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ELASTIC SCATTERING OF *¥Ni+%Ni NEAR THE COULOMB BARRIER
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Elastic scattering angular distributions have been measured for **Ni+%*Ni at three energies around the Coulomb barrier em-
ploying a new kinematic coincidence technique. The data are compared with the results of coupled-channels calculations includ-
ing inelastic excitations as well as one- and two-neutron transfer reactions. The agreement is good and the calculations also agree

well with the available transfer and fusion reaction data.

The measurements of sub-barrier fusion reactions
in the system **Ni+%*Ni revealed some years ago [1]
large enhancements when compared to the predic-
tions of conventional one-dimensional barrier pene-
tration models, and also showed a relative enhance-
ment with respect to the corresponding data for the
symmetric systems >®Ni+ *¥Ni and %*Ni+%*Ni. That
discovery was compelling evidence for the important
role that nuclear structure plays in the low energy fu-
sion process. More recently, in order to obtain more
information about the dynamics of the **Ni+%Ni
reaction, transfer cross sections [2,3] and also quasi-
elastic scattering angular distributions [3] have been
measured.

It has also become clear from other experimental
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and theoretical studies [4] that dynamical effects
manifest themselves in elastic scattering cross sec-
tions at energies near the barrier. When analyzing
elastic scattering angular distributions with the stan-
dard optical model over a range of energies from
slightly below to well above the Coulomb barrier one
has to incorporate those effects by introducing an en-
ergy-dependent polarization potential. In a fully dy-
namical calculation, which cxplicitly allows for the
excitatton of the nuclcar degrees of freedom, one
would hope that the energy dependence of the elastic
scattering cross section could be obtained automati-
cally, via the bare, energy-independent ion-ion inter-
action. It is therefore of great interest to have elastic
scattering data for rather heavy systems where the
enhanced low-encrgy fusion cross sections indicate
that dynamical effects are quite large.

This is the background and the motivation of our
elastic scattering experiment for 3¥Ni+%Ni, whose
results are presented in this letter. The modified ver-
sion of the kinematic coincidences technique which
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made these measurements possible will be described
in detail in a paper under preparation.

The measurements were performed at Legnaro
where the XTU Tandem accelerator provided **Ni
beams at Ej,,=183.3, 190.7 and 204.1 MeV, with in-
tensities in the range of 5-15 pnA. The two higher
energies were chosen to match the already existing
data [3] for elastic plus inclastic scattering and for
quasi-elastic transfer. The experiments were done in
the sliding seal scattering chamber of the laboratory;
the targets were 18-35 ug/cm? evaporations of me-
tallic ®*Ni (enriched to 96.7%) on 20 pug/cm? carbon
backings. The nickel-evaporated region had a rectan-
gular shape (strip target), | mm wide in the reaction
plane defined by the detectors. This was required by
the need to sharply limit the effective beam spot size
when correcting for the strong kinematic shifts of the
nearly symmetric reaction partners by measuring the
scattering angles of both fragments. In fact, in order
to measure pure elastic scattering the experimental
difficulties which we faced were manifold: besides the
strong kinematic shifts (typically 3 MeV/deg in the
laboratory frame), one needed to have good mass,
nuclear charge and energy resolutions.

All this could be achieved by using a kinematic co-
incidence set-up: either the scattered beam ion or the
target recoil were detected in a position sensitive sil-
icon detector (PSSD) 8 mm X 47 mm placed within
the scattering chamber at 220 mm from the target.
The energy and scattering angle 6, of the impinging
particle were thus measured. The collision partner was
detected in a counter telescope consisting of two mi-
cro-channel plate detectors (25 mm and 50 mm in
diameter), 150 cm apart from each other, which
measured the time of flight (TOF) of the ion; they
were followed by an ionization chamber with a trans-
verse electric field and a split anode, capable of meas-
uring the energy E and energy loss AE of the ionizing
particle as well as its position which determined the
scattering angle 6,. The position information was de-
rived by a measurement of the electrons drift time
inside the gas, taking the start signal from the micro-
channel plate detector closer to the ionization cham-
ber and the stop signal from the anode.

The ionization chamber, originally constructed in
Munich [5], had a thin (~60 pg/cm?) polypropi-
lene window 60 mm in diameter and was operated
with pure methane (99.99%) at pressures in the range

PHYSICS LETTERS B

26 April 1990

100-180 mb. The window diameter determined the
solid angle of the whole set-up, and therefore also the
maximum integration angle for the angular distribu-
tions, i.e. Af,,= +0.7°. Proper normalization be-
tween the different runs was insured by two monitor
detectors placed at 6,,,= + 23° and slightly below the
reaction plane.

The AE signal resolution ( ~3%) was more than
adequate to separate out the charged particle trans-
fer, which is also known [ 3] to have quite small cross
sections around the barrier. The best mass resolution
was achieved by constructing mass spectra with the
formulae

P, sin{6,)
S, sin(68, +6,)"’

MZ=(58+64)—M| N

M,=TOF

that make use of TOF and of the two scattering an-
gles; Py is the beam linear momentum and S; is the
flight path. It is worthwhile to point out that we have
a linear dependence of the mass on TOF, and that we
do not rely on energy measurements. These features
are very helpful for obtaining good mass resolution.

The TOF intrinsic resolution was around 450 ps
FWHM, mainly due to the larger micro-channel plate
detector. The accuracy of the measurement of scat-
tering angles was determined by the effective 1 mm
beam spot in the case of the PSSD (A#,~0.25°),and
by the position resolution (~2 mm FWHM) in the
case of the ionization chamber which was placed at
an overall distance of about 2.5 m from the target
(A8,~0.07°). Fig. 1a shows an example of a mass
spectrum. The peaks at =58 and 4 =64 are due to
beam scattering and target recoil, respectively, so that
from each angular setting of the detectors we could
extract data for two center of mass angles of the scat-
tering. Smaller peaks at 4=63, 62 are also visible,
corresponding to one- and two-neutron transfer. The
mass resolution is very good, being A4/4~1/120
FWHM in this casc.

By gating on mass peaks, and using again the scat-
tering angles, we constructed Q-value spectra (fig.
1b), i.e.

0 MyE, (sinz(Gz)

B sin2(6.)>
= sin2(6, +6,) + —£o.

M, M,

where M, and E, are the beam mass and energy, re-
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Fig. 1. Mass spectrum (a) of /=28 fragments from the reaction
8Ni+°*Ni at £, =99.5 MeV and 0,,,=35°. Q-valuc spectrum
(b) in the same conditions as above, with a gate on 4=58 and
Z =128 the Q-value axis calibration is 100 keV /channel.

spectively. In fig. 1 the @=0 elastic scattering has a
FWHM ~ 900 keV and it is fairly well separated from
the bump at O~ — 1.4 MeV arising from the excita-
tion of the lowest 2* states of both 3%**Ni, which are
at £, =1.45MeV and 1.34 MeV, respectively; higher
excitations are also visible. Simple gaussian fits al-
lowed us to extract the pure elastic scattering out of
such Q-value spectra.

The final results arc shown in fig. 2, where the
quoted encrgies are already corrected for the target
thickness; the dominant contribution to the errors
comes from the fits to the Q-value spectra. The ab-
solutec normalization of the experimental cross sec-
tions was obtained by requiring agrecement at very
forward angles between the data and the elastic scat-
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tering angular distribution obtained with a coupled
channels Coulomb excitation calculation which in-
cluded the lowest 2+ states of **©4Ni with their known
electric quadrupole transition strengths. The small
deviation from Rutherford scattering of the calcu-
lated forward angle clastic cross section is due to the
flux loss via Coulomb excitation to the 2* states. This
effect does not appear if onc sums the 2% cross sec-
tions together with the elastic cross section. The fact
that the small slope of the forward angle data follows
the predictions is therefore a confirmation that pure
elastic scattering has been measured.

As mentioned in the introductory part, with a cou-
pled-channel approach we may hope to describe the
encrgy dependence of the elastic angular distribu-
tions by using an energy independent bare ion—ion
potential. This approach is also appropriate because
of the strong Coulomb excitation (see above). The
curves in fig. 2 are the results of coupled-channels
calculations which employ ingoing wave boundary
conditions inside the Coulomb barrier to account for
the fusion process, contain explicit couplings to elas-
tic excitation and transfer reaction channcls, use an
energy-independent real potential and have no phe-
nomenological imaginary potentials. A full descrip-
tion of the calculations is given in ref, [6], where pre-
vious predictions for the **Ni+°*Ni reaction were
compared to the fusion measurements and to the
transfer and quasi-elastic scattering data of refs. [2,3]
available at the time.

The dashed curves in fig. 2 allow for first- and sec-
ond-order vibrational couplings to the one- and two-
phonon states corresponding to the 2* and 3~ exci-
tations of the projectile and target (see alsoref. [7]).
The solid curves include, in addition, couplings to
one- and two-neutron transfer channels (as in ref.
[6]). Actually, essentially all of the difference be-
tween the two sets of calculated cross sections is due
to the one-neutron transfer channels.

It is seen in fig. 2 that the overall agreement be-
tween the full calculations and our elastic scattering
data is quite good (please note the linear scale). It is
also apparent that the one-neutron transfer couplings
are csscntial to obtain a reasonable agreement with
the data. There is, however, an indication at all three
cnergies and particularly at the lowest energy. that the
calculations overestimate the effect of the single neu-
tron transfer couplings. At the lowest energy, on the
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Fig. 2. Elastic scattering angular distributions for *Ni+Ni at the three indicated energies. The lines are the results of the coupled-

channels calculations discussed in the text.

other hand, the experimental uncertainties are larger.

The present calculations for *®Ni+ %*Ni differ from
the previous ones in ref. [6] by using larger nuclear
deformation parameters. This change was not intro-
duced to fit our elastic scattering data. It was based
on a very recent analysis of elastic and inelastic
'O + %86*Nj scattering data which was carried out [8]
after the **Ni+%¥Ni calculations of ref. [6]. It was
found that the nuclear inelastic deformation param-
eters, which were previously taken from the litera-
ture, had to be increased by about 18% to agree with
the 'O+°%%*Ni measurements. The calculations
[6,7] for the *Ni+3%%*Ni and **Ni+%*Ni systems
have been repeated with the new deformations and a
significant improvement was obtained in the low en-
ergy fusion cross sections. These new fusion results
for the three combinations of nickel isotopes are
shown in fig. 3 in comparison with the data [1].

For the *8Ni+%¥Ni case are shown in fig. 3 two sets
of fusion results corresponding to the same calcula-
tions for the elastic scattering shown in fig. 2. The
dashed line refers to a calculation where only cou-
plings to inelastic channels have been taken into ac-
count, while the full line refers to a calculation which
also includes particle transfer channels. It is interest-
ing to point out that whereas the main difference be-
tween the two sets of elastic scattering calculations in

fig. 2 is due to the one-neutron transfer couplings, it
is the direct two-neutron transfer couplings that ac-
count for the main difference between the two
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Fig. 3. Experimental fusion excitation functions for 3*Ni + 364N
and ®Ni+®Ni from ref. [1] compared with the coupled-chan-
nels calculations discussed in the text.
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38N i+ 54Ni fusion calculations in the energy range be-
low about E_, =92 MeV. This range is actually lower
than the energies where the elastic scattering has been
measured.

In summary, we have measured pure elastic scat-
tering cross sections for ¥Ni+%*Ni at three energics
near the Coulomb barrier, and have analysed our data
with coupled channel calculations. It is very satisfy-
ing to see that a single calculation gives a good overall
account of both the elastic scattering cross sections
presented here and the available fusion cross sec-
tions, without relying on adjustable parameters.
Having the correct elastic cross section means that
the total cross section is accounted for. Since the fu-
sion cross section is also obtained, it may be con-
cluded that the explicitly couplings correctly describe
the bulk of the direct reaction cross sections (for de-
tailed comparisons, sec ref. [6] ). Thus we sce a very
encouraging result in that the model gives a good ac-
count of the reaction dynamics in the 3¥Ni+°%*Ni
collision.
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