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Evaporation residues resulting from the "8+"Al and "F+"F fusion reactions leading to the
"Ar compound nucleus and from the ' F+("C, ' 0, "Al, Ca) reactions have been measured at in-

cident energies 32 MeV FL(' F) ~72 MeU and 15 MeV EL("8)~50 MeV. The hindrance of
the fusion cross sections, at energies above the interaction barrier, show a clear dependence on the
entrance channel mass asymmetry. This dependence is discussed in terms of model predictions that
treat explicitly the mass asymmetry degree of freedom.

I. INTRODUCTION

The energy dependence of heavy-ion fusion reactions
presents, for most of the systems experimentally investi-
gated, an overall smooth behavior that permits the clear
distinction of three energy regions, associated in the
literature with different regimes. ' Region I, identified
at energies ranging from the interaction barrier height to
two or three times its value is basically governed by the
entrance channel potential barrier penetrability. In this
case the relative motion can be treated classically by as-
suming phenomenological two-body forces (conservative
as well as dissipative) that cause a trapping of the system
in the attractive two-body effective potential, and is
directly related to the entrance channel mass asymmetry.
In the high-energy extreme, usually denominated region
III, the fusion cross section is determined by the 1imited
amount of angular momentum that the compound nu-
cleus can assimilate. Rotating liquid drop model
(RLDM) calculations are successful in predicting the crit-
ical angular momentum characteristic of the fissioning
compound nucleus. Recent refinements that allowed the
incorporation of the effects of the finite range of the nu-
clear force and the diffuse nuclear surface have improved
the predictions of the fission barriers.

The intermediate region II, is somehow expected to
reflect a smooth transition between the two adjacent re-
gions, displaying an interplay between compound-
nucleus and entrance channel characteristics. In order
to isolate the chief limiting factor of the fusion cross sec-
tion of light heavy-ion reactions, systematic studies have
been performed. In the case of light compound nuclei,
their small moment of inertia imposes an appreciable
lower limit to the angular momentum necessary to absorb
the available rotational energy by decreasing very rapidly
the available high-spin states level density. Furthermore,
for lighter systems, the weaker Coulomb repu1sive in-
teraction in the entrance channel makes its competition
with the attractive nuclear potential less critical, al-
though it is sti11 sensitive to the entrance channel mass

asymmetry. Within this scope it is reasonable to expect
that compound-nucleus and entrance channel charac-
teristics both influence the projectile-target amalgama-
tion probability, and that the fusion cross section limita-
tion results from the competition between fusion and oth-
er reaction processes. The entrance channel mass asym-
metry dependence of some competing processes has been
already clearly established. In the case of the emission of
complex fragments, as well as the binary decay of highly
excited composite systems this dependence has also been
verified. ' ' In a recent paper, Harmon et al. " showed
that for the Ca and Ca and compound nuclei formed
via different entrance channels, the extracted critical an-
gular momentum at saturation (I, '") depends strongly on
the entrance channel mass asymmetry indicating that at
high energies, the largest angular momentum that the
compound nucleus can sustain, before scission, is less
when formed via a more asymmetric entrance channel.
Furthermore, the strength of the incomplete fusion pro-
cess, whose threshold is associated with the beginning of
region II, has been shown to be strongly correlated with
the entrance channel mass asymmetry. '

The amount of surface energy available in the system
and the size of the neck that characterizes a dinuclear
doorway configuration are related to the entrance chan-
nel mass asymmetry that also determines the relation be-
tween the composite system angular momentum and exci-
tation energy. A quantitative study of the mass asym-
metry dependence of the fusion cross section limitation is
best accomplished by measuring the fusion cross section
for several systems leading to the same compound nu-
cleus, together with sets of measurements of systems in
which one of the collision partners is maintained and the
other is varied, covering a wide variety of systems. In the
present work we investigated the "B+ Al and ' F+' F
fusion reactions leading to the Ar compound nucleus
and the ' F+&2C, ' 0, ' F, Al, and Ca reactions, thus
allowing for an appreciable variation of the entrance
channel mass asymmetry in the investigation of the
influence of this specific degree of freedom in the fusion
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cross section limitation.
A description of the experimental procedure and dis-

cussion are presented in Secs. II and III, respectively.
Experimental results are compared with various models
in Sec. IV and the conclusions are summarized in Sec. V.

II. EXPERIMENTAL PROCEDURE

Beams of "B and ' F ions were provided by the Uni-
versity of Sao Paulo Pelletron accelerator. The "8beam
was accelerated over a laboratory energy range from 15
to 50 MeV, while the ' F beam spanned an energy range
from 32 to 72 MeV. Self-supporting Al targets (=50
@gem thick) and ""Ca' F2 (40 @gem thick on -40
@gem aluminum backing) were used. A thin gold lay-
er was deposited on the targets for normalization pur-
poses. Carbon buildup during the exposures was mini-
mized by surrounding the target with a liquid nitrogen
cooled ring and using a cryogenic pumping system.
However, unavoidable small ' C and ' 0 contaminations
were monitored during the experiment. The evaporation
residues were mass identified by measuring their time of
flight along a 180 cm flight path, for the excitation func-
tion measurements, and along an -80 cm flight path for
the angular distribution measurements. A microchannel
plate detector was used to detect the initial passage of the
heavy residues that were then stopped in a 300 mm sil-
icon surface-barrier detector. The time resolution of 450
ps was sufficient to obtain unit mass resolution for all
measured spectra, in the excitation functions. Evapora-
tion residues from ' F+ Ca reaction were unresolved
because of the energy resolution of the surface-barrier
detector. The electronic thresholds did not impose any
significant cutoff in the low bombarding energy spectra.
Two-dimensional, time (t) versus energy (E), spectra
were recorded on line simultaneously with E and t singles
spectra for efficiency check purposes. Mass spectra, as
shown in Fig. 1, were derived off line. Angular distribu-
tions were measured for the "8+ Al systems from 5' to
40'in the laboratory at E("B)=24 MeV, 36 MeV, and 48
MeV and form 6' to 28' for the ' F induced reactions at
E(' F)=36 MeV, 50 MeV, 64 MeV, and 72 MeV. Exci-
tation functions were measured for all the systems in
AE, = 1.5 MeV steps at a fixed angle H~,b=7. 5'.

The evaluation of the fusion cross section was based on
the analysis of the energy and velocity spectra of all resi-
dues masses individually in order to identify possible con-
tributions attributed to quasielastic processes as well as
from reactions with contaminants. Complete angular dis-
tributions, shown in Figs. 2(a) and (b), supplied, after an-
gle integration, the total fusion cross section. At other
energies, at which only the differential cross section
(der/dQ)8 at 8M=7. 5' has been measured, a smoothly

interpolated relation

R =(der/dQ)z /f (do /d8)dO

has been used to deduce the total fusion cross section,
fortified by the fact that this ratio R varies slowly with
bombarding energy. Absolute cross sections were deter-
mined by using the product of target thickness and detec-
tor solid angles derived from y fits of the elastic scatter-
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FIG. 1. Two-dimensional plot of the evaporation residues en-

ergy (E) vs the derived mass Ma(Et ), where t represents the
residue time of flight, for the "B+'Al reaction at E ("B)=50
MeV and 8&» =7.5'.

ing cross section to optical-model calculations. The un-
certainty in the absolute total fusion cross section is es-
timated to vary from 10% to 15%. These values take
into account counting statistics, extrapolation of the data
to 0' and large angles, uncertainties in target thickness
and detector solid angle and errors originated from the
subtraction of the contaminant spectra.

The subtraction of the contaminant contributions,
when necessary, has been performed on the basis of indi-
vidual mass spectra. In the case of the "B+ Al reac-
tion, the ' 0 contamination gave no overlapping contri-
bution with the evaporation residues of interest because
of the large mass difference between target and contam-
inant. A more comfortable situation occurs with the low
level of ' C contamination. In the case of the ' F+ Al
reaction, an analysis based on the characteristic mass dis-
tributions and sequential decay kinematics, allowed a
clear identification of residues originating from the
' F+ Al and ' F+' 0 (contaminant) fusion reactions.
In the case of ' C contamination, the deconvolution of
the very light evaporation residues spectra was further
supported by a consistent analysis of velocity spectra and
the results of the previously measured ' F+ ' C reaction
reported in Ref. 13. In the case of the study of the
' F+' F reaction with ""CaF2 targets on A1 backing,
the evaporation residues from the ' F+Ca fusion reac-
tion appeared isolated in the two-dimensional mass
versus energy spectrum. Because of the fact that mea-
surements on the Al and CaFz targets were performed
by alternating the targets, keeping all the other experi-
menta1 conditions fixed, the spectra could be subtracted,
in order to isolate the yield originating from the
' F+ Al, ' F+ ' F, F+ 0, and F+ C fusion reac-
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tions. At the energies used in the present work (E/A ~ 4
MeV/JM), the velocity spectra of the evaporation residues
appeared to be centered at the center-of-mass velocity, in-

dicating that no significant contribution of incomplete
fusion components is present. This finding is supported
by the systematics for light systems, as a function of the
entrance channel mass asymmetry established by Mor-
genstern et Ql. ,

"which predicts for the most asymmetric
channel an incomplete fusion cross section estimated to
be 0 ICF —0' 03+CF'

III. EXPERIMENTAL RESULTS
AND DISCUSSION

Angular distributions of the evaporation residues are
shown in Fig. 3. The total fusion cross sections have
been determined using the relation

er F(E)=f '"2n sineL (81.,E) d
0

To perform properly this integration the experimental
angular distributions were extrapolated both to 0' and
beyond the largest measured angle using a curve compati-
ble with predictions based on statistical theory (see Fig. 2)
for the considered angular interval, and reproduced by
the empirical expression'

angular momentum distribution and excitation energy
will be different for both entrance channels, leading to
different probabilities in the population of a given decay
channel. This fact, taken into account properly in the
calculated total cross sections and mass distributions,
justifies the good agreement between experimental and
theoretical excitation functions (see Fig. 5).

The energy dependence of the total fusion cross sec-
tion, for all the reactions investigated in the present work
are presented in Fig. 6. g fits to the Glas and Mosel
model ' allow the extraction of the fusion barrier pa-
rameters V~ (barrier height) and R~ (barrier radius) listed
in Table I. These values agree satisfactorily with sys-
tematics proposed by Kovar et al. ' Fits to the predic-
tions of semiclassical calculations of barrier penetration
described by the proximity potential are also presented
in Fig. 6. In this case only the radii of the interacting nu-
clei (R =Ro+bR) were varied resulting in a less satis-
factory overa11 agreement.

Plots of the compound-nucleus excitation energy
(E," ) vs the critical angular momentum squared

[1,(l, +1)], presented in Fig. 7, show different trajectories
for the two systems indicating that at the highest energies
measured, in spite of the fact that the compound nucleus
is populated for the different channels at comparable tem-

d cr L9
=Q&

d8 Q2

Q3
exp I—

Q4 Q2
(2)

(kleU,
'

33'

where the constants Q, are determined by y fits to the ex-
perimental angular distributions. This procedure de-
creases the systematic uncertainties.

Monte Carlo, Hauser-Feschbach calculations, which
assumed neutron, proton, and alpha particle emission
from the compound nucleus, were performed for both en-
trance channels with the computer codes FAcE (Ref. 15)
and LILtTA (Ref. 16). A comparison of the experimental
data with theoretical predictions is also shown in Figs. 2
and 3 and indicates good agreement as far as shape is
concerned.

The kinematical broadening of the angular distribution
increases with increasing total mass of evaporated parti-
cles revealing the increase of the resultant impulse that
the residue suffers. This trend is perfectly reproduced by
the theoretical calculations (see Fig. 3). The decay chan-
nels energetica11y available to the Ar compound-nucleus
decay, indicated in Fig. 4, are correlated to the different
energy thresholds for the opening of the possible exit
channels associated with the emission of a particular
number of light particles (only n, p, and a particles are
considered because of the low cross section expected for
the emission of d, t, He particles and heavier clusters).

Figure 5 shows the experimental excitation functions
for the evaporation residues, whose main trends can be
understood in term of the competition between the ener-
getically allowed decay channels as indicated in Fig. 4.
The difference in mas asymmetry of the "8+ Al and
' F+ ' F entrance channels and in their Q values for the

Ar compound-nucleus formation determines that, at the
same center-of-mass energy, the Ar compound-nucleus38
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TABLE I. Fusion barrier parameters obtained in the present
work.
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energies for the symmetrical ' F+ ' F case.
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IV. THE MASS ASYMMETRY DEGREE OF FREEDOM

Models based on one-dimensional barrier penetrability
are able to predict fusion cross sections which, in region
I, are determined basically by the barrier height ( V~ ) and
radius (Rz ) and represented by the relation

Ec.m.
—~a

o' F(E ) = m Rq
c.m.

A reduced fusion cross section O.F can be determined
and associated with the available energy above the barrier
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With such a renormalization, the fusion cross section for
all the systems coincide in region I, after removing the
main dependence on the geometrical constraints, and
thus allowing the enhancement of particular dynamical
effects of the collision. As seen in Fig. 8, the reduced
cross section varies linearly as a function of the energy
above the barrier (E, —V~) with a slope of 45'. With
increasing bombarding energies, when larger values of
the orbital angular momentum (lfi) are involved, faster
and more peripheral reaction channels are opened, thus
leading to an inhibition of the fusion cross section with
respect to barrier penetrability cross section as a result of
the competition between the several opened channels. In
Fig. 9, this effect is represented by a new line, deviating
from the former one by an angle a. A fusion inhibition
factor (FIF=tana) is defined and determined for the sys-
tems investigated in this work. A correlation between the
fusion inhibition factor and mass asymmetry
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FIG. 6. (a) Total fusion cross sections (crf ) for the (' F+' C), (' F+' 0), (' F+' F), (' F+ 'Al), and (' F+ Ca) systems as a
function of the inverse of the energy (F., ). Solid lines represent fits to the Glas and Mosel model (Ref. 8) and the dashed lines
represent predictions based on the barrier penetrability of a proximity potential (Ref. 22). Data found in the literature, for these sys-
tems are also presented, i.e., Pulhofer et al. (Ref. 13), Sperr et al. (Ref. 18), Chiou et al. (Ref. 19), and Rosner et al. (Ref. 20). (b)
Comparison of the excitation functions for the two reactions leading to the 'Ar compound nucleus showing the different behaviors at
higher bombarding energies.
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rI=( AH —
AL )/AH+ AL

[where AH( AI ) represent the mass of the heavy (light)
partner of the entrance channel] appears clearly in Fig.
10 indicating that asymmetrical entrance channel clearly
favors fusion. It should be noted that the values for FIF,
extracted from our data, even at the highest energies,
reflect the trend of the inclusive fusion cross section,
which includes complete and incomplete fusion processes
without distinction. However, as mentioned earlier, the
influence of the incomplete fusion components in our
data is negligible. Very similar correlations to the one
shown in Fig. 10 can be found for the data available in
the literature. ' In these cases, most of the fusion cross
section values are found in the inclusive form because in
very few cases has the contribution of incomplete fusion
processes been identified and subtracted. In region I, a
similar feature can be observed for the absolute cross sec-

25

FIG. 9. Schematic description of the reduced fusion excita-
tion function indicating the deviation from the behavior deter-

mined, in region ( A ), by the penetrability of the entrance chan-

nel barrier. Region (B) is represented by a new line which devi-

ates by an angle a from the former trajectory.
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tion as a result of the balance between the repulsive
Coulomb force and the attractive nuclear force, which
may be described by a proximity potential. Figure 11
shows the dependence of the effective fusion barrier Vz,
predicted by a proximity potential, with the entrance
channel mass asymmetry parameter g. The fusion of sys-
tems with large mass asymmetry allow the formation of
compound nuclei with lower excitation energy because of
the smaller Coulomb contribution to the fusion barrier.
Recently Carjan et al. calculated fusion barriers for a
heavier compound system and his results when compared
to empirical systematics indicated a correlation with g
similar to the one observed in Fig. 11.
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FIG. 10. Fusion inhibition factor (FIF) obtained for the sys-
tems investigated in the present work, as a function of the en-
trance channel mass asymmetry g. The solid line dependence of
the configuration life time (~), described in the text and predict-
ed by the liquid drop model, as a function of the mass asym-
metry.
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FIG. 11. Fusion barrier height V&, predicted by a proximity
potential for the "Ar compound-nucleus formation as a func-

tion of the entrance channel mass asymmetry. In these calcula-

tions, the atomic number (Z) of the colliding elements was sup-

posed to be half of their atomic mass ( A ).

It should be mentioned that the study performed by
Harrnon et al. " indicates that the saturation of the criti-
cal angular momentum for the production of evaporation
residues, in the case of the Ca and Ca compound nu-
clei, occurs at lower I values when the entrance channel
mass asymmetry is higher. This study corresponds to one
of the few fusion excitation functions found in the litera-
ture where the incomplete fusion cross section has been
systematically subtracted and consequently cannot be
compared with the other systems on the same grounds.
The FIF factors extracted from this work are the ones
with the largest discrepancy within our systematics.
However, if the inclusive fusion excitation functions are
reconstructed, the results tend to fit into the systematics
of Fig. 10. On the other hand, a very similar study for
the systems ' 0+ Ca and Si+ Si leading to the com-
pound nucleus Ni presented by Hinnefeld et al. allow
the extraction of fusion inhibition factors which fit per-
fectly in our systematics.

From the liquid drop model, the ground-state energy of
the target, projectile and compound nucleus may be cal-
culated as well as the energy released for formation of the
compound nucleus. This energy is referred as a "driving
potential" ( U) and is calculated as a function of the mass
asymmetry of the initial system. The dependence of
U( A „A2) with rl is shown in Fig. 12 for a system
(A, + A&=38), (Z&+Zz=18). Starting from any initial
configuration go the system wi11 be driven towards de-
creasing values of U. The derivative BU/Bg can be asso-
ciated with a "restoring force" driving the system to a
final configuration. The inverse function r=(BUIB7))
can therefore be related to an average "configuration life
time. "

The larger the value of ~, the longer the system will
remain in this configuration, thus, increasing the relative
probability of decay into a similar symmetric exit channel
with consequent removal of Aux from the complete fusion
channel. Figure 10 shows that FIF and ~ have very simi-
lar behavior with respect to g. This feature is observed
when a given compound nucleus is populated via several
entrance channels varying the mass asymmetry (in our
case ACN = 38), or when one colliding partner is main-
tained fixed and the other is varied (i.e., ' F+X). This
behavior indicates that the entrance channel mass asym-
metry degree of freedom is relevant in the determination
of the fusion cross section limitation at energies above the
interaction barrier, even in the case of lighter systems for
which the liquid drop model predictions may carry large
uncertainties.

V. SUMMARY

The dependence of the properties of nuclei during
fission, fusion, and other processes on the mass asym-
metry is of great importance. The understanding of the
correlation between this degree of freedom and the col-
lision dynamics may enable one to characterize or distin-
guish several reaction mechanisms as, for example, in the
case of the asymmetric binary decay of a composite sys-
tem following the equilibrated compound-nucleus forma-
tion or a fast fission process.

We have investigated the effect of the entrance channel
mass asymmetry on the limitation of light heavy-ion
fusion cross section. Evaporation residues from the
(' F+ ' F) and ( "B+ Al) reactions were detected as
well as from the (' F+' C, ' 0, Al, and Ca) systems.
A clear dependence of the fusion inhibition factor (FIF)
on the mass asymmetry parameter g has been established.

Calculations based on proximity potentials and on the
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liquid drop model were used to establish a dependence of
the fusion barrier and "driving potential" to asymmetry
configurations, with the entrance channel mass asym-
metry suggesting that an increase of the FIF should be
expected with increasing symmetry in the entrance chan-
nel.
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