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Possible effects of hexadecapole nuclear deformations on subbarrier fusion cross sections are in-

vestigated. The ' 0 on ' Er and ' Yb reactions have been measured at beam energies ranging from
64 to 100 MeV. The ' Er and "Yb data and already existing "Sm data were analyzed in terms of
a model including both quadrupole and hexadecapole deformations. Theoretical predictions follow
qualitatively the trend of the experimental data.

I. INTRODUCTION

The study of fusion reactions at bombarding energies
below the Coulomb barrier has been the subject of much
theoretical and experimental effort in the last years.
While different effects such as zero-point oscillations of
the nuclear shape, nucleon transfer, and neck formation
have been considered in order to explain observed
enhancements of fusion cross sections O.f„„the role of the
nuclear static quadrupole deformation Pz has been well
established in fusion measurements of ' 0 on various
even Sm isotopes. ' For a fixed bombarding energy, the
effect of such a deformation is to bring the nuclear sur-
faces closer together at orientation angles in the vicinity
of the poles, which results in an increase of the fusion
rates when averaged over all orientation angles.

The possible role of positive and negative hexadecapole
deformations P4 in the enhancement of fusion cross sec-
tions below the barrier has been recently investigated us-
ing a coupled-channel formalism which incorporates
shape effects within the sudden-approximation scheme.
The model predicts that the inclusion of hexadecapole de-
formations may give rise to substantial deviations in the
subbarrier fusion excitation functions with respect to a
pure quadrupole shape. It predicts that positive hexade-
capole deformations will always increase fusion cross sec-
tions relative to a pure prolate shape. On the other hand,
the model suggests that negative hexadecapole deforma-
tions seem to have a twofold effect: They may reduce
cross-section enhancements for smaller values, whereas
they would increase them for larger values. A more
quantitative assessment of this effect for the smaller range
of p4 values can be obtained from Fig. l. The enhance-
ment factor e in the figure is defined as
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of p4 are shown at the bottom of the figure. The dotted
curves indicate prolate deformation only. The behavior
exhibited by the enhancement function may be under-
stood in terms of both effective barrier heights and sta-
tistical weights as a function of the angle between the
symmetry axis of the deformed target and the line joining
the centers of the two nuclei (see Ref. 2).

The inAuence of large negative hexadecapole deforma-
tions has been invoked in theoretical calculations for the
' 0 + ' W fusion reaction at subbarrier energies in or-
der to help to quantify the above-described enhancement.
Not much work has been performed from an experimen-
tal standpoint. In this respect, fusion of ' 0 projectiles
with Th targets has been measured and analyzed in-
cluding the sizable positive hexadecapole deformations of

Th. On the other hand, enhancement of subbarrier
fusion cross sections due to negative hexadecapole defor-
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and it is plotted as a function of p4 for a constant value
P2=0.23 at E, =60 MeV, where E, is the center
of-mass energy and Vz is the interaction-barrier height.
Nuclear profiles with negative, zero, and positive values

FIG. 1. Enhancement factor e as a function of the hexade-
capole deformation p4. Also shown are the nuclear profiles with
negative, zero, and positive values of P4. The arrows indicate
the approximate P~ values for '76Yb (negative) and " Sm (posi-
tive).
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mations has been measured for ' 0 +Hf and W.
In the present work, we report on an attempt to isolate

the effect of negative and positive hexadecapole deforma-
tions by choosing target nuclei with approximately the
same value of the static quadrupole deformation parame-
ter /32. For this purpose, the systems ' 0+' Sm, ' Er,
and ' Yb have been chosen. The use of a doubly magic
nucleus as projectile is convenient since it singles out
shape effects that are to be attributed only to the targets.
From e-scattering experiments, these three targets have
been determined to have approximately the same
/32=0. 23, whereas the static hexadecapole parameter /34

ranges from —0.045 for ' Yb to 0.045 for ' Sm. The
Er nucleus, characterized by /3~=0, will be used as a

reference for a pure quadrupole shape.
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II. EXPERIMENT 3000—

The measurements were carried out at the 20-MV tan-
dem accelerator of the TANDAR Laboratory in Buenos
Aires. Enriched targets of ' Er (96.24%) and ' Yb
(96.68%) with thickness of 67 and 72 pg/cm, respective-
ly, were bombarded with ' 0 projectiles with energies be-
tween 64.5 and 103 MeV. The systematic uncertainty on
the beam energy was 0.4%.

The data for ' 0+ ' Sm have been taken from Ref. 1,
except for the point at 64.5 MeV, which was measured as
an additional check of the experimental procedure. For
the other two systems (' 0+ ' Er, ' Yb) evaporation-
residue cross sections as a function of bombarding energy
have been determined by measuring the activity of the
delayed x rays emitted in the subsequent decay. The eva-
poration residues were collected on aluminum catcher
foils placed immediately behind the targets. After irradi-
ations lasting typically 2 h, these catchers were removed
from the scattering chamber and placed in front of an x-
ray counter in order to perform the off-line analysis. For
the ' Yb target at the bombarding energies at which the
4n-evaporation channel was strong, the irradiation time
was set to 12 h due to the long half-life of the ' Pt eva-
poration residue.

The energy resolution of the x-ray detector was 700 eV
(full width at half maximum) at 60 keV, and its absolute
efficiency was 16% in the energy range of 40—60 keV.
Further details of the experimental setup and data
analysis may be found in Refs. 8 and 9.

An off-line energy spectrum of ' 0+ ' Yb for a bom-
barding energy of 90 MeV is shown in Fig. 2. This figure
shows the different x-ray peaks from atoms with different
atomic numbers. These atoms are produced through the
radioactive decays of the various evaporation residues
within a chosen time interval.

Assuming negligible contributions from fission decay,
fusion cross sections were obtained as the sum of the
yields of individual light-particle evaporation channels
which are readily obtained via a y minimization routine.
For thi. s purpose, the time dependence of the En x-ray
yields for both parent and daughter activities are calcu-
lated from the known half-lives and absolute number of
Kcx x rays produced per decay of each isotope in each
mass chain. ' Then the cross sections for the different
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FIG. 2. Off-line energy spectrum from ' 0+"Yb for a bom-
barding energy of 90 MeV showing the delayed x rays emitted in
the subsequent decays from the evaporation residues.

evaporation residues were deduced by minimizing the g
function constructed from the experimental number of
detected x rays and the theoretical calculations.

Figure 3 shows the off-line time dependence of the ac-
tivities for ' 0+' Er for an impinging energy of 75
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FIG. 3. OF-line time dependence of the activities of decays
from evaporation residues produced by the ' 0+ ' Er reaction
at E~,b =75 MeV. Calculated fits for the different elements are
also shown.
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I TABLE I. Calculated values of interaction-barrier heights

V& and their radius parameters rz for the different targets.
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FIG. 4. Fusion cross sections versus center-of-mass energies.
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MeV. The calculated best fits for the different elements
are represented by the curves.

III. RESULTS AND DISCUSSION

The interaction-barrier height VB and its radial position
RB were obtained from a least-squares fit to the corre-
sponding experimental points at energies above the bar-
rier. The fitted values for rB —defined as
Rz=r~(A~ +3,' )—and Vz obtained for the three
systems are summarized in Table I.

In order to compare the three systems, the data points
are recast in a different manner. First, we define the re-
duced cross sections o.„d as

Fusion cross sections as a function of center-of-mass
energies are displayed in Fig. 4. The data points show
the common behavior for near-barrier reactions, namely,
an almost exponential fall at subbarrier energies, while
for the highest energies the cross sections follow the
geometrical pattern

VB
o =nR 1—
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in order to remove any difference trivially related to
geometric aspects of the reaction. Then the reduced
cross sections for both ' Sm and ' Yb targets are nor-
malized to the value for the ' Er target and plotted as a
function of E, /VB. In this way any structure-related
effects will become more noticeable at subbarrier ener-
gies. Because of the fact that the different reactions have
not been measured at exactly the same E, /V~ values,
the ' Er normalization has been made using an exponen-
tial interpolation of the ' Er experimental data points.
The results thus obtained are displayed in Fig. 5. The full
curves are calculations performed with the code ccDEF, '

including quadrupole and hexadecapole deformations
given by the parameters of Ref. 6. Neither couplings to
inelastic nor to transfer channels have been considered in
the calculation. The hatched area around the curve cor-
responding to ' Sm illustrates the sensitivity of the cal-
culation with respect to uncertainties of +10% in the
values of /32. Dashed curves correspond to the same cases
considering only quadrupole shapes. The theory shows a
large enhancement for ' Sm and a smaller hindrance for
176Yb

The comparison between theory and experiment shows
that the ' Sm points are not at variance with the curve
for positive p4, although no definite conclusion can be
drawn. The theory also predicts a decrease in the ' Yb
fusion cross sections for P4= —0.045, in agreement with
the experiment, which helps to bridge the gap between
theory and experiment. However, the measured cross
sections are smaller than those indicated by either curve.

IV. CONCLUSIONS
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The predicted influence exerted by hexadecapole defor-
mations on subbarrier fusion reactions was investigated
through the study of the reactions induced by ' 0 projec-
tiles on ' Yb, ' Sm, and ' Er targets. These nuclei span
a range from negative to positive values of P4, while hav-

ing approximately the same quadrupole deformation.
The comparison between the excitation functions for
' "Sm (P~&0) and ' Yb (P4&0) suggests that hexade-
capole deformations may be playing a role as expected
from theoretical estimates. It is apparent from Fig. 5
that these estimates do not su%ce to quantitatively ac-
count for the experimental data for p4 &0.

FIG. 5. Reduced fusion cross sections for " Sm and ' Yb
targets normalized to that for the ' Er target and plotted as a
function of E, /Vz (see text for more details). The ' Sm data
are taken from Ref. 1.
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