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Reaction products arising from the interaction of "B+ '2C and °B+ '*C have been studied in the
energy range 4 < Ej,,(B) <9 MeV/nucleon. From the total fusion cross sections for the two entrance
channels, the critical angular momenta have been extracted and then compared as a function of
compound nucleus excitation energy. Even though a limitation in the fusion cross section was ob-
served, no common limitation was found in the critical angular momenta for these two systems up
to at least a 2*Na excitation energy of 60 MeV. Above this excitation energy, the experimental un-
certainties make this point less clear. Up to an excitation energy of 60 MeV in 2Na, a fusion limita-
tion based on reaching a critical density of compound nucleus states like the yrast or “statistical”
yrast line cannot be responsible for the fusion cross section limitations observed for these entrance
channels. The present data suggest that competing entrance channel processes are responsible for

the observed fusion cross section limitations.

I. INTRODUCTION

We have, over the last several years, studied four en-
trance channels which form the *’Na compound nu-
cleus'™* in an effort to understand the mechanism or
mechanisms responsible for the limitations observed in
fusion cross sections of light heavy-ion systems.”~% Over
an energy region from approximately one to three times
the Coulomb barrier (from 2 to 5 MeV/nucleon), our ear-
lier studies appear to have ruled out a limitation mecha-
nism based on a critical density of states in the compound
nucleus.”~® Rather, these results suggested that compet-
ing entrance channel -processes produce the observed
fusion cross section limitations in that energy region.

The possibility still existed, however, that a critical den-
sity of compound nucleus states like the compound nu-
cleus yrast or “statistical” yrast line might become impor-
tant at higher bombarding energies. Such is the case in a
recent study by DiGregorio et al.'° of four entrance chan-
nels which form the 2’Al compound nucleus. In this
study, it was found that for E*(?’Al) > 60 MeV the curves
for E* versus the critical angular momentum for each
system converge, a condition which is indicative of a limi-
tation imposed by the compound nucleus. With this in
mind, an investigation was initiated which utilized the
Argonne National Laboratory (ANL) tandem-linac ac-
celerator to extend the energy range for two of the en-
trance channels studied at lower energies, the !'B+!2C
and the B4 !3C channels. The results of the Argonne
work along with some of the results from our earlier work
are presented here. '

II. EXPERIMENTAL PROCEDURE
‘AND ANALYSIS METHODS

The measurements were performed using beams of °B
and !'B obtained from the Argonne National Laboratory
tandem-linac accelerator. Boron bombarding energies
were chosen such that the *Na compound nucleus was
formed at similar excitation energies [i.e., E,(**Na)=49,
60, and 70 MeV)] by the two entrance channels. The bo-
ron beams were incident on self-supporting '>C and 3C
targets whose nominal thicknesses were 100 ug/cm?,

The reaction products resulting from the target-
projectile interactions were mass identified using a time-
of-flight system which consisted of a microchannel plate
and surface-barrier detector. A two-dimensional time
versus energy spectrum was recorded on line. After mak-
ing a time to mass conversion, a mass versus energy spec-
trum like that shown in Fig. 1 for the !B+ !2C entrance
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FIG. 1. A representative two-dimensional mass versus energy
plot for the ''B+ '?C entrance channel.
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FIG. 2. The ""B+!2C elastic scattering angular distributions.
The optical model parameters were taken from Ref. 2. The an-
gular distribution at 100 MeV was not used in determining the
1B 4 13C normalization constant.

channel at 100 MeV was obtained. The turnover in the
mass 4, 6, and 7 groups reflects the fact that the high en-
ergy particles in these reaction products were not com-
pletely stopped by the E detector. This effect only oc-
curred for the mass 6 and 7 groups at our highest ''B
bombarding energy, 100 MeV. The high energy mass 4
particles were not fully stopped at any bombarding ener-

The efficiency of the time-of-flight system for any par-
ticle varies with the particle’s mass and energy. The effi-
ciency variation is due to the changing number of elec-
trons produced in the channel-plate start detector. The ef-
ficiency of the time-of-flight detector was found experi-
mentally by comparing the elastic yield in the singles en-
ergy spectrum with the corresponding elastic yield in the
time spectrum. In addition to the '°B and !'B beams used
in the fusion measurements, a 'Li beam was used to deter-
mine the efficiency of the lighter masses. Corrections on
the order of 25% were made to the Li data, while approx-
imately 8% corrections were made to the B data. We ex-
pect the corrections to depend on energy as well as mass.
As we have not measured the energy dependence of the ef-
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FIG. 3. The "B+ !3C elastic scattering angular distributions.
The optical model parameters were taken from Ref. 2. All three
angular distributions were used in determining the '°B + 1*C nor-
malization constant.

ficiency correction in any great detail, we believe that the
overall uncertainty in the preceding corrections is on the
order of 5—10%. The efficiency corrections, of course,
only apply to the lightest residue masses (< 11). Above
this mass no channel plate efficiency correction is re-
quired.

Angular distributions for masses >4 were measured
over the angular range 3°<8,,, <35° in the ''B+12C ex-
periment and 3°<6,,,<40° in the '°B+!3C study. The
angular increments used in the two experiments varied
from 0.5° at forward angles to 5° at backward angles. In
addition to current integration, a monitor detector which
recorded elastic scattering events was used to obtain a rel-
ative normalization for these data. The beam direction
and consequently the time-of-flight detector angle were
established to <0.02° by making left-right measurements
with the time-of-flight arm. To eliminate beam direction
changes during the measurement of an angular distribu-

_ tion, beam refocusing was held to a minimum. To ensure

that the beam direction did not change, the left-right mea-
surements were repeated a number of times during each
angular distribution.

Absolute cross sections for the two experiments were
determined by comparing the elastic scattering yields, ob-
tained simultaneously with the reaction residues, with op-
tical model predictions (see Figs. 2 and 3). The optical
model parameters which were used in this study, present-
ed in Table I, were taken from Ref. 2. At our overlap en-

TABLE I. Optical model parameters for the elastic scattering of !'B from >C and '°B from "*C.

VO rr r WO ri a;
System (MeV) (fm) (fm) (MeV) (fm (fm)
g+ B¢ 66.85 1.094 0.609 10.00 1.200 0.700
B4 2 60.50 1.094 0.609 36.04 1.182 0.487
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ergy of 42.5 MeV, the total fusion cross section for the
ANL '°B 4 3C study agreed to within 2% with the earlier
Florida State results, while the agreement between the
ANL and Florida State total fusion cross sections for the
B4 12C system was within 5%.

The uncertainties in the absolute values of the total
fusion cross sections are attributable to counting statistics
(<2.5%), identification of fusion events in those mass
groups containing nonfusion reaction products ( <3%),
extrapolation of the data to zero degrees and beyond the
largest angle measured in each experiment (2%), and er-
rors associated with extracting the absolute cross section
by normalizing the elastic scattering data with the optical
model predictions (7%). The total uncertainty in the ab-
solute cross sections is, therefore, approximately 8%.

In evaluating the total fusion cross section for any
heavy-ion system, care must be taken to ensure the proper
identification of fusion events. The energy spectra of all
mass groups were inspected for evidence of nonfusion
events, e.g., direct transfer, inelastic scattering, or projec-
tile fragmentation, before that mass was included in the
determination of the total fusion cross section. To assist
in the identification of fusion events, the results of a
Monte Carlo computer simulation of the successive
evaporation of protons, neutrons, and alpha particles from
an equilibrated but highly excited compound nucleus were
compared with the data on a mass-by-mass basis. The
computer code LILITA (Ref. 11) was used for these calcu-
lations.
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FIG. 4. The energy spectrum for the mass 15 residue result-
ing from the '°B+!3C reaction. The histogram represents the
data smoothed over 1 MeV energy intervals, while the dashed
areas are the results from the Monte Carlo Hauser-Feshbach
calculations.

For the °B+ 13C entrance channel, the shapes and ener-
gy centroids of the calculated energy spectra for masses
13 to 22 were in good agreement with the experimental
data. The results displayed in Figs. 4 and 5 for masses 15
and 20 were typical of masses in this range. As can be
seen in these figures, the energy dependence of the data is
well reproduced by the calculations at all bombarding en-
ergies. For masses 6—12, a substantial fraction of the
yield lies well outside the energy range predicted by the
fusion-evaporation calculation. Typical of masses 9—12 is
mass 11 for which energy spectra are displayed in Fig. 6.
Evident at high energies and forward angles are discrete
states which are characteristic of direct transfer or inelas-
tic scattering mechanisms. Consistent with this interpre-
tation is the fact that this yield decreases rapidly with an-
gle, a result which can be clearly seen when the forward
and backward angle energy spectra in Fig. 6 are com-
pared.

Also shown in Fig. 6 for the 8° and 16° mass 11 energy
spectra are the fusion-evaporation predictions for this
mass. The calculated fusion energy spectra have been
used as a guide to determine the high energy fusion-
evaporation cutoff for each mass. The upper limit was
taken at the point where the calculated fusion-evaporation
curve had fallen to 80—90 % of the peak intensity. The
remainder of the yield in a particular mass group was
then attributed to nonfusion processes. In computing the
fusion yield to all mass groups it was assumed that the
fusion events resulted from the evaporation of only light

T T

T T
320+ ©10ge13c
O,.,.=8°
lab
240 Mass 20
160} Elob(MeV)
80+ 42.5 1
(@]
100+ -
80+ -
60+ —
B 62.3 7
20+ -
e}

16 -

12k .
80.9

sl .

1

Counts
D
o

4
(0] Lﬂﬂ 1 1 1

0O 20 40 60 80 100
Emb(MeV)

FIG. 5. The energy spectrum for the mass 20 residue result-
ing from the '°B+!3C reaction. The histogram represents the
data smoothed over 1 MeV energy intervals, while the dashed
areas are the results of the Monte Carlo Hauser-Feshbach calcu-
lations.
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FIG. 6. The energy spectrum for the mass 11 residue result-
ing from the °B+!3C reaction at 80.9 MeV at 8° and 16°. The
histogram represents the data smoothed over 1 MeV energy in-
tervals, while the dashed areas are the results of the Monte Car-
lo Hauser-Feshbach calculation.

particles (i.e., p, d, t, “He, etc.); that is, there was no emis-
sion of heavy ions from the compound nucleus. If this as-
sumption is not valid, then some double counting of
fusion events has occurred. It is anticipated, however,
that the cross section for the emission of heavy particles is
not large and, therefore, the error introduced by this as-
sumption is small.

The mass 6 and 7 groups displayed in Figs. 7 and 8, on
the other hand, are dominated by a broad continuum
peak. At 42.5 and 62.3 MeV, this peak is centered at an
energy which corresponds to the beam velocity at all
scattering angles. At 80.9 MeV, the velocity centroid of
the continuum peak is near that of the beam at forward
angles. At back angles, however, the continuum peak
displays both a high and a low energy velocity component.
The low energy component of the 80.9 MeV data is con-
sistent with the fusion-evaporation calculations for masses
6 and 7. The energy centroids of the high energy com-
ponents of the mass 6 and 7 spectra are reasonably well
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FIG. 7. The energy spectrum for the mass 6 residue resulting
from the '°B+ 3C reaction at 80.9 MeV at 8°. The histogram
represents the data smoothed over 1 MeV energy intervals. The
solid curve is the result of a projectile breakup calculation which
assumed that the system was left in a three-body final state after
interaction, while the dashed curve is a calculation for a system
left in a two-body final state. -
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FIG. 8. The energy spectrum for the mass 7 residue resulting
from the B+ !3C reaction at 80.9 MeV at 8°. The histogram
represents the data smoothed over 1 MeV energy intervals. The
solid curve is the result of a projectile breakup calculation which
assumed that the system was left in a three-body final state after
the interaction, while the dashed curve is for a system left in a
two-body final state. The two peaks labeled with an “ 4” in the
figure arise from the 'H('°B, "Be)*He reaction.

predicted by the simplest of projectile breakup models. In
such calculations, it is assumed that the detected particle
is merely a spectator whose velocity is unaltered during
the interaction. A particle of mass “m” would therefore
be emitted in the °B+ 13C reaction with an energy m /10
times the energy of the elastically scattered particle.
These energies have been identified with arrows in Figs. 7
and 8.

A more realistic model has also been used to describe
the breakup process.>'>13 In this model the final momen-
tum of the detected fragment is determined by both the
velocity of the projectile and the intrinsic momentum of
the fragment relative to the remainder of the projectile.
Two breakup reaction mechanisms have been considered.
In the first, it was assumed that after the breakup of the
projectile one of the fragments was captured by the target
nucleus (a process which is commonly known as direct
transfer to the continuum). As can be seen in Fig. 9(a),
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FIG. 9. (a) Schematic representation of projectile breakup
followed by capture of one of the fragments. (b) Schematic rep-
resentation of breakup with both breakup particles remaining
free after the interaction. The reactions represented in (a) and
(b) result in two- and three-body final states, respectively.
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this mechanism results in a two-body final state. The oth-
er reaction process assumes that neither fragment is cap-
tured after breakup. This process, leaving three bodies in
the final state, is depicted in Fig. 9(b). A complete
description of the calculations is presented in Ref. 3.

For the !°B+!3C mass 6 and 7 groups, the results of
the calculations are compared with the data in Figs. 7 and
8, respectively. For this comparison it has been assumed
that the primary breakup channels for the mass 6 and 7
groups are °Li and "Li. This is probably a reasonable as-
sumption for the mass 6 exit channel as the breakup ener-
gy for 1°B going to either *He+*Li or °Be+*H exit chan-
nels is much larger than that for °Li+“He. The assump-
tion that the mass 7 group is primarily due to "Li is prob-
ably not valid since the !B breakup energies to the
"Li+*He and "Be+>H are approximately equal. Howev-
er, one finds that the predictions by the breakup calcula-
tion for "Li+>He and "Be+>H are similar.

In Figs. 7 and 8, the energy distribution which arises
when the system is left in a two-body final state is
represented by the dashed curve, while the energy distri-
bution for a system left in a three-body final state is
represented by the solid curve. One result of the calcula-
tion which might be noted is the difference in the calcu-
lated two- and three-body energy centroids which appears
in the "Li exit channel but not in the °Li. The centroid
shift in the "Li case is primarily due to a large difference
between the two- and three-body reaction Q values (23
MeV). The Q-value difference in the °Li channel is con-

siderably smaller, 6.4 MeV, and the centroid shift is con- -

sequently smaller. While the overall agreement between
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FIG. 10. Angle-integrated cross sections of fusion-

evaporation residues for masses 16—22 from the "B+ '?C and
108 4+ 13C reactions. Uncertainties in the elemental cross sections
are approximately 8% for masses 16—22.

the calculations and the data is reasonably good, there is
no sufficient difference in the two- and three-body results
to unambiguously choose one over the other. However,
the results do, we believe, support the contention that this
yield arises from the breakup of the '°B projectile.

Results similar to those described previously were ob-
tained in the !B+ '2C experiment. In this work, the yield
in masses 14 to 22 is in good agreement with the fusion-
evaporation calculations. The mass groups within one or
two mass units of either the target or projectile mass
(masses 9—13) display strong discrete states whose
strengths decrease rapidly with angle. Again these are
characteristics of direct transfer, inelastic scattering, or
knockout reaction mechanisms. For masses 6 and 7, the
spectra are again dominated by a broad continuum peak.
While reasonable agreement between the data and the
breakup model calculations is found for these two mass
groups, a low energy component is also apparent. The
low energy component is consistent with the fusion-
evaporation calculations.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Excitation functions for the fusion-evaporation prod-
ucts from the 'B+!2C and '°B+!3C reactions are
presented in Figs. 10 and 11. In Figs. 12 and 13 the total
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evaporation residues for masses 6—15 from the ''"B+'?C and
108 1 I3C reactions. Uncertainties of the elemental cross sections
are approximately 8% for the strong groups dominated by
fusion. For masses 6—12, where a nonfusion contribution is
present and there is an efficiency correction for the channel
plate, the uncertainties can be as large as 25%.
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FIG. 12. The total fusion cross section for the !'B+ '2C en-
trance channel as a function of E),;,.

fusion cross sections for these systems are displayed. Also
presented in Figs. 12 and 13 (solid curves) are the total re-
action cross sections obtained from the optical model
analyses. As can readily be seen, the trend which began at
low energies, a gradual separation of the total reaction and
fusion cross sections, continues at the higher bombarding
energies. Limitations like these in fusion cross sections
have been discussed by a number of authors.’ 10

The total fusion cross sections measured in the ANL
work (see Table II) have been used to extract the critical
angular momenta for the two systems according to the
usual sharp-cutoff approximation:

1

Ors=7K 3 (21 +1) .
1=0

If the limitation in the fusion cross section is brought
about by reaching a critical density of compound nucleus
states like the yrast or the “statistical” yrast line,”~° then
a plot of the critical angular momenta as a function of
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FIG. 13. The total fusion cross section for the °B+3C en-
trance channel as a function of Ej,;,. It should be noted that
within the experimental uncertainties of the data and the calcu-
lated total reaction cross section, the combined fusion and non-
fusion strength measured in the present experiment is in agree-
ment with the calculated total reaction cross section.

TABLE II. The total fusion cross sections measured in the
ANL experiment for the ''B+4!2C and °B+ 13C reactions.

Fusion
Laboratory energy cross section

System (MeV) (mb)
Ug412c 42.5 1005
60.0 1021

80.0 1051

100.0 951

g 3¢ 42.5 971
62.3 1004

80.9 1005

compound nucleus excitation energy should display a
common limitation in the energy region where the fusion
cross section limitation occurs. As can be seen in Fig. 14,
no common limitation is found in the critical angular mo-
menta for the 'B+!2C and '°B+!3C entrance channels
below an energy of at least 60 MeV in the 2*Na compound
nucleus. This, despite the fact that the fusion cross sec-
tions for these two entrance channels are clearly being
limited below this energy (see Figs. 12 and 13). This rules
out a fusion limitation process based solely on reaching a
critical density of compound nucleus states in this energy
region. At our highest bombarding energy the experimen-
tal uncertainty prevents us from drawing a conclusion ei-
ther way.

That the limitation in the fusion cross section is
brought about by competing entrance channel processes
for 2Na excitation energies <60 MeV can be seen if one
considers the nonfusion cross sections measured in the
present experiment. The nonfusion component of each
mass group is tabulated in Table III and displayed for the
two entrance channels in Figs. 15 and 16. The total non-
fusion strength along with the fusion and total reaction
cross sections for the "B+ '2C and '°B+ !3C reactions at
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FIG. 14. The critical angular momenta versus 2*Na excita-
tion energy for the "B+!2C and "B+ !3C entrance channels.
The grazing angular momenta (solid lines) were obtained from
the optical model parameters listed in Table I.
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TABLE III.

873

Nonfusion cross sections for masses 6—13. The estimated uncertainties in the non-

fusion cross sections are approximately 8% for the strong groups and can be as large as 25% for the
weaker groups due to uncertainties in separating fusion and nonfusion yields.

Nonfusion cross section (mb)

Energy Mass
System (MeV) 6 7 9 10 11 12 13
HnB412Cc 100.0 20 35 22 72 127 64 14
80.0 18 38 17 54 147 69 12
60.0 18 37 12 48 140 47 16
42.5 8 12 4 16 94 41 10
g B¢ 80.9 45 39 45 67 34 11 2
62.3 48 47 22 79 34 4 1
42.5 21 28 18 135 61 2

the various energies studied are presented in Table IV and
displayed in Figs. 12 and 13. In the "B+ !2C study, the
combined fusion and nonfusion strength accounts for
91% to 101% of the total reaction cross. section. In the
198 4+ 2C work, the combined strength ranges from 87%
to 88% of the total reaction cross section. Thus, the non-
fusion cross sections observed in the present experiment
account for most of the missing reaction strength. The
remaining few percent of the missing total reaction
strength, if indeed real, may be in reaction processes
which produce only very light particles (p, d, t, *He, and
“He), particles not studied in the present experiment.
That a substantial part of the cross section might go into
reaction channels which produce only light particles has
also been suggested in an earlier study at E,,,(B)=54
MeV of the light particles emitted in these two reactions.

Finally, two additional features of the data might be
noted. First, a comparison of the total fusion cross sec-
tions for the two entrance channels (see Figs. 12 and 13
and Table IV) reveals that both systems reach maximum
fusion cross sections of approximately 1000 mb. Similar
results, maximum fusion cross sections from approxi-
mately 900 to 1000 mb, have been obtained for a number
of entrance channels in this mass region.” What these sys-
tems have in common is that both interacting ions have
valence nucleons occupying only the 1p shell. Other sys-
tems in this mass region, however, with valence nucleons
in the 1s-2d shells have maximum fusion cross sections of
approximately 1200 mb.’> This particular feature of the
data is still not completely understood.
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FIG. 15. Total nonfusion cross sections observed in the

1B 4+ 12C reaction.

The second interesting feature of the present data is
concerned with the individual residue cross sections. As
can be seen in Figs. 10 and 11, the residue cross sections,
when compared at the same 2*Na excitation energy, are
entrance channel independent at the energies measured in
the ANL experiment (i.e., the cross section for a given
residue mass is the same for the !'"B+'?C and the
0B+ BC reactions at the same *Na excitation energy).
The cross section differences which occurred in the dif-
ferent mass groups at lower energies, for example in mass
15, have completely disappeared at the higher bombarding
energies. The differences in mass distributions between
UB412C and B+ 13C at the lower bombarding energies
could be qualitatively explained in terms of the angular
momenta brought into the compound nucleus by the two
entrance channels and differences in the limited number
of decay channels which were capable of carrying away
high angular momenta.? However as the energy increases,
the number of decay channels capable of removing high
angular momenta from the compound nucleus increases
rapidly, while the grazing angular momentum in the en-
trance channel increases relatively slowly (see Fig. 14).
Apparently, at the highest energies reached in this work,
the differences in the number of decay channels capable of
carrying away large angular momenta are no longer im-
portant. The preceding arguments, of course, assume that
the reaction processes which compete with fusion for en-
trance channel flux do not have substantially different an-
gular momentum dependences for the !'B+'?>C and
108 13C entrance channels.
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FIG. 16. Total nonfusion cross section in the °B+ '*C reac-
tion.
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TABLE 1IV. The total fusion, nonfusion, and reaction cross sections for the !B+ !2C and °B+13C

entrance channels.

Combined Total?
Fusion Nonfusion fusion + reaction
System cross Ccross nonfusion cross
laboratory energy section section cross section section
(MeV) (mb) (mb) (mb) (mb)
1 lB + 12C
42.5 1005 185 1190 1311
60.0 1021 318 1339 1374
80.0 1051 355 1406 1399
100.0 951 354 1305 1405
log + 13
425 971 265 1236 1410
62.3 1004 235 1239 1446
80.9 1005 243 1248 1444

20Obtained using the optical model parameters listed in Table I.

IV. SUMMARY

In studying the fusion-evaporation cross sections for
the !B+ 12C and B+ '3C reactions, the fusion cross sec-
tion limitations for these entrance channels appear to
occur because of competition for entrance channel flux
between fusion and other entrance channel reaction pro-

cesses up to an excitation energy of at least 60 MeV in the
23Na compound nucleus. Only at our highest bombarding
energy [ E,(**Na)=70 MeV] is there a possibility that a
limitation might occur because a critical density of states
in the compound nucleus like the yrast or “statistical”
yrast line has been reached.
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