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Cross sections for fusion of '“!''B+!%!'B have been measured in the energy range from 1.5 to 5
MeV/nucleon. The B+ '°B system unexpectedly presents a hindered fusion cross section when com-
pared to the "B+ !'B and "B+ ''B reactions and to standard-model predictions. The missing fusion
cross section was diverted to the '°B exit channel with a total kinetic energy characteristic of strongly
damped collisions. Q values and kinematical analysis together with angular distributions suggest a

binary symmetric decay of the composite 2°Ne system.

PACS numbers: 25.70.Jj, 25.70.Gh, 25.70.Lm

Systematic studies of fusion reactions of medium-
weight nuclei have revealed that the macroscopic charac-
teristics of the colliding nuclei and resulting compound
nucleus are the determinants in the fusion-cross-section
limitation. "> However, when light nuclei such as the
2s-1p shell nuclei are involved, systematic descriptions
become very difficult to establish.3>~> The understanding
of the mechanism responsible for the inhibition of
compound-nucleus formation in the lighter systems is
further complicated by the influence that the structures
of the participant nuclei exert in the process and by the
large variety of important and competing reaction mech-
anisms which prevail.

On the other hand, collisions between light nuclei al-
low the formation of a variety of composite systems with
comparable size and angular momentum but with
significant differences in their excitation energies, result-
ing from the large variation that the binding energy can
undergo when a single nucleon is added.

Because the binding energy per nucleon for light nu-
clei has not yet reached saturation and the Coulomb and
centrifugal repulsive forces have not as yet significantly
surpassed the attractive nuclear force, the amalgamation
of the collision participants becomes a very probable
channel, and the subsequent fission into two complex
fragments is severely restricted.

In this Letter, we report on the observation of a
definite inhibition of the fusion cross section for the
0B + 9B system and a significant cross section of fission-
like reaction products, in contrast to an appreciable
fusion cross section with the lack of such an intense out-
going channel in both the ''B+''B and "B+ !B reac-
tions.

In the experiment, '“!''B self-supporting targets were
bombarded by '“!''B beams from the University of Sdo
Paulo Pelletron Accelerator. The bombarding energies
ranged from 15 to 50 MeV. Light, charged reaction
products and evaporation residues were identified by
means of a position-sensitive ionization chamber. Angu-

lar distributions ranging from 6j,, =5° to 45° were mea-
sured in steps of 1° along with excitation functions at
five forward angles. Complete elastic-scattering angular
distributions (24 MeV < E |, < 48 MeV, AE ., =8 MeV,
and 15° < 6., < 120°, A@=1°) were also measured us-
ing the kinematical coincidence technique. Fits to these
elastic angular distributions supplied optical-model pa-
rameters and total reaction cross sections for the three
systems investigated.

Reaction products® were distinguished by comparing
the velocity spectra for the Z=35 to 9 elements to those
expected for the evaporation residues and the transferred
particles with optimum Q values, respectively.

Spectra for the elements Z=6 and 7, in which
evaporation residues and direct-reaction components
were simultaneously present, were unfolded by subtract-
ing from the experimental spectra the predicted evapo-
ration-residue spectra generated by Monte Carlo-Hau-
ser-Feshbach calculations preformed by the code LILI-
TA,” renormalized to the data using the structure present
in the data itself as a guide. The structure of the result-
ing spectrum has been associated with a direct-reaction
process and described by a Q window centered at an op-
timum Qop value with a width given by Ref. 8. With
this procedure the direct component is identified. The
remaining cross section from the original spectrum was
consequently attributed to the evaporation-residue cross
section.

Thus the deduction of the absolute cross sections for
Z =6 and 7 elements is essentially independent of the
statistical-model calculations, and confidence in this un-
folding procedure is further provided by the agreement
of the angular distributions for both processes with their
model predictions.’

Fits of the measured excitation functions by the Glas-
Mosel model® supplied values of R, (Rg) and V¢ (V)
for the critical (barrier) radii and potential strengths
which are compatible with the systematics of this mass
region."''® These values were used in the determination
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FIG. 1. (a) Reduced fusion cross sections obtained using the
barrier parameters [Rp (fm); Vi (MeV)]=I[6.81;5.16],
[6.80;4.65], and [7.12;4.62] for the '°B+'°B, '°B+!'B, and
"B+ "B reactions, respectively. (b) Experimental cross sec-
tions of the '"B+ '°B reactions: Evaporation residues (closed
circles), BSD fragments (closed triangles), and their sum
(open triangles). The sum including the measured quasielastic
cross section is represented by open circles. V¢ represents the
BSD process threshold. The dashed line represents a fit by the
Glas-Mosel model and the solid line corresponds to the derived
total reaction cross section.

of the reduced fusion cross sections /R4 shown in Fig.
1(a) for which most of the macroscopic effects of the en-
trance channel on the fusion cross section are removed,
consequently enhancing any possible anomalous behavior
of a particular system. In fact, the B+ '°B system
displays a significantly hindered cross section (= 40%
lower than for the other two reactions) and as a conse-
quence, a lower critical angular momentum. A detailed
investigation of the velocity-converted spectra of the Z
=5 products (Fig. 2) reveals that a broad structure is
clearly present, with an average velocity larger than that
expected for an evaporation residue of the 2°Ne com-
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FIG. 2. Velocity-converted spectrum of the Z =35 elements
from the "B+ '°B reaction at £, =48 MeV. The upper scale
refers to the corresponding Qssp value assuming the binary
symmetric decay channel for the 2*Ne compound nucleus. The
vertical arrow corresponds to the compound-nucleus recoil ve-
locity ¥ cncosBiap.

pound nucleus. The analysis of the angular dependence
of the velocity centroid of these structures describes a
circle centered at the compound-nucleus velocity [see
Fig. 3(a)l, and suggests the occurrence of a binary pro-
cess with a symmetric splitting of the composite nucleus.
Measurements'! of the evaporation residues’ time of
flight reveal that they correspond to '°B.

Displayed in Fig. 1(b) are the total fusion cross sec-
tions for the '°B+ '°B system and the cross section for
binary symmetric decay (BSD). The sum of all the pro-
cesses observed, including the quasielastic processes, ex-
hausts the total reaction cross section. The threshold
Vi=11 Mev for BSD is of the order of the fission bar-
rier height predicted recently by Sierk'? and by Mustafa
et al.'® for the critical angular momentum. Liquid-
drop-model (LDM) predictions for nuclei as light as
2Ne may carry large uncertainties when the neglected
shell effects become relevant and when light nuclei are
described as sharp-surfaced liquid drops.'?"'* However,
the consistency observed supports the picture of the
dynamical ‘scission of the rotating composite nucleus,
which attains a very deformed configuration at relatively
low angular momenta (< 12A).

At the bombarding energies at which angular distribu-
tions were measured, a most probable Qgsp value was
extracted and no dependence on the detection angle has
been observed. The angular distributions of these Z =5
products were found to reflect an isotropic emission
probability (do/d @ e« 1/sinf) indicating that the com-
posite nucleus survived longer than a single rotation
period before scission occurred [see Fig. 3(b)l. This
BSD process has been pursued in the other reactions in-
vestigated. No evidence in the ''B+''B channel has
been found, thus allowing an upper limit to its cross sec-
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FIG. 3. (a) Experimental average velocities for the Z =35
fissionlike products (closed circles). Cases in which electronic
cutoff in the velocity spectrum exists are indicated by the open
circles. The dashed line indicates the expected evaporation
residues’ velocities, and the solid lines indicate the fragments’
velocities for the BSD with Q values indicated. (b) Angular
distributions of the Z =5 spectra for a 1-MeV bin centered at
the most probable (Q) value, for the B+ '°B reaction at two
different bombarding energies.
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tion to be estimated. In the case of the '°B+ !'B chan-
nel, it has been possible to characterize clearly the BSD
process only at the highest energy investigated.

The magnitudes of the measured cross sections for this
fissionlike process (at E,, =48 Mev, opsp = 270 mb for
the '°B+ !B channel, <130 mb for the '°B+ ''B chan-
nel, and <70 mb for the "B+ ''B channel) are at least
a factor of 20 larger than the predictions for the fusion-
fission cross section based on Hauser-Feshbach calcula-
tions. They were performed using the codes STATIS, !°

CASCADE, % and PACE!? which makes use of the Sierk
fission barriers.'? Furthermore, 95% of the Z=5 yield
predicted by Monte Carlo calculations for the '°B+ '°B
system belongs to the ''B isotope while the observed
yield is due to '°B. The observed velocity shifts of these
fully damped fragments, when compared to the velocity
of the residues of a sequential evaporation of a particles
(i.e., aap channel), cannot be accounted for, even if
high-energy a particles were evaporated very anisotropi-
cally. However, an enhanced statistical emission of
heavy fragments could justify this shift.

The production of lithium and beryllium in very light
heavy-ion reactions has been investigated !®!° and it has
been shown that the mechanism is predominantly com-
pound. The magnitude of the observed cross section is
very low and would not account, in the case of a Li-a
sequential emission, for the observed '°B yield. This has
been verified by means of detailed Hauser-Feshbach cal-
culations for Li and Be evaporation which predict at
most a total cross section of the order of 10 mb for the
OB+ 0B gystem at 48 MeV for a first-chance lithium
emission. Further arguments strongly restrict the possi-
bility of a significant Li evaporation chain: the facts that
the total observed lithium cross section is of the order of
196 mb at 48 MeV (i.e., smaller than the 270 mb for
fissionlike products) and that the analysis of the Li ener-
gy spectra and angular distributions suggests that direct
processes can be considered, for which projectile breakup
is the main component.

A significant ®Li and '°B contribution associated with
the a decay of '*N produced in the '°B('°B,°Li) '*N re-
action can be ruled out because of the observed values of
the '°B kinetic energy when compared to the expected
most probable energy associated to a Qg value for the
process. Furthermore, for these energies the reaction
kinematics impose an angular limit for 'B which is
much smaller than those observed. Finally, it should be
noted that for this transfer reaction an angular distribu-
tion proportional to 1/sin is not expected (Fig. 3) even
though the identical-particle nature of the entrance
channel imposes an angular distribution symmetric
around 90°.

Recent studies of collisions between medium-
weight nuclei have revealed the existence of a yield re-
sulting from the breakup of a dinuclear system, associat-
ed with a strongly damped collision. An interpretation
based on the statistical decay of a dinuclear doorway
configuration characterized by an orbiting?® process has
been successful in describing measured cross sections.
These models were applied for the fusion and possible
“orbiting” of the B+ B systems. Although the cross sec-
tion of 160 mb predicted for the integrated orbiting yield
for the '"B+ !B reaction at Ej,, =48 MeV is of the
right order of magnitude (i.e., approximately a factor of
2 smaller) this model predicts that a significant yield
(i.e., = 140 mb) should be observed in the "B+ ''B re-
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action at the same bombarding energy, a feature which
is not observed experimentally.

The picture of a composite dinuclear °Ne system
splitting at higher angular momenta is further supported
by analyzing the energy surface in the S-y plane based
on Strutinsky-type calculations?® for the °Ne and *’Ne
yrast states. The trajectories of the yrast states shown in
Ref. 26 indicate that the *°Ne, in spite of being a com-
paratively more compact nucleus is, at higher angular
momenta, a far more softer nucleus which suffers a sud-
den deformation from B=0.1 to 0.6, becoming nearly
prolate when states with J=14A are populated. This
fact is not expected in the case of *’Ne.

Although in the present work the mass distributions of
the fissionlike products appear to be a very narrow band
due to the low compound-nucleus excitation energy, ad-
ditional experiments, to determine precise mass distribu-
tions and to establish the systematics of the symmetric
splitting of very light systems, are advisable in order to
clarify this rarely observed and still poorly understood
phenomenon. Furthermore, this would also contribute to
the understanding of the behavior of light nuclei at
high-spin states and the role that nuclear structure
characteristics plays in collision dynamics.
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