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The heavy residues emitted following the interaction of °Li and 'O have been measured for °Li
bombarding energies from 12 to 35 MeV. The gross characteristics of the residue spectra are in
qualitative agreement with a fusion-evaporation mechanism. Beginning at Coulomb barrier energies,
it is found that the total fusion cross section diverges from the total reaction cross section obtained
from optical model fits to ®Li+ '%0 elastic scattering data. The importance of the process which
limits the SLi+ 'O fusion cross section is attested to by the fact that only 60% of the total reaction
strength can be accounted for by fusion at our highest bombarding energies. A comparison of the
total fusion cross sections as a function of center-of-mass energy for the °Li+ '%0 and "Li+ '°O en-
trance channels reveals essentially identical total fusion cross section excitation functions. This re-
sult contrasts sharply with the results obtained in an earlier study of %’Li-induced reactions on '>'C
nuclei. In the earlier study, fusion cross sections which were projectile dependent and target in-
dependent were observed. Finally, the critical angular momenta have been extracted from the
®Li+ 190 total fusion cross sections. When compared with the critical angular momenta obtained
from an earlier study of the '°B+!>C entrance channel, a common limitation is found with increas-
ing Na excitation energy. This result is in sharp contrast with the result of an earlier study of en-
trance channels which form the 2Na compound nucleus, a compound system only one neutron re-
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moved from #*Na.

I. INTRODUCTION

Fusion cross sections in light heavy-ion systems have
evoked considerable interest over the past decade. One of
the more intriguing findings is the observation of a strong
dependence of the maximum fusion cross section on en-
trance channel.> A recent study of fusion cross sections
for ®Li- and "Li-induced reactions on 'C and '*C targets
by Dennis et al.’ revealed somewhat unexpected results.
The fusion cross section measurements for SLi+ !2C,
Li + 13C, "Li + '2C, and "Li + 13C show that the energy
dependence of the fusion cross sections and the maximum
fusion cross sections depend strongly on the projectile, but
not on the target nucleus. The "Li-induced fusion reac-
tions on both '2C and ’C targets exhibited maximum
fusion cross sections of 950 mb (absolute errors of 110
mb, relative errors of 47 mb), whereas the Li-induced
fusion cross sections on these target nuclei were only 775
mb (absolute errors of 90 mb, relative errors of 42 mb). In
addition, the shapes of the two ’Li-induced fusion excita-
tion functions were essentially identical, and this was also
true for the two SLi-induced fusion excitation functions.

The present study was intended to allow a comparison
of the fusion cross sections for °Li- and "Li-induced reac-
tions on !0, to determine whether or not the systematic
behavior described above persists. As the fusion cross sec-
tions for the "Li + %0 entrance channel have already been
measured,* it was necessary only to measure those for the
®Li + %0 entrance channel.

Furthermore, a comparison can be made between the
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Li + '%0O data and data from another entrance channel,
108 + 2C, which forms the same compound nucleus,
22Na.> Such comparisons may be useful in attempting to
determine the mechanism by which fusion cross sections
are limited in light heavy-ion systems.

II. EXPERIMENTAL PROCEDURE

The Li beam was provided by the Florida State
University super FN tandem Van de Graaff accelerator
over a laboratory energy range from 12 to 35 MeV. Self-
supporting targets of SiO, (~186 ug/cm? were em-
ployed.

The residues, 4 > 6, were mass identified by measuring
flight times along a 2.7 m flight path. A microchannel
plate start detector marked the initial passage of the heavy
residues and a 450 mm? silicon surface barrier detector
was used to obtain the stop time and energy of each parti-
cle.

A typical two-dimensional mass versus energy spectrum
is shown in Fig. 1. As can be seen in this figure, the sil-
icon in the target presented no identification problems
since the heavy residues resulting from the decay of the
SLi + Si compound system were well separated from the
residues arising from the °Li + '°0 decays.

Angular distributions of the evaporation residues were
measured from 5° to 65° in the laboratory to obtain the to-
tal residue yield. Monitors, positioned to the left and
right of the beam, were used to normalize between runs.
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FIG. 1. A representative mass versus energy contour map for
the ®Li + '%0 entrance channel.

Since the shapes of the residue angular distributions
change slowly as a function of energy (see Fig. 2), com-
plete angular distributions were only measured at energies
of 12, 18, 24, 30, and 34 MeV. The total cross sections at
other energies were obtained by measuring the residues at
a single angle, 6),,=9°, and using the ratio of the single-
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FIG. 2. Angular distribution of the evaporation residues
summed over all residue masses for the °Li + 'O entrance
channel.

angle yield to the angle-integrated yield obtained by inter-
polating smoothly between the energies at which angular
distributions were measured.

The absolute cross sections were determined by measur-
ing the product of the target thickness and detector solid
angles. For this measurement, 15 MeV '’C ions were
elastically scattered from the SiO, target. At angles from
18° to 21° where the elastic scattering peaks from Si and O
were well separated, the '2C + !0 scattering was found to
be Rutherford. The magnitudes of the elastic scattering
cross sections were found to be in good agreement with
optical model curves obtained using the parameters of
Poling et al.® The estimated uncertainty in the absolute
cross sections is 10%.

The same target was used for both the °Li + °0O and
"Li + %0 measurements. The relative total cross section
normalization for the two reactions was obtained by
measuring both the °Li + '%0 and "Li + !°O angular dis-
tributions at 34 MeV without moving the target between
runs. Therefore, we believe that the uncertainty in the rel-
ative cross sections at 34 MeV is considerably smaller
than the uncertainty in the absolute cross section measure-
ments. The resulting relative uncertainty between the
®Li + %0 and "Li + '°0 residue cross sections at any en-
ergy is judged to be only about 5%. This uncertainty
arises from counting statistics, extrapolation of the resi-
due angular distributions to 0° and beyond 65°, and nor-
malization of the single-angle excitation functions to the
complete angular distributions. The two angular distribu-
tions measured at 34 MeV are shown in Fig. 3.

In evaluating the total fusion cross section for the
SLi + !0 entrance channel, the energy spectra of all mass
groups were inspected for evidence of nonfusion events
(i.e., direct transfer, inelastic scattering, and knockout) be-
fore that mass group was included in the calculation of
the total fusion cross section. Events which formed
discrete peaks in the energy spectrum of a particular exit
channel were considered to be nonfusion and were exclud-
ed.
Using the above criteria, no significant evidence of non-
fusion events was found for residue mass groups from 8
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FIG. 3. A comparison of the °Li + %0 and "Li + '®O angu-
lar distributions at SLi and "Li laboratory bombarding energies
of 34 MeV.
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to 21 in the ®Li + '°0 investigation. Discrete peaks at
near-projectile velocities were, however, found in the mass
7 energy spectrum (see Fig. 1). This yield, whose integrat-
ed strength varied from 1 to 4 mb depending upon energy,
was not included in the calculation of the total fusion
cross section. The total fusion yield, therefore, was taken
to be the sum of the yields for masses 8 through 21.

The total fusion cross section for the "Li + '°0 system,
to be compared with the SLi + !0 results later in this pa-
per, were taken from Ref. 4. In this earlier work, criteria
similar to that outlined above were used. It should also be
noted that in the Ref. 4 investigation the heavy residue
spectra for the 'Li + %0 system were compared with the
heavy residue spectra from three other entrance channels
which formed the *Na compound nucleus. When the en-
ergy spectra for the four entrance channels were com-
pared, any nonfusion yield present in the ’Li + '°O data
should have been readily apparent as it is unlikely, for ex-
ample, that direct transfer would appear in the same resi-
due for all four entrance channels. No evidence of non-
fusion yield in masses 8 through 22 was found in the
"Li + %0 investigation. In Ref. 4, the total 'Li + °0
fusion cross section was found by summing the yield in
mass groups 8 through 22.

Finally, the efficiency of the time-of-flight system for
any particle can vary with the particle’s charge, mass, and
energy. The efficiency varies with these residue attributes
due to the different number of electrons produced in the
channel-plate start detector. High-energy, low-mass ions,
for example, produce few electrons which result in a small
signal from the channel-plate detector. Some of these sig-
nals can be so small that they fall below the threshold
necessary to trigger the timing circuit, leading to a loss of
events in the time versus energy spectrum. The efficiency
was checked experimentally by comparing the elastic yield
in the singles energy spectrum with the corresponding
elastic yield in the time spectrum. In addition to the °Li
and 'Li beams used in the fusion measurements, a *C
beam was used to check the efficiency for mass 12.
Corrections on the order of 40% were required for °Li
while for the mass 12 group the system was found to be
100% efficient. As we have not measured the efficiency
for each mass group, we have assumed that the efficiency
changes smoothly between masses and have interpolated
to compute the correction for each mass. While the
correction to an individual mass in the mass 6 to 11 group
is large, the effect on the total cross section is negligible
due to the fact that these masses account for a very small
fraction (~4%) of the total fusion strength.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Individual residue cross sections

Excitation functions for the individual evaporation resi-
dues for ®Li + !°0 are presented in Fig. 4. In grouping
the different residue masses in this figure, it has been as-
sumed that the only light particles emitted in the decay of
the 22Na compound nucleus are protons, neutrons, and al-
pha particles. Experimental studies in this mass and ener-

gy region indicate that d, t, and *He decays, which might
be expected to compete, are weak.>’

The behavior of these excitation functions appears to be
in qualitative agreement with a fusion-evaporation pro-
cess. The decay channels available to the 2Na compound
nucleus and the capture Q value for the SLi + °0 to form
the compound system are presented in Fig. 5. As can be
seen in this figure, there are different energy thresholds
below which a particular number of light particles cannot
be emitted (these thresholds correspond to the energies re-
quired to form the ground states of the relevant heavy
residues). When the energy threshold for the emission of
a particular number of light particles has been exceeded,
the cross section to the residues in that group would be
expected to increase rapidly as the level density in each
residue begins to increase. In addition, one would expect
the mass groups corresponding to one, two, three, four,
and five light-particle emissions to peak at successively
higher energies, each group reaching a maximum near the
energy at which the next highest group begins to show a
significant yield. The experimental excitation functions
shown in Fig. 4 exhibit the expected characteristics at the
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FIG. 4. Excitation functions of the heavy residue produced in
the °Li + %0 experiment. The lines are drawn only to help
guide the eye. For the strong residue masses, the relative uncer-
tainties due to counting statistics are approximately twice the
size of the data points. For the weak residue masses, the rela-
tive uncertainties are approximately four times the data point
size.
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FIG. 5. Ground states of the residual nuclei available for the
decay of 2?Na. The residual nuclei have been grouped according
to the number of light particles which must be emitted to reach
a particular decay channel (assuming that the light particle
emission involves only protons, neutrons, and a particles).

appropriate energies. Similar results have been found for
other systems in this mass and energy region.?

B. Limitation in the °Li + %0
total fusion cross section

The total fusion and total reaction cross sections for the
®Li + %0 entrance channel are displayed in Fig. 6. The
total reaction cross section was determined from optical
model parameters reported for this system by Poling
et al.® As the optical model parameter set used was ob-
tained by simultaneously fitting elastic scattering angular
distributions which spanned the energy range currently
being studied (E,;, =4.5 to 50.6 MeV), it is expected that
the energy dependence of the total reaction cross section is
correctly predicted.

As with many other systems in this mass and energy re-
gion,>*%9 the fusion cross section is significantly smaller
than the total reaction cross section, even at low bombard-
ing energies. Two limitation mechanisms have been pro-
posed. In the first, the limitation in the fusion cross sec-
tion is attributed to having reached a critical density of
states in the compound nucleus.!® The principal signature
of such a limitation would be that the critical angular
momentum lines for different entrance channels which
form the same compound system converge as the energy
is increased. The critical angular momentum may be ex-
tracted from the total fusion cross section according to
the sharp-cutoff approximation
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FIG. 6. A comparison of the total fusion and total reaction
cross sections for the SLi + '®O entrance channel.

our SLi + %0 data are shown as a function of *Na excita-
tion energy in Fig. 7. Also shown in this figure is the
grazing angular momentum curve for this entrance chan-
nel. The grazing angular momenta were obtained from an
optical model parametrization of ®Li + 190 elastic scatter-
ing by Poling et al.® The large difference in the grazing
and critical angular momenta curves is again an indica-
tion that there is a significant limitation occurring in the
fusion channel for the SLi + '°O scattering process.

Also shown in Fig. 7 are the critical angular momenta
for the '°B + '2C entrance channel, an entrance channel
which also forms the ?Na compound nucleus.’ As can be
seen, the two entrance channels are limited by a common
value of I at each ?Na excitation energy. Such a result
has been taken as a signature that a critical density of
compound nuclear states with the appropriate spin has
been reached.!0— 12

While such a limitation in /5, could be produced by a
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FIG. 7. A comparison of the critical angular momenta for
two entrance channels, °Li + 0O and '°B + !2C, used to form
the *Na compound nucleus. The fusion cross sections used to
compute the !°B + '2C critical angular momenta were taken
from Ref. 5. The solid line represents the grazing angular mo-
menta for the °Li + '%O entrance channel. The grazing angular
momenta were obtain from an optical model parametrization
using the optical model parameters from Ref. 6.
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critical density of compound nuclear states, the fact that
two entrance channels’s critical angular momenta ap-
proach a common limit does not necessarily mean that the
limitation was produced by such a mechanism. Studies
involving the 2*Na compound nucleus are a case in point.
The four entrance channels which form the **Na com-
pound nucleus (!'B+ 2C, Li+ %0, °Be + N, and
108 4 13C), have been investigated over an energy range
similar to that in the present work (~1 to 3 times the en-
ergy of the Coulomb barrier).*®13!4 In these studies,
three of the four entrance channels were found to ap-
proach a common limitation in a plot of I g, vs 2*Na exci-
tation energy. The fourth, !'B + '2C, clearly did not. As
the !B + !C entrance channel brings in the largest angu-
lar momentum at a given compound nuclear excitation
energy, this channel should have been the first and the
most severely limited if the limitation was due to having
reached a critical density of compound nuclear states. As
the other three entrance channels bring in less angular
momentum than the 'B + !2C at a given »*Na excitation
energy, a mechanism based upon having reached a critical
density of states is clearly ruled out for these entrance
channels. Without the !'B + 2C data, however, an er-
roneous conclusion could easily have been drawn. Other
mechanisms which could limit these fusion cross sections
will be discussed below.

A result similar to that for the 2*Na compound nucleus
has been found in a subsequent study of the °F com-
pound system with the SLi + '*C and 'Li + '2C entrance
channels.> In this work, no evidence of a compound-
nucleus—type limitation was observed over an energy
range from 1 to 3 times the Coulomb barrier energy, even
though a strong fusion cross section limitation was evi-
dent in this energy region. In yet another study, the Oak
Ridge group'® has recently examined the ?C + N and
108 + 180 entrance channels. They find in this energy re-
gion that while the limiting angular momenta for these re-
actions appear to reach a common limit, a more careful
inspection reveals that the critical angular momentum
lines actually have different slopes in the region where
there is supposed to be a common limitation. Such a re-
sult is not consistent with a compound nucleus induced
limit to fusion. From the above results, it is no longer
clear that a common limitation in / ;, is necessarily a sig-
nature of a fusion cross section limitation imposed by a
critical density of compound nuclear states. Such a limi-
tation may simply be a consequence of entrance channel
Q value, moment of inertia, and competing reaction pro-
cesses which, quite by accident, combine to bring the criti-
cal angular momenta for these systems to what appears to
be a common limit.

For the !'B + 2C and '°B + 3C entrance channels a
study of the light particles emitted in these reactions sug-
gests that the limitation could be brought about by a com-
peting reaction process, projectile breakup.!® In the study
of the '°B + %0 and '>C + “N entrance channels by
Gomez del Campo et al.,'* a different reaction mecha-
nism was found to compete strongly with fusion for en-
trance channel flux. In these cases the dominant compet-
ing reaction appears to be direct transfer. While the pro-
cess responsible for fusion cross section limitations ap-

pears to be competition with other reaction mechanisms,
identifying the major competing channels requires further
experimental investigation.

C. Comparison of the °Li + '%0 and "Li + %O
fusion cross sections

The excitation functions for the total fusion cross sec-
tions for the °Li + '%0 and "Li + '%0 entrance channels as
a function of center-of-mass energy are displayed in Fig.
8. For comparison purposes, the relative errors, as op-
posed to the absolute errors, are shown.

In the earlier study of %’Li projectiles on '>!3C targets,
the strengths of the fusion cross sections were found to be
independent of target but strongly dependent upon projec-
tile.’ In the Li + C study, the fusion excitation functions
for ®Li on '>C and '3C targets were essentially identical
and exhibited maximum fusion strengths of 775 mb. The
excitation functions for "Li-induced fusion cross sections,
again on !>C and "3C targets, were similar in shape to one
another with maximum cross sections of 950 mb. As can
be seen in Fig. 8, quite different results are obtained for
$Li- and "Li-induced reaction on '°O. Here, one finds
similarly shaped fusion excitation functions with similar
maximum cross sections for both projectiles.

The present result shows that the process involved is
more complicated than one might have concluded from
the earlier Li + C work of Dennis ef al.> When con-
sidered in context with this earlier experiment, the present
result, no observed difference in maximum fusion cross
section from one projectile to the other, shows that the
target does play an important role in determining the total
fusion strength.

We believe that the above experimental results simply
point to the fact that the problem is multifaceted and that
no one single reaction feature is responsible for the fusion
cross section energy dependence or for the magnitude of
the maximum fusion cross section.

IV. SUMMARY

Evaporation residues resulting from the interaction of
SLi and '%0 have been mass identified with a time-of-
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FIG. 8. Total fusion cross sections versus center-of-mass en-
ergy for the °Li + '°0 and "Li + '°0 entrance channels.
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flight system. Little evidence for nonfusion events was
present in any of the residue energy spectra. In addition,
if one assumes that p, n, and a-particle emission dominate
the decay process, the energy dependence of these residues
is found to be in qualitative agreement with what one
would expect from a fusion-evaporation mechanism.

A comparison of the °Li + '%0 and Li + '°O fusion
cross section excitation functions reveals that both the
shapes and magnitudes of the cross sections are similar.
In contrast, earlier measurements of the fusion cross sec-
tions for SLi- and "Li-induced reactions on '?C and BC
targets found a substantial fusion cross section difference
which appeared to be solely projectile dependent. The
fact that one observes fusion cross sections which vary
with lithium isotope in one case (the Li + C results) but
not in another case where the same lithium isotopes are
used (the Li+ O results), illustrates the importance of
both partners in these reaction processes.

Finally, the critical angular momenta extracted from
the °Li + 'O data have been compared as a function of
22Na excitation energy with the critical angular momenta
for the '°B + !>)C entrance channel. The two entrance

channels yield similar values of /.; at each compound
nucleus excitation energy studied. This result is particu-
larly surprising in view of the fact that over a similar en-
ergy region the 'Li + '®0O and ''B + '?C entrance chan-
nels, systems which form a compound nucleus only one
neutron removed from the *Na compound nucleus stud-
ied in the present experiment, show no sign of such a
common limitation. Such results, we believe, call into
question earlier assumptions that the observation of a
common limitation in the critical angular momentum was
a signature that one had reached a critical density of
states in the compound nucleus.
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