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Nuclear-Structure Dependence of Heavy-Ion-Fusion Partial-Wave Distributions
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Partial-wave cross sections for fusion of Ni+ Zr and Ni+ Zr at energies of 5% and 7% above
the Bass-model fusion barrier have been measured with the Darmstadt-Heidelberg Crystal Ball. The
distribution for fusion with the more neutron-deficient target Zr exhausts the unitarity limit for lower
angular momenta. In contrast, fusion with the slightly more neutron-rich target Zr yields a broad an-
gular momentum distribution with cross sections well below unitarity even for small partial waves.

PACS numbers: 25.70.3j, 25.70.6h, 27.70.+q

The discovery' of enhanced sub-barrier fusion cross
sections and its subsequent interpretation in terms of
coupling to binary reaction channels has renewed the in-
terest in near-barrier heavy-ion-fusion studies. Yet,
there are still many open questions and problems related
to the fusion process and to the subsequent decay of the
fusion product, the compound nucleus. This is partly
due to experimental difhculties which until recently did
not permit a direct and unambiguous measurement of
the partial-wave cross sections for heavy-ion fusion. The
knowledge of the compound-nucleus angular momentum
distribution is of crucial importance for an understand-
ing of the fusion process itself, in paticular near the bar-
rier. Moreover, the excitation-energy and angular mo-
mentum distribution determine the decay properties of
the compound nucleus. Recently, new techniques involv-

ing 4z y-detector systems such as the Darmstadt-
Heidelberg Crystal Ball have been developed which per-
mit a novel access to the fusion process by directly
measuring angular momentum distributions of fusion
products.

This Letter presents the first direct comparison of
measured partial-wave distributions for systems with
similar reaction dynamics but diferent nuclear structure.
The systems investigated are Ni+ Zr~ ' Er at a
center-of-mass energy of E, =138.8 MeV (5% above
the Bass-model fusion barrier) and Ni+ 6Zr~ ' Er
at E, =139.5 MeV (7% above the Bass barrier).

Isotopically enriched targets of Zr (95%, 320
pg/cm ) and Zr (85%, 200 pg/cm ) were irradiated

with Ni beams provided by the Max-Planck-Institut
tandem postaccelerator facility at Heidelberg. The y ra-
diation from the residual nuclei was registered in 158
NaI modules of the Crystal Ball and in one Ge detector.
Time of fIight with respect to the pulsed beam was used
to discriminate y rays and neutrons in the NaI detectors.

The primary information obtained from the Crystal
Ball is a distribution of the number of responding detec-
tors. This distribution is obtained separately for each in-
dividual decay channel selected by gates on discrete lines
in the germanium-detector y-energy spectrum. After
correcting for the Crystal Ball response, y multiplicity
distributions are obtained. The average spin removed
per y ray has been determined by two independent
methods. Method A is based on an analysis of the y-ray
angular distribution while method B determines the
average spin per y ray from the ratio of discrete dipole
and quadrupole transitions observed in the germanium-
detector spectrum. ' Both methods, which yield con-
sistent results within errors, are used to convert multipli-
city distributions into angular momentum distributions
for the individual evaporation residues.

As a Anal correction, the angular momentum carried
away by neutron and light-charged particle evaporation
prior to y emission has to be taken into account. For the
reactions discussed here, this is only a minor contribution
which can be estimated from statistical model calcula-
tions.

Angular momentum distributions for individual decay
channels are derived by gating on specific lines in the Ge
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detector. The individual contributions are then summed,
with the relative strengths determined from the Ge spec-
tra. The absolute normalization is taken from indepen-
dent measurements'' ' of the evaporation-residue cross
sections. The above procedure is described in more de-
tail in Refs. 6 and 8. The methods used here are not
applicable to fusion followed by fission. In the following
the term "fusion" refers to the part of the compound-
nucleus formation cross section leading to evaporation
residues only.

Figure 1 compares the compound-nucleus partial-wave
distributions for the reactions Ni+ Zr~ ' Er and

Ni+9 Zr~ ' Er. The more neutron-deficient system
Ni+ 'Zr ' Er (top) exhibits an almost triangular

partial-wave distribution as expected in standard barrier
penetration models. In contrast, the slightly more
neutron-rich system Ni+ Zr~ ' Er (bottom) shows

a very broad spin distribution ranging to higher partial
waves.

Figure 1 exhibits another striking diA'erence: The sys-
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tern Ni+ Zr ~ ' Er exhausts the unitarity limit
(dashed line) at the lower angular momenta, while for

Ni+ Zr ~ Er the partial cross sections are sig-
nificantly below the unitarity limit even for low partial
waves. An alternative way to demonstrate the dif-
ferences between the two systems is shown in Fig. 2,
where the fusion probability T( for a partial wave with

angular momentum l given by

rrrusion (~)
T( =

~)('(21+ l )
'

where X is the de Broglie wavelength. The diITerence be-
tween the two systems is quite unexpected. The low T&'s

for the more neutron-rich system are due to the rather
low evaporation-residue cross section of 133 ~ 25 mb ob-
served at 1.07V~. ' In comparison, a cross section of
239 ~ 36 mb has been reported for the system

Ni+ Zr at 1.05V~. ' The low evaporation-residue
cross section for Ni+ Zr implies that other reaction
channels successfully compete with fusion even at low

partial waves. A cross-sectional measurement of these
other channels, together with a reconfirmation of the
small fusion cross section of Ref. 12, would be desirable.
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FIG. 1. Compound-nucleus angular momentum distribu-
tions for Ni+ Zr ' Er (top) and Ni+ Zr ' Er
(bottom). The dotted histograms are obtained by method A to
convert multiplicity into spin. For the dashed histograms, the
conversion was done with method B. The solid histogram is ob-
tained from average conversion factors of both methods. Typi-
cal error bars including both statistical and systematic errors
are indicated. The dashed lines represent the unitarity limit.
No data are shown for spins less than 106 because of sys-
tematic deficiencies in the multiplicity to spin conversion (see
Ref. 6).
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FIG. 2. Deduced fusion probabilities for Ni+ Zr ' Er
(top) and Ni+ Zr ' Er (bottom). Dotted and dashed
histograms are obtained using methods A and 8, respectively,
for a conversion of multiplicity into spin. The solid histogram
is obtained from average conversion factors of both methods.
Typical error bars including both statistical and systematic er-
rors are indicated.
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An arbitrary rescaling of the angular momentum distri-
bution such that unitarity is reached at low partial waves
for Ni+ Zr would lead to a total evaporation-residue
cross section of 295 mb, which is more than twice as
large as the experimental value of Ref. 12.

Since the entrance channel mass asymmetry degree of
freedom and the incident energy are almost identical for
both systems, the observed diff'erences in the angular
momentum distributions could be due to an effective in-
crease in the fusion barrier caused by changes in the nu-
clear structure of the Zr targets with increasing neutron
number. Large shifts in the effective fusion barrier have
also been observed' in excitation functions for fusion of
various combinations of Zr isotopes with beams of
A —90-100. With increasing neutron number, the ex-
perimental fusion barrier, defined as the energy where
the fusion probability reaches 0.5, systematically shifts
towards higher energies, as compared to the Bass-model
barrier. On the other hand, the Bass barrier is equal to
the experimental barrier for the closed-shell system
"Z + "Z .

If a similar phenomenon were to occur for the systems
investigated here, the reaction Ni+ Zr would corre-
spond to fusion above the "true" fusion barrier, leading
to an angular momentum distribution exhausting unitari-
ty for the lower partial waves. In contrast, the more
neutron-rich target Zr, which seems to show an
eA'ective increase of the barrier, would then correspond
to a case of sub-barrier fusion. This may provide a plau-
sible explanation for the measured broad angular mo-
mentum distribution, which is a typical feature of sub-
barrier fusion.

In summary, partial-wave cross sections for near-
barrier fusion have been measured with a modular 4' y
detector. Striking differences in the partial-wave distri-

butions for systems with comparable reaction dynamics
but different nuclear structure have been observed, which
can be related to a possible increase of the eff'ective
fusion barrier.
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