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Excitation functions for the yields of residual nuclei from the Li + ' O and 8e+ ' N reactions
have been measured for Li and ' N laboratory bombarding energies of 12 to 34 MeV and 1S to 63
MeV, respectively. Beginning at Coulomb barrier energies, we find that the total fusion cross sec-
tion diverges from the total reaction cross section obtained from optical model fits to elastic scatter-
ing data. This indicates that the process responsible for fusion cross section limitations in this mass
region begins near the Coulomb barrier and becomes progressively Inore important as the bombard-
ing energy is increased. Comparison of the critical angular momenta deduced from the total fusion
cross sections for these and two previously investigated entrance channels which form the Na com-
pound nucleus, "8+ ' C and ' 8+ "C, rules out a compound nucleus limitation at these energies.
A systematic study of fusion cross sections in this mass and energy region, together with the results
of a previous study of the light particles produced in the "8+ ' C and ' 8 + ' C reactions, suggests
that competition for entrance channel flux by reactions producing light particles with projectilelike
velocities is primarily responsible for the fusion cross section limitations.

I. INTRODUCTION

Understanding the mechanism responsible for produc-
ing fusion cross section limitations for nuclei in the 1p
and Zs-ld shells has been the aim of a number of experi-
mental and theoretical studies over the past decade. '

Despite the attention given to this problem, the question
of whether the fusion cross section limitation arises be-
cause of a feature of the entrance channel nuclei, or be-
cause of some property of the compound nucleus, remains
unresolved. In an attempt to determine the mechanism
responsible for these low-energy fusion cross section limi-
tations, we have undertaken a study of four entrance
channels which lead to the same compound nucleus, Na.
The results from our study of two of these entrance chan-
nels, "8+' C and ' 8+' C, have been presented in ear-
lier publications. ' '" The results from the remaining two
entrance channels, Li+' 0 and Be+' N, are presented
here along with a comparison of all four systems. The
behavior of the critical angular momenta for fusion of
these four systems appears to rule out a compound nu-
cleus limitation, such as the yrast or "statistical" yrast
line, at these energies. An earlier investigation of the fast
light particles produced in the "B+' C and ' 8+' C re-
actions' and a systematic study of fusion cross sections in
this mass and energy region suggest, on the other hand,
that projectile fragmentation competes strongly for en-
trance channel flux, thereby limiting the fusion cross sec-
tion.

II. EXPERIMENTAL PROCEDURES

Beams of Li and '"N were provided by the Florida
State University super-FN tandem Van de Graaff ac-

celerator. The 7Li beam was accelerated over a laboratory
energy range from 12 to 34 MeV, while the ' N beam
spanned an energy range from 15 to 63 MeV. The heavy
evaporation residues emitted from the Li+ 0 and
Be+' N reactions were mass identified by measuring

flight times along a 2.7 m flight path. A microchannel
plate detector marked the initial passage of the heavy resi-
dues. A 450 mm silicon surface barrier detector was used
to obtain the stop and full energy signal for each residue.
The time resolution obtained with this system, 450 psec,
was sufficient to produce unit mass resolution over our
entire energy range. The efficiency of the time-of-flight
system can vary, due to the changing number of electrons
produced in the start detector by different mass and ener-

gy residues. This efficiency was checked experimentally
by comparing elastic scattering peaks in the single's sur-
face barrier detector energy spectra to the corresponding
peaks in the time-of-flight versus energy coincidence spec-
tra. Over the energy range of interest, the start detector
was found to be at least 98% efficient for residue masses) 10, the residue masses for which fusion events were ob-
served.

For the Li + 0 experiment, self-supporting targets of
Si02 were used. A typical two-dimensional mass versus
energy spectrum from this study is shown in Fig. 1. As
can be seen in Fig. 1, the silicon in the target presented no
identification problems as the heavy residues arising from
the decay of the Li+ Si compound system were well

separated from the residues resulting from the decay of
the Li+ ' 0 compound system. For the ' N+ Be
study, aluminum-backed Be targets were used. Events
arising from the ' N+ Al reaction were, as in the previ-
ous case, well separated from the events of interest. A
contaminant on this target whose residues could not be
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FIG. 1. A representative mass versus energy co~tour map for
the Li+' 0 system.

separated from the residues of interest was ' O. To aHow
a proper contaminant subtraction, the ' N+' 0 fusion
cross section was measured at all of the energies and an-
gles which were measured in the Be+ ' N experiment.

The total cross sections for residues with A & 10 were
obtained by integrating the angular distributions for each
mass group over the energies and angles shown in Table I.
While complete angular distributions were measured at
several energies, excitation functions were measured in
finer energy steps (1.0 and 1.5 MeV energy intervals for
the Li+' 0 and Be+' N studies, respectively) at a fixed
angle near the maximum value of (dcrldQ)sinO. Since
the shapes of the fusion angular distributions change
slowly as a function of bombarding energy, "" the mea-
sured angular distributions were interpolated and used to
derive the total fusion cross sections of„, from the single
angle yields.

The absolute cross section for the Be+' N experiment
was obtained by measuring the product of target thickness
and solid angle NTQ by elastically scattering ' 0 from the
Be target. At an ' 0 bombarding energy of 13 MeV and

at angles of 20 and less, the ratio of the scattered cross
section to Rutherford was found to be constant as a func-
tion of angle, indicating the scattering was Rutherford.
For the ' 0 target used in the I.i+' 0 experiment, a 15

MeV ' C beam, scattered at angles of 18' and 20', was
used for the target thickness determination. At this bom-
barding energy and at these angles, we have found that
the scattering of ' C from ' 0 is Rutherford.

Using the criteria outlined in our "8+' C and
' 8+' C study, " the energy spectra of all mass groups
were inspected for evidence of nonfusion events before a
fusion cross section was calculated for any residue mass.
In general, channels which contain. both fusion and non-
fusion events display a low-energy group characteristic of
evaporation residues and a component at higher energy
whose velocity is near that of the projectile. The higher
energy component can arise from a variety of reaction
mechanisms, among which are direct reactions involving
nuclear transfer between the target and projectile, particle
emission from a projectile which has been excited in a
peripheral collision, or inelastic scattering. To assist in
the discriinination between fusion and nonfusion events,
each exit channel energy spectrum was compared among
the four entrance channels. When this comparison is
made at the same compound nucleus excitation energy,
the shapes of the fusion evaporation residue energy distri-
butions should be similar. The presence of a nonfusion
component in any one system should cause a readily ap-
parent difference in the energy spectrum for that system.

Using these criteria, there was no evidence for any non-
fusion strength in the Li+' 0 experiment. There was,
however, evidence for some direct transfer strength in the
mass 15 residues froin the Be+' N reaction (see Fig. 2).
This is due to a single particle pickup by the ' N projec-
tile. These events were readily identifiable as nonfusion
because of their projectilelike velocities and bemuse such
events do not occur in the mass 15 energy spectra for any
other entrance channel. They have been excluded in our
evaluation of the fusion cross section for the mass 15 exit
channel and for the total fusion cross section.

The mass 14 exit channel in the Be+' N experiment
also required special attention. The extraction of the
fusion cross section for this mass group was complicated
by the presence of a strong elastic and inelastic scattering
component. It is difficult, if not impossible, to extract a
reliable fusion yield from the energy spectrum under these
conditions. The approach we have taken here is based
upon the observation that the mass 14 cross section, when
plotted as a function of Na excitation energy for the
three entrance channels where there is no interference

TABLE I. Energies and angles measured for the present study.

Reaction

9Be+ l4N

Laboratory bombarding'
energies
(MeV)

15, 24, 33, 42, 51, 57

Laboratory
angles
(deg)

4.5, 6.5, S.S,' 11.S,
14.5, 17.5, 20.5, 24.5,
29.5, 34.5, 39.5, 44.5

7Li + 16Q 12, 18, 24, 30, 34 5, 7, 9, 12, 15, 18, 21,
25, 30, 35, 40

'Energies at which complete angular distributions were measured.
Angle at which the excitation function for each system was measured.
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were A =16 (primarily due to the recoiling target nu-
cleus), 18, 20, 21, and 22. In addition, in the ' N+' 0
study, yield was observed for masses 23—29. Yields from
these mass groups (23—29) were use to normalize the two
experiments. While essentially no contribution to the ex-
perimentally measured yield could be attributed to the
' N+ ' 0 reaction at our lowest bombarding energies, ap-
proximately 10% of the total yield at our highest bom-
barding energies arose from the ' 0 contaminant. The
Be+' N cross sections reported in this work have had

the contaminant yields removed on a mass by mass basis.
Finally, the uncertainties in the total fusion cross sec-

tions for both experiroents are attributable to counting
statistics (3%), angle setting uncertainties (4%), identifi-
cation of fusion products (3%), extrapolation of the data
to zero degrees and beyond 40' (4%), normalization of the
single-angle excitation functions to the angular distribu-
tions (3%), and errors in measuring the absolute target
thickness (8%). The total uncertainty in the absolute
cross sections is therefore approximately 11%.
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FIG. 2. Energy spectrum of the mass 15 residue in the
Be+' N reaction. The transfer component apparent at 9' is

essentially gone by 18'.
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PEG. 3. Energy dependence of the mass 14 residue. The en-
ergy dependence of the mass 14 residue for the "Q+"C,
' 8+' C, and Li+' 0 entrance channels are shown as solid,
dashed, and dotted lines, respectively.

50

from inelastic scattering, has only a weak dependence on
entrance channel. This can be seen in Fig. 3 where the en-
ergy dependence of the mass 14 group is plotted for the
"8+ C, ' 8+' C, and Li+' 0 entrance channels. The
weak dependence on entrance channel of the mass 14
group and several of the other exit channels will be dis-
cussed in greater detail later in this paper. In computing
the Be+' N total fusion cross section, we have used the
average mass 14 cross section at each energy obtained
from the data in Fig. 3.

As mentioned previously, an ' 0 contaminant was
prese~t on the Be target in the ' N+ Be experiment. To
allow a proper contaminant subtraction, the ' N+' 0
fusion cross section was measured at aH energies and an-
gles measured in the ' N+ Be experiment. For the
' N+' 0 study, a self-supporting SiO& target was used.
Mass groups which were common to both the ' N+ ' 0
and ' N+ Be experiments and which contained yield

III. EXPERIMENTAL RESULTS
AND DISCUSSION

Excitation functions for the evaporation residues pro-
duced by the Li+' 0 and Be+' N entrance channels
are presented in Figs. 4 and 5. The behavior of these exci-
tation functions appears to be in qualitative agreement
with a fusion-evaporation process. If we assume that the
evaporation of protons, neutrons, and alpha particles
dominates the compound nucleus decay process, the ener-

gy dependence of the cross sections for the various mass
groups presented in Figs. 4 and 5 can be understood in
terms of the competition between the energetically al-
lowed exit channels. The assumption that d, t, and He
emission from the compound nucleus is small is supported
by two recent experimental studies in this mass and ener-

gy region. ' ' The available decay channels and the ener-

gy at which each entrance channel forms the compound
nucleus are presented in Fig. 6. As can be seen in this fig-
ure, there are different energy thresholds below which a
particular number of light particles cannot be emitted
(these thresholds correspond to the energies required to
form the ground states of the relevant heavy residues).
Once the energy threshold for the emission of a particular
number of light particles has been exceeded, the cross sec-
tion to the residues in that group would be expected to in-
crease rapidly as the level density in each residue begins to
increase. Furthermore, the mass groups corresponding to
one, two, three, four, and five particle emission will peak
at successively higher energies, each group reaching a
maximum near the energy at which the next group begins
to show a significant yield. It is clear in Figs. 4 and 5
that the experimental excitation functions exhibit the ex-
pected characteristics at the appropriate energies.

The decay cross sections for the Li+' 0 and the
Be+ '"N entrance channels are compared with each other

in Fig. 7. Also included in this figure are the cross sec™
tions for the "8+' C (solid curve) and the ' 8+' C
(dashed curve) entrance channels which were taken from
Ref. 11. An interesting feature of the data is that while
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FIG. 4. Excitation functions of the heavy residues produced
in the Li+ ' 0 reaction. The lines are drawn only to help guide
the eye. The relative uncertainties due to counting statistics are
approximately twice the size of each data point.

there is a marked difference in the decay cross sections to
masses 15, 18, and 21 among the various entrance chan-
nels, the cross sections for the remaining exit channels are
less dependent on entrance channel. These features of the
data can be understood in terms of the angular momen-
tum brought into the compound nucleus by each entrance
channel, and in terms of the decay channels available to
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FIGo 5. Excitation functions of the heavy residues produced
in the Be+' N reaction. The lines are drawn only to help guide
the eye. The relative uncertainties due to counting statistics are
approximately twice the size of each data point.
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the compound nucleus at a particular compound nucleus
excitation energy.

The center-of-mass energy of an entrance channel at a
particular compound nucleus excitation energy determines
the range of angular momentum values available to the
compound nucleus. To reach a Na excitation energy of
32 MeV, for example, it is clear from Fig. 6 that the
"8+' C entrance channel requires the greatest center-of-
mass energy since this entrance channel has the lowest
capture Q value. Of the four entrance channels, the
' 8+' C would require the smallest center-of-mass ener-

gy. As a consequence, the "B+' C entrance channel
brings the largest range of angular momenta into the com-
pound nucleus at this excitation energy (from (Hi up to
some maximum value), while ' 8+' C brings in the
smallest. This observation is consistent with the results
one obtains if the critical angular momenta are extracted
from the total fusion cross sections for the various en-
trance channels according to the sharp-cutoff approxima-
tion

og„,=ok g (2l+1) .
I=O

At a Na excitation energy of 32 MeV, the critical angu-
lar momenta for the "8+' C, Li+' 0, Be+' N, and
' B+' C systems are 9.8%, 7.6A, 5.9A, and 4.(Hi, respec-
tively. The difference in the mass 15, 18, and 21 decay
cross sections for the four entrance channels at this Na
excitation energy (see Fig. 7) appears to be due to these
angular momenta differences and the available decay
channels. While the high angular momenta brought into
the compound nucleus by the "8+' C entrance channel
(and not by the ' 8+' C, for example) will be shared
among all the energetically allowed decay channels, it is
clear from Fig. 6 that not all decay channels are available.
At 32 MeV, the four- and five-particle decay channels are
energetically closed. While some of the three-particle de-

cay channels are open, the energy and, consequently, the
angular momentum which can be removed from the com-
pound nucleus through particle decays to these exit chan-
nels are small. This requires, then, that the one- and
two-particle emission channels remove most of the high
spin flux at a Na excitation energy of 32 MeV. The de-
cay of a high angular-momentum, compound-nucleus
state to a mass 15, 18, or 19 residue is further favored
since it involves alpha particle emission. A substantial
mass 19 cross section is not expected, however, because at
this energy one is well above the 4.7 MeV alpha emission
threshold in ' F. The high angular momentum flux must
appear, therefore, in residue masses 15, 18, and 21. It is
in these mass groups that the "8+' C entrance channel,
the system with the largest angular momentum range at
this energy, has a cross section which is substantially
larger than the cross sections for the other entrance chan-
nels. The system with the smallest angular momentum
range, the ' 8+' C, has the smallest cross sections for
these masses.

The remaining exit channels have cross sections which
do not depend on entrance channel. This suggests that de-
cays to these residues arise from compound nucleus states
having low angular rnomenta, angular momenta which
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FIG. 8. Total reaction cross section versus center-of-mass en-
ergy for the I.i+' 0 and Be+' N entrance channels. The to-
tal reaction cross sections were determined from optical model
parameters reported for these systems in Refs. 15 and 16.

would be brought into the compound nucleus by all en-
trance channels.

Displayed in Figs. 8 and 9 are the total fusion cross sec-
tions and the total reaction cross sections for the Li+ ' 0
and Be+' N systems, respectively. The total reaction
cross sections were determined from optical model param-
eters reported for these systems in the literature. ' '
These optical model parameters, shown in Table II, were
obtained by fitting elastic scattering angular distributions
or excitation functions which spanned wide energy ranges.
It is expected, therefore, that the energy dependence of the
total reaction cross sections is accurately predicted.

When Figs. 8 and 9 are compared, it is apparent that
the total fusion cross section is significantly smaller than
the total reaction cross section for both entrance channels.
Similar results were observed in our earlier work on"8+' C and ' 8+' C (Ref. 11) and have also been re-
ported in studies of Be+ Si, Li+ ' C, Li+ ' C,
Li+' C, and Li+' C.' ' In all cases, the process re-

sponsible for the fusion cross section limitation apparently
begins at very low energies (energies near the Coulomb
barrier) and becomes more important at higher energies,
as evidenced by an increase in the separation of the fusion
and total reaction strengths.

The total fusion cross section, as discussed earlier, may
also be used to estimate the maximum angular momentum
associated with the fusion process. This angular momen-
tum, commonly called the critical angular momentum,
has been extracted from the fusion data according to Eq.
(1). The energy dependence of the critical angular mo-
menta for the Li+' 0 and Be+' N entrance channels is
presented in Figs. 10 and 11, respectively. The grazing
angular momenta for these systems (solid lines), obtained
from the optical model parameters listed in Table II, are
also shown in these figures as a function of the compound
nucleus excitation energy. The critical angular momen-
tum for each system begins to diverge from the grazing
angular momentum at our lowest bombarding energy.
Again, this is an indication that the process limiting the
fusion cross section begins at very low energies and be-
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ergy for the Li+ ' 0 and Be+' N entrance channels.

comes increasingly important at higher energies.
In the energy region studied, the results presented in

Figs. 10 and 11 clearly indicate that the I.i+' 0 and the
Be+' N entrance channels are being limited. Similar re-

sults have been reported for the "8~ ' C and the
' 8+' C systems. ' '" While there are obvious fusion
cross section limitations at these energies, a comparison of
the critical angular momenta for all four entrance chan-
nels shows no evidence of a common limitation in this en-

ergy range (see Fig. 12). A common limitation in the crit-
ical angular momentum is expected if the limitation in the
fusion cross section is due to a compound nucleus proper-
ty like the compound nucleus yrast or statistical yrast
line. While a common limitation may occur at higher
energies (there appears to be some evidence for this for
three of the systems in Fig. 12), the fact remains that at
low energies the systems are being limited and the mecha-
nism responsible does not appear to be related to the yrast
or statistical yrast lines. Since this result was first report-
ed for the "8+' C and ' 8+' C entrance channels, '

similar results have been reported for systems leading to
the ~Mg and 2 Si compound nuclei. ' '

Results obtained from Eq. (1) are often extracted for
systems with nonzero channel spin even though it may be
more appropriate to include the channel spin in these cal-
culations. The four entrance channels which lead to the

Na compound nucleus provide a test of the importance
of including the entrance channel spin in these calcula-
tions because of the diversity of channel spins among the
four systems (see Table III). Using the sharp-cutoff
model to describe the fusion process, two different values

20
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40 80 l20 I 60 200 240
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FIG. 10. The critical angular momenta for the Li+' 0 en-

trance channel versus Na excitation energy. The grazing an-

gular momentum line was determined from the optical model

parameters reported in Ref. 1S.

for the critical angular momentum can be extracted from
the data depending on whether the cutoff is made on the
orbital angular momentum l„, or on the total angular
momentum J„. The method for extracting I„has al-
ready been discussed [see Eq. (I)] and the results have
been presented in Fig. 12. The critical angular momen-
tum J„may be extracted from the data using the follow-

ing:

Of„,(E)= g crq,
J=o

oq ——(2J+1)mg /(2II+1)(2I2+ 1)
II +I2 I+I

x
I, /

l=jJ —I

where 0 is the usual step function, I& and I2 are the target
and projectile spins, I is the channel spin, / is the orbital
angular momentum, and lg is the grazing angular
momentum. The results from the ' 8+' C system, the
entrance channel with the largest channel spin and the
largest difference in J„and l„, are presented in Fig. 13.
Even for this entrance channel the difference in J„and
l„ is small. In Fig. 14, the J„values for the four en-

trance channels are presented. As can be seen by compar-
ing Figs. 12 and 14, there is little qualitative difference
when /„ is compared among the four entrance channels
and when J„is compared.

TABLE II. Optical model parameters used to calculate total reaction cross sections and grazing angular momenta. The radii are
parametrized as R =r(A~ +A, ' ').

System

'Se+ "N
7L(+ 16O

~0
(MeV)

50.
195.

(fm)

1.310
0.739

(fm)

0.450
0.740

8'y
(MeV)

10.
0.

8'D
(MeV)

0.
55.

(fm)

1.310
0.739

ao
(fm)

0.450
0.740

rc
(fm)

1.310
1.300

Laboratory energy
range
(MeV)

7.5—30.7
9 —36

Ref.

15
16
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TABLE III. Channel spins for entrance channels populating
the Na compound nucleus.
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(&)

03
2

03
2

3 1+

Maximum channel
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5
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FIG. 11. The critical angular momenta for the Be+' N en-
trance channel versus Na excitation energy. The grazing an-
gular momentum line was determined from the optical model
parameters reported in Ref. 16.

consequently, large breakup strengths. Fusion cross sec-
tions have now been measured for a number of different
projectiles on ' C and ' C targets (see Table IV and refer-
ences therein). To compare these systems, we have em-
ployed the simplest and most commonly used parametri-
zation of fusion cross sections, the classical equation '

or~(E)=nRg(1 —Vg/E, m ), (4)

While the exact nature of the process responsible for
the fusion cross section limitations at these energies is still
unclear, a recent study' of the light particles produced in
the "8+' C and ' 8+ ' C reactions at 54 MeV may pro-
vide an important insight into the rnechanisrn primarily
responsible for the fusion cross section limitations. The
light particles observed in this study had bearnlike veloci-
ties and were shown to be consistent with projectile break-
up. Such a process would certainly reduce or limit the to-
tal fusion strength by competing for entrance channel
flux. It was demonstrated in this study that the two
mechanisms, fusion and projectile breakup, accounted for
approximately 85% of the total reaction cross sections for
both entrance channels. We expect the remaining strength
to reside in the inelastic scattering channel.

It was also found in the "8+' C and ' 8+' C light-
particle study that the strongest light-particle exit chan-
nels were those involving the weakest projectile two-
particle binding energies (see Fig. 12 of Ref. 12). One
might, therefore, expect to find reduced fusion cross sec-
tions for those entrance channels involving projectiles
which, on the average, have small binding energies and,

where Rz and Vz are the barrier radius and potential,
respectively. If the total fusion cross section is plotted as
a function of 1/E, , then these two parameters may be
extracted from the low-energy data using a simple linear
least-squares fitting procedure. It might also be noted
that the overall magnitude of the fusion cross section is
primarily responsible for determining the value for Rz,
while Vz reflects the energy dependence of the cross sec-
tion.

The entrance channels considered in the present
analysis are listed in Table IV. Also presented in this
table are the barrier radius and potential parameters for
each system. A plot of the barrier radii as a function of
target-projectile size, A, +A&, is presented in Fig. 15.
As one might expect, there is a general trend for the bar-
rier radii to increase with increasing size of the target-
projectile system. The somewhat unexpected result, how-
ever, is that the barrier radii appear to fall along two dis-
tinct lines. What is particularly intriguing is that en-
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FIG. 12. A comparison of the critical angular momenta for
the four entrance channels used to form the "Na compound nu-
cleus.

FIG. 13. A comparison of l„and J„ for the ' B+' C en-
trance channel.
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TABLE IV. Barrier radii and potentials for various projec-
tiles on ' C and "C targets.

Label system

1 Li+' C
2 Li+' C
3 7Li+' C
4 7Li+' C

'Be+ "C
10B+13C

7 11B+12C

8 12C+ 12C

13C+12C

10 '4N+ "C
11 "N+ "C
12 "Q+"C

"O+"C
14 18Q+ 12C

C

t p

4.11
4.17
4.20
4.26
4.36
4.51
4.51
4.58
4.64
4.70
4.76
4.81
4.86
4.91
4.96

Rg'
(fm)

5.7
5.7
6.7
6.4
6.2
6.2
7.1
6.5
7.0
7.0
7.2
7.5
7.3
7.9
7.6

V b

{MeV)

4.0
4.2
44
4.2
4.0
49
5.6
5.8
5.7
6.8
6.3
7.7
7.7
7.7
8.0

Ref.

13
13
13
13
20
11
11

5
5
5
5
5

5
5
5

'Uncertainties in Rz are approximately 0.3 fm.
Uncertainties in V~ are approximately 0.5 MeV.

trance channels which are very similar, e.g. , Li+' C and
i+' C 6Li+' C and Li+' {,"B+' C and ' B+' C,

and ' 0+' C and ' 0+' C, have very different barrier
radii.

As mentioned previously, the study of the light-particle
yields produced by the B+ C and B+ C reactions
suggests a dependence of this yield on the two-particle
binding energies of the projectile. Such a process, by com-
peting for total entrance channel flux, would necessarily
affect the magnitude of the total fusion cross section. Be-
fore attempting to investigate the relationship between
projectile binding energy and fusion cross section in this
mass region, one must keep in mind that the magnitude of
the fusion cross section also depends on the overall size of
the target-projectile system (see Fig. 15). To minimize the
importance of this effect, only target-projectile systems
having similar values of A,

'
+A& will be compared,

e.g 6L1+13C and 7Li+ 13C or 14N+12C and 15N+ 12C

l I I I

4.2 4.4 4,6 5.0
I 13 I/3

At +Ap

FIG. 15. The barrier radius R~ extracted from fits to the ex-
perimental fusion data versus target-projectile size
{A,' +Ap '). The entrance channels used in this figure are list-
ed in Table IV.

5
4.0

The two-particle binding energies of the projectiles in-
volved in the present study are listed in Table V. Inspec-
tion of the lithium binding energies reveals that, on the
average, the Li nucleus is more weakly bound than the
Li nucleus and should, therefore, be more likely to disso-

ciate into two fragments before fusion can occur. Con-
sistent with this interpretation is the fact that the fusion
cross sections for reactions induced by Li projectiles are
smaller than those induced by Li (as evidenced by smaller
values of Rii for Li projectiles in Fig. 15). In the case of
the boron nuclei, ' 8 is more weakly bound than "8 and
should, therefore, more readily dissociate into light frag-
rnents. In agreement with this conclusion are the results
of an experiment which measured the light-particle yield
for the "8+' C and ' 8+ ' C entrance channels at 54
MeV (integrated light particle cross sections of 193 and
290 mb were attributed to projectile breakup for the"8+' C and ' 8+' C systems, respectively). '2 In addi-
tion, the entrance channel which involves the ' 8 projec-
tile has the smaller fusion cross section [at 54 MeV, the
' 8+' C fusion cross section was 890 mb, while the"8+' C was 1064 mb (Refs. 10 and 11)]. For the reac-
tions involving either carbon or nitrogen projectiles, the
case is not clear. Inspection of the carbon binding ener-
gies reveals that both have relatively weakly bound config-
urations which may account for the reduced fusion cross
sections observed for both projectiles. The fusion cross
sections for the systems involving both ' N and ' N pro-
jectiles are also found to be small (both have barrier radii
falling on the lower line). Again, neither system appears
to be favored in terms of the projectile binding energy and
one might expect, therefore, to find similar fusion cross
sections. Finally, inspection of the oxygen induced reac-
tions reveals that the ' 0 projectile produces fusion cross
sections which are reduced relative to those of both ' 0
and ' 0. In Table V one finds that ' 0 is more weakly
bound than either 0 or 0. The above systematics sug-
gest that the fusion cross sections and the associated bar-
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TABLE V. Projectile binding energies. The light member of each breakup pair is listed at the top of
each column.

Projectile

'Li
Li

5.7
7.3

4.6
10.0

1.5
9.6

15 ~ 8
2.5

'He

25.9

10B

11B
8.4

11.5
6.6

11.2
18.7
11.2

17.8
27.2

4.5
8.7

12C

13C
18.7
4.9

16.0
17.5

25.2
18.7

27.4
23.9

26.3 7.4
10.6

14N

1sN
10.6
10.8

7.6
10.2

10.3
16.2

22.7
14.8

20.7
28.2

11.6
11.0

16O

17O

18O

15.7
4.1

8.0

12.1
13.8
15.9

20.7
14.0
19.6

25.0
18.6
15.8

7.2
6.4
6.2

rier radii parameters simply reflect the degree to which a
projectile will dissociate before fusion can occur.

IV. CONCLUSIONS

The fusion cross sections for four entrance channels
leading to the Na compound nucleus have been studied.
From the total fusion cross sections for these systems, the
energy dependence of the critical angular momentum for
each entrance channel has been deduced. A plot of these

critical angular momenta versus Na excitation energy re-
veals that a property of the compound nucleus, like the
yrast or statistical yrast line, cannot be responsible for the
fusion cross section limitations. A previous study of the
light particles produced in the "8+' C and ' 8+' C re-
actions, along with a systelnatic study of fusion cross sec-
tions in this mass and energy region, suggests that the
fusloI1 closs sectloIl llmltatlon ls Rt least parQy due to R

competing reaction mechanism, projectile breakup.
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