Zn system were initially determined by fitting
the elastic scattering angular distribution with the code
ABACUS-3 [19]. The final calculations were performed
with the heavy-ion program PTOLEMY [20-22]. For the
1604-54Zn system the optical-model parameters were ob-
tained by fitting the elastic scattering excitation function
using the program PTOLEMY. Whenever available, values
from the literature were used as initial sets. Several fam-
ilies of potentials that resulted in satisfactory fits to the
elastic scattering data were obtained from starting pa-
rameter values taken from previous reports for the 160
+ 64Ni system [2, 23, 24] and the 80+84Ni system |2,
4]. Due to strong absorption, the different families of po-
tentials produce the same elastic scattering. Additional
information from inelastic data was used to remove the
ambiguities in the optical potential.

The DWBA calculations were made with the heavy-ion
computer code PTOLEMY [20-22]. A form factor F(r)
consisting of a Coulomb and a nuclear part was used to
describe the inelastic excitation:

Fi(r) = F{ (r) + Ff (r). (8)
The Coulomb part is given by

2L+1

4nZie IB(EL) 1)/ £ ﬁg for r < Rc.

S(r) = snZie IB(EL) 1)/* & for r > Ro,
2L+1

The nuclear part of the form factor was calculated
within the framework of the collective model:

d
e = (o v vigy mewi), )
with
R* =1y A*Y/3, (10)
R* =1l A*/3 (11)

where A* is the mass of the nucleus (target or projectile)
which gets excited in the inelastic collision.
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TABLE I. Optical-model parameters.
Projectile Eiab \%4 r a w r a Analysis
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)

80 49 67 1.04 0.857 10.6 1.32 0.591 optical model
180 29-46 67 1.04 0.857 10.6 1.32 0.591 optical model
50 49 67 1.04 0.893 7.5 1.32 0.626 coupled channels
60 30.5-46 131.6 1.22 0.500 8.2 1.22 0.500 optical model

The parameters in the radial form factor are the same
as those in the corresponding entrance channel optical
potentials. The B(E2) value for 4Zn used in the calcula-
tions was determined from data obtained at energies be-
low the Coulomb barrier which are considered “safe” for
a Coulomb excitation experiment [11]. The B(E2) value
for 20 was taken from Ref. [25]. The nuclear deforma-
tion parameters ﬂ}lv were treated as free parameters.

The data were analyzed in the coupled-channels ap-
proach also employing the PTOLEMY computer code in
its version which can compute heavy-ion inelastic scat-
tering cross sections with the coupled-channels formal-
ism [21, 22]. The form factors were the same as those
for the DWBA analysis. Because of the strong coupling
between the elastic and inelastic channels, the optical-
model parameters used for the DWBA calculations had
to be modified to fit simultaneously the elastic and the
inelastic data. In the coupled-channels calculations the
nuclear deformation parameters 3 were also treated as
free parameters and the B(E2) values were the same as
used in the DWBA calculations.

IV. RESULTS AND DISCUSSION

The optical-model parameters used in the calculations
are presented in Table I. The reduced electric transition
probability values and the nuclear deformation parame-
ters used in the analysis are presented in Table II. A good
agreement is observed between the experimental elastic
scattering data and the theoretical predictions (see Figs.
5, 6, and 7).

The angular distributions for 20 inelastic scattering
for the target and for the projectile excitation are pre-

sented in Fig. 5. The curves represent the results from
DWBA (dashed line) and coupled-channels (solid line)

calculations with the parameters given in Tables I and II
and with the couplings shown in Fig. 5. A good agree-
ment between experimental data and theoretical predic-
tions for the target excitation at forward angles is ob-
tained with the B(F2) value extracted from the reori-
entation effect measurement [11] in Coulomb excitation
for the first 2% state of ®*Zn. For the Coulomb-nuclear
interference region and at backward angles, the DWBA
calculation overpredicts the cross sections whereas the
coupled-channels calculation presents a good fit to the
data.

The angular distribution for the excitation of the first
2% state in 80 (Fig. 5) shows a pronounced Coulomb-
nuclear interference minimum. The magnitude of the
cross sections and the amplitude of the oscillations in
the DWBA predictions are in reasonable agreement with
the experimental data. However, the interference mini-
mum is shifted towards larger angles by ~ 5° (c.m.) with
respect to the data. A similar effect has been reported
for other systems [2-10]. Coupled-channels calculations
taking into account the transitions shown in Fig. 5 were
performed with the parameters of Tables I and II. Cou-
plings leading to mutual excitation of both target and
projectile were not considered. In these calculations the
interference minimum is shifted toward forward angles
by ~ 1.5° with respect to the DWBA calculations. This
shift, however, is not large enough to reproduce the ex-
perimental results.

In order to reproduce in the coupled-channels calcula-
tions the position of the experimental interference min-
imum, it was found necessary to use a value for the
quadrupole moment of the first 2% state of 130 which is
10 times larger than the experimental value. Such large
value is not physically acceptable and the calculations
done with it underpredict the cross sections at backward

TABLE II. Nuclear and Coulomb deformation parameters used in the calculations.
Reaction By ﬂévR B(E2)t ¢ ﬂchca Analysis
(fm) (e? b?)

80+5Zn(2%) 0.301 1.25 0.168° 0.229 1.14 DWBA
80(2%)+%Zn 0.367 1.00 0.0039° 0.305 1.00 DWBA
80+%4Zn(27) 0.275 1.14 0.168 0.229 1.14 coupled channels
180(2%)+%4Zn 0.367 1.00 0.0039 0.305 1.00 coupled channels
160 454Zn(2%) 0.256 1.25 0.168 0.229 1.14 DWBA

*B(E2)t = [ ZeRc]” [6§ Rc]”, Ro = 1.254Y/3 (fm).

PReference [11].
“Reference [25].
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FIG. 5. Angular distributions for the elastic and inelastic
scattering of 180 from %*Zn measured at Ej.p = 49 MeV. The
solid curves result from coupled-channels calculations with

the coupling schemes shown in the inserts. The dashed lines -

are the result from DWBA calculations. The theoretical cross
sections were obtained using the parameters presented in Ta-

bles I and II.

angles. This is in line with results that have previously
been reported for other systems [2, 3]. The effect of in-
cluding higher 2% and 4% states in coupled-channels cal-
culations is also too small to explain the shift, as observed
before [2].

Earlier attempts based on ad hoc changes in the ge-
ometry of the nuclear form factor were able to reproduce
the observed shift of the angular distributions. Such pro-
cedure, however, resulted in discrepancies in fitting exci-
tation functions measured at backward angles [4]. Also
ad hoc variations of the phase of the nuclear form factor
[4] and changes in the distorting potential [7] have been
shown to produce 20 (2%) angular distributions in qual-
itative agreement with the experimental data. None of
these arbitrary parameter variations have been adopted
in the present work.

Of previous attempts to explain the 120 projectile ex-
citation [2-10], only a semimicroscopic approach in which
the interaction is represented by a collective core plus va-
lence terms (obtained with a microscopic single-folding
model [8]) leads to reasonable results when compared to
the experimental data for the excitation of the 2+ state
in 180 [8,9]. But it is difficult to interpret these re-
sults because there is a large number of parameters in-
volved in the calculations. In a microscopic analysis [10]

of the inelastic scattering of ¥0 from ®¢Ni [4] employing
real double-folded and imaginary Woods-Saxon interac-
tion potentials, it was found that ad hoc adjustments
of the imaginary potential and form factor are needed
to reproduce the Coulomb-nuclear interference pattern
observed in the data. The real part of the potential af-
fects only the magnitude of the calculated cross sections.
Thus, arbitrary changes in the phenomenological param-
eters of the interaction potential and of the form factor
have been required up to now in order to bring the theo-
retical calculation into agreement with the experimental
data, reflecting the lack of a theoretical model which de-
scribes the 80 projectile excitation in an unambiguous
way.

The optical-model calculations for the 280 elastic scat-
tering excitation function, using the parameters of Ta-
ble I, are in good agreement with the experimental data
(Fig. 6). The theoretical predictions for the 20O inelas-
tic excitation function with target excitation is also in
good agreement with the experimental data for energies
where the Coulomb interaction is predominant and in the
Coulomb-nuclear interference region. For energies above
E\.p, = 43 MeV, the calculations overpredict the experi-
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FIG. 6. Excitation functions for the elastic and inelas-

tic scattering of 20 from ®*Zn measured at fc... = 175.6°.
The solid curves result from optical model (elastic) and from
DWBA (inelastic) calculations with the parameters presented
in Tables I and II.
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mental inelastic scattering cross sections (Fig. 6). A rea-
sonable agreement between experiment and theory is ob-
tained for the inelastic scattering excitation function in-
volving projectile excitation for energies above Ej,, = 38
MeV (Fig. 6).

The excitation functions for the '®O scattering are pre-
sented in Fig. 7. A good fit to the elastic scattering was
obtained with the optical-model parameters presented in
Table I. The inelastic scattering data for the excitation
of the first 21 state of 64Zn is reasonably well described
by DWBA calculations with the deformation parameters
of Table II. However, the amplitude of the interference
minimum is not well reproduced by the theoretical cal-
culations. In order to fit the interference minimun data,
the imaginary potential was allowed to vary. The solid
curve in Fig. 7 represents the best fit obtained to the
inelastic scattering data using optical-model parameters
which also give a good fit to the elastic scattering data.
This result is in line with what was observed in the exci-
tation function of the inelastic scattering of 10 by %2Zr
[26]. There it was seen that changes in the reorienta-
tion coupling with the incident energy could deepen the
interference minimum; however, further experimental in-
formation would be required to definitely conclude what
was changing with the incident energy.

Threshold “anomalies” are known to occur around the
Coulomb barrier [27]. Concerning optical potentials,
these anomalies consist of an increase in the strength
of the real potential when the energy drops down to
the Coulomb barrier, accompanied by a decrease in the
strength of the imaginary potential which reflects the
closing of nonelastic channels at sub-barrier energies. In
our analysis of the excitation functions the parameters
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FIG. 7. Excitation functions for the elastic and inelas-
tic scattering of 180 from ®*Zn measured at Oc.,. = 175.3°.
The solid curves are the results of optical model (elastic) and
DWBA (inelastic) calculations with the parameters given in
Tables I and II.

were kept constant through the whole energy range, since
data were available only at one angle. The effect of us-
ing constant parameters in the elastic scattering is small.
But the inability to properly fit the interference minimum
in the %4Zn (27%) inelastic excitation function may be an
indication that some parameters might be changing with
energy.

The excitation functions for *0 and 20 projectiles
(Figs. 8 and 9) present some significant differences. Since
the Coulomb form factors are essentially the same for
both ions, these results point to differences in the nuclear
contributions in the interaction of *O and 80 projec-
tiles with the ®4Zn target. The 80 elastic scattering
cross section deviates from the Rutherford cross section
at a lower center-of-mass energy than that found for 60
elastic scattering (see Fig. 8). This result might reflect
the fact that, since 180 has a smaller binding energy, the
180 4 %4Zn system has a larger number of open channels
than the 'O + ®4Zn system at a given energy.

At low bombarding energies, the inelastic excitation
functions for %0 and 20 follow pure Coulomb excita-
tion (see Fig. 9) and the calculated cross sections are not
sensitive to the optical model and the nuclear deforma-
tion parameters. In this energy range the DWBA cross
sections depend essentially on the B(FE2) value. The ex-
cellent agreement of the sub-Coulomb data with the cal-
culated cross sections for both ions gives support to the
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FIG. 8. Excitation functions for the elastic scattering of
30 and '°0 from %%Zn measured at backward angles. The
solid curves are theoretical calculation results with the optical
model parameters presented in Table 1.
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FIG. 9. Excitation functions for the inelastic excitation of

the lowest 2% state in **Zn by 20 and '60. The solid curves
are the results of DWBA calculations with the parameters
given in Tables I and II.

B(E2) value for the first 2% state of *Zn obtained in
Coulomb excitation measurements [11]. At higher ener-
gies the inelastic cross sections fall off rapidly for both
projectiles and the DWBA results are strongly depen-

dent on the optical-model and nuclear deformation pa-
rameters.

Good fits to the 1°0 and 20 inelastic excitation func-
tions of the first 2+ state of ®¢Zn could be achieved in
both cases with the same 3 R value (see Table II). This
could indicate that the assumed mechanism with a col-
lective form factor is an acceptable description for the
excitation of the first 2% state of ®4Zn by 0 and %0
inelastic scattering.

A sharp difference in the inelastic ®*Zn (2%) excitation
functions for %0 and 80 projectiles was observed in
the Coulomb-nuclear interference energy region. While
the interference minimum has a large amplitude in the
case of the 10 projectile, there is no pronounced min-
imum for the 180 case. This effect has been previously
observed for other targets [28]. Such difference might in-
dicate that there are relevant contributions to the nuclear
interaction from the two valence neutrons of 20 and that
these degrees of freedom should explicitly be taken into
account in the description of the excitation processes.
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