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Fusion cross sections for the Be+ Be system have been measured by detecting the evaporation
residues using a gas-ionization —surface-barrier hE-E detector at Be bombarding energies of 35—55
MeV in 5 MeV steps. The ratios of the measured total fusion cross section to the total reaction cross
section calculated using optical model parameters which fit the elastic scattering cross sections were
found to be very small compared to the same results obtained from fusion studies of Be+ 'Si and
Be+ Ca systems. This behavior is attributed to the high probability for breaking up of Be before

the critical distance of fusion is reached.

INTRODUCTION

Fusion studies' of systems involving the weakly
bound Be projectile, such as Be+ Si and Be+ Ca,
have shown that even at low energies [E( Be)—30 MeV]
the ratio of the total fusion cross section to the total reac-
tion cross section is relatively small compared to fusion
reactions involving carbon, nitrogen, or oxygen projectiles
and similar target nuclei. This is attributed to the ease
with which the Be dissociates into smaller fragments.
Optical model analysis of the elastic scattering indicates
that the absorption potential is strong and diffuse, which
means that nonelastic processes (including dissociation)
set in at a larger distance of separation between the Be
and the target nucleus than in cases of heavier projectiles
(A &12).

Another anomalous behavior which occurs for Be in-
teractions is the need to reduce the calculated double fold-
ing potential that utilizes a realistic effective nucleon-
nucleon interaction in order to obtain a successful fit to
the elastic scattering cross sections and may further indi-
cate the strong influence of breakup channels on the nu-
clear interaction. ' To date, fusion studies have been
carried out which involve the weakly bound Be projectile
interacting with a strongly bound target (either Si or

Ca), and the anomalous behavior observed has been at-
tributed to the properties of the weakly bound Be. In the
present study the interaction of two weakly bound Be nu-
clei is carried out in an effort to shed more light on the in-
teraction of weakly bound nuclei. The experimental de-
tails are outlined in Sec. II, the results and a discussion of
the results are presented in Sec. III, and the conclusions
are given in Sec. IV.

EXPERIMENTAL

The Be beam was extracted from a sputtering ion
source and was accelerated by the Australian National
University (ANU) 14UD Pelletron tandem accelerator.
The target consisted of self-supporting Be foils ( —100

p, g/cm ) with a trace amount of gold evaporated onto it.
A ninefold ionization-chamber —surface-barrier detection
system was used to detect the evaporation residues. A
more detailed account of the instrumentation is given else-
where. '

The data were recorded in the event mode where each
event consisted of an E, a AE, and a detector identifica-
tion signal. The events were recorded on magnetic tape
for later off-line analysis. In order to record all evapora-
tion residues simultaneously in an efficient manner, the E
signal was fed through both a high gain and a low gain
amplifier. The gains of the two E signal amplifiers were
scaled with energy so as to maintain the same relative
threshold. The typical low gain and high gain spectra of
Be+ Be evaporation residues are shown in Fig. 1.

The fusion cross section angular distributions for
9Be+9Be were obtained by summing the yields of
evaporation residues with Z) 4. The absolute cross sec-
tions were obtained by normalizing the fusion cross sec-
tions to the elastic scattering cross sections. The angular
distributions for fusion products described by

fus do fus—m. s nO

are shown in Fig. 2. The total fusion cross section at a
given energy was obtained by summing the area under the
angular distribution. The total fusion cross sections as a
function of energy are shown in Fig. 3. Total reaction
cross sections were calculated using the optical model pa-
rameters which yielded good fits to the elastic scattering
cross sections. ' These parameters are Vp ——12.0 MeV,
rp = 1.2 fm, ap ——0 73, 8 =200 MeV, r~ = 1.3 fm, and
a =0.75 fm. In order to facilitate comparison with the
total fusion cross sections, the total reaction cross sections
as a function of energy are also shown in Fig. 3. The
fusion cross sections are much lower than the total reac-
tion cross sections. At E( Be)=35 MeV the fusion cross
section is —12% of the total reaction cross section and
decreases as the energy increases, until at E(9Be)=55
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FIG. 3. Total fusion cross sections as a function of energy.
Also shown is the total reaction cross section as a function of
energy which was calculated using the optical model and param-
eters which yielded fits to the elastic scattering angular distribu-
tions.
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Be projectile is spatially large and breaks up into Za+n
before the critical distance for fusion is reached. In the
case of the Be+ Be fusion, in addition to the ease of
breakup of the Be, the present definition of fusion in
terms of evaporation residues with Z) 4 may be inade-
quate to define fusion. When a highly excited ' 0 com-
pound system is formed, it can very likely break up into 4
n particles or even sequentially emit a particles such that
the final products of the reaction are 4 a's and 2 neutrons.
Thus, even if a compound system were formed (i.e., fusion
occurred), it would not be included in the fusion cross sec-

FIG. 1. Energy loss, b,E, as a function of energy E for reac-
tion products from Be+ Be at E( Be)=40 MeV. Top spec-
trum is for a low gain setting on E amplifier. Bottom spectrum
is for a high gain setting on E amplifier. Number marking each
curve is the atomic number, Z, of the corresponding evapora-
tion residues.
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FIG. 4. Total cross section of the various evaporation resi-
dues from Be+ Be interaction at the various Be bombarding
energies. Note the decrease in the dominance of the Z =6 resi-
due as energy increases.
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FIG. 2. Angular distributions of total evaporation residues
with Z )4 for the Be+ Be interaction at the various bombard-
ing energies.

MeV it contributes only —1.5% of the total reaction
cross section.

Fusion studies of Be+ Ca and Be+ Si have shown
that ar„,/cr„„-0.3—0.5 for the same bombarding energy
range. ' This low ratio is attributed to the fact that the
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tions as determined by summing the evaporation residues.
This may possibly explain the lowering of crf„,/cr„„, for
Be+ Be to a.f„,/o„„-0.1.

In Fig. 4 are shown the relative production of the dif-
ferent evaporation residues at a given energy. At
E~» ——35 MeV the fusion reaction is dominated by the
cross section for production of the carbon evaporation
residues. At E~,b ——55 MeV the dominance of the carbon
residue contribution to the fusion cross sections is no
longer so well pronounced. This can be interpreted by as-
suming that at E),b ——35 MeV the compound system still
retains the a particle configurations of the interacting Be
nuclei while at higher energies this feature begins to
disappear and the compound nucleus has a structure more
reminiscent of an equilibrized collection of neutrons and
protons.

Fusion cross sections for the system i3C+ & C mere also
measured at E t

' C) =40, 55, and 60 MeV using a 20
pg/cm self-supporting target and the same experimental
setup as used for the Be+ Be measurements. The elastic
scattering cross section angular distributions were mea-
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FIG. 5. Total fusion cross section for ' C+ "C as a function
of energy (dots with error bars). Also shown are ' C+' N and
' C+' C fusion cross sections and the total reaction cross sec-
tion for ' C+' C calculated from the optical madel using opti-
cal model parameters which fit the elastic scattering angular
distributions.

sured simultaneously with the ' C+' C evaporation resi-
dues. The absolute cross sections were obtained by nor-
rnalizing to the elastic scattering. Total fusion cross sec-
tions were obtained by summing all evaporation residues
with Z) 6 and integrating over angle. The total fusion
cross sections are shown in Fig. 5 along with the total
fusion cross sections' ' for ' C+' N and ' C+' C and
the total reaction cross section obtained from optical
model calculations using the same parameters which fit
the elastic scattering angular distributions. The optical
parameters used were V =86.6 MeV, ro ——l.084 fm,
a 0

——0.586 fm, W =9.563 MeV, r = 1.263 fm, and
a~ =0.329 fm, and were taken from the work of Westfall
and Zaidi. ' It can be seen that the fusion cross sections
for ' C~' C are comparable in magnitude to those for
'2C+ ' N and ' C+ ' C at the same center-of-mass ener-
gies. The total reaction cross section for ' C+ "C is
larger than the measured fusion cross section by about
20—25% in the energy range of E, =20—30 MeV.
Thus the fusion cross sections involving ' C projectiles are
similar to those for other heavy ions (A & 12). Although
we can think of ' C as a ' C nucleus with a loosely bound
neutron, the differences observed between reactions and
scattering of Be from those of ' C are attributable to the
loose binding of the a particles in Be or conversely the
tight binding of the a particles comprising the ' C core in
13(

CONCLUSION

Fusion reaction cross sections for Be+ Be have been
measured and compared with total reaction cross sections
obtained from optical model calculations. or„,/o. „„de-
creases from 12% at EI b

——35 MeV to 1.5%%uo at 55 MeV.
The observed evaporation residue spectrum following the
fusion of Be+ Be is dominated by the contribution of
' C at 35 MeV. As energy increases the relative contribu-
tion of ' C to the evaporation residue spectrum decreases
considerably. These results have been interpreted in terms
of the loosely bound u-particle structure of the Be nu-
cleus. The magnitude of the fusion cross section of
Be+ Be is, however, quite different from that of

' C+' C, although in both cases the interacting nuclei
have a strong a-particle-like structure. This difference is
attributed to the weak binding of Be.
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