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Total fusion cross section in °Li + °Be collisions
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Measurements of the °Li+ °Be collision above the Coulomb barrier (Ey,, = 11.2 MeV; V2 = 3.2 MeV)

Cou

were performed using the ®Li secondary beam selected by the RIBRAS (Radioactive Ion Beams in Brasil) first
solenoid. The total reaction cross section was obtained from the °Li + °Be elastic scattering angular distribution,

measured in the same experiment and analyzed by optical model calculations [U. Umbelino et al., Phys. Rev. C
106, 054602 (2022)]. Proton, deuteron, triton, and « yields were measured at angles around 45° in the laboratory
and total fusion cross sections were deduced from the comparison between compound nucleus calculations and
the measured light particle yields. The difference between the total reaction cross section and the obtained total
fusion cross section provided an estimation of the contribution from other direct reaction mechanisms such as

elastic and nonelastic breakup.

DOI: 10.1103/PhysRevC.109.054605

I. INTRODUCTION

The study of stable and exotic light nuclei at low energies
has attracted much interest in recent years. Stable and exotic
light nuclei such as ®7-8Li, *He, and "-°Be are weakly bound
and present an a-cluster structure which makes them easily
breakable in the collision with a target, affecting the balance
between compound nucleus and direct reaction mechanisms
in a way not yet totally understood [1-4]. Significant o-
particle production has been observed in the collision of °Li
on several targets [5-8], as well as in the %He 4 '2°Sn [9-11]
and %He + ?Be [12,13] systems, where a-particle production
cross sections of the order of hundreds of millibarns have
been reported [10,11]. On the other hand, large total reaction
cross sections arise from the optical model analysis of the
elastic scattering angular distribution for the same systems
[10,12], when compared to systems with strongly bound pro-
jectiles, indicating that weakly bound and exotic light nuclei
are more reactive than their strongly bound partners. The
question whether the enhancement in the total reaction cross
section is due to the direct reactions or compound nucleus
cross sections, or both, remains open.

For light projectiles such as °Li, ®He, and others it may not
be trivial to separate compound nucleus and direct reactions
by measuring only the charged particle production. In both
cases, fragments such as o particles can be produced either
in the projectile breakup or stripping reactions or from the
compound nucleus evaporation, making it difficult to exper-
imentally separate the two components. Reactions such as
incomplete fusion can contribute to both compound and direct
parts. In this case, a part of the projectile fuses with the tar-
get, forming an equilibrated system which will subsequently
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decay by the emission of protons, deuterons, tritons or o-
particles, whereas the remaining projectile fragment continues
all the way to the detector, presenting a typical energy and
angular distribution of direct processes. Elastic scattering and
breakup measurements for the °Li 4 °Be system have been re-
ported previously [14], where a significant contribution of the
compound nucleus formation was seen at backward angles.
Indeed, we expect that the angular and energy distributions
of the particles will be quite different for direct and com-
pound nucleus processes. The angular distributions for direct
reactions are expected to peak at forward angles whereas, for
the case of compound nucleus, they are more symmetric and
contribute mainly at backward angles, where the direct pro-
cesses cross sections are expected to be smaller. The projectile
fragment energy distributions are also expected to be different.
For the case of direct reactions such as the diffractive breakup,
the fragments are emitted with velocities similar to the projec-
tile and with energies around, or below, the projectile energy
whereas particles from the compound nucleus decay are ex-
pected to have energy distributions shifted to lower energies.
Direct measurements of the compound nucleus formation
and its sequential evaporation are performed using two differ-
ent techniques. The first one consists of the detection of the
characteristic y radiation, emitted by the extremely excited
compound system during its cooling process. This method
has already been successfully used to obtain fusion cross
sections of several systems, and, in some of those cases, the
fusion cross section saturates the total reaction cross sec-
tion [15-17], even at energies above the Coulomb barrier and
involving weakly bound nuclei. The second method is the de-
tection of the evaporated light particles, where the total fusion
cross sections of light systems were obtained and are system-
atically smaller than the total reaction cross section [18,19].
Despite the difference in the energy range, comparison of the
two techniques’ measurements for the same system, such as
9Be + ?Be, indicates an enhancement of the direct processes’
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intensities at higher energies [17,18]. In this work, we will
present the measurements of light charged particles, such as
protons, deuterons, tritons, and «’s from the SLi+°Be col-
lision at the 29° < 6, < 61° angular range. In this angular
region, light particles such as protons and tritons are expected
to come mainly from compound nucleus decay, whereas the
deuterons and «’s could have some contribution from di-
rect processes involving the projectile or target breakup and
transfer reactions.

This article has been organized as follows: in Sec. II we
describe the experimental setup. In Sec. III we present proton,
deuteron, and triton data analysis. In Sec. IV we show the
cross section data and describe the compound nucleus calcu-
lations. In Sec. V we describe the calculation of evaporation
and total fusion cross sections. In Sec. VI we present the o
cross section, and in Sec. VII the conclusions are presented.

II. EXPERIMENTAL SETUP

The experiment was performed in the RIBRAS (Radioac-
tive Jon Beams in Brasil) system [8,20-23] at the Nuclear
Physics Open Laboratory of the Institute of Physics of the
University of Sdo Paulo. The 32 MeV °Li primary beam
was provided by the Pelletron accelerator and impinged on
the primary target, composed of a 3.6 cm cell sealed by two
2.04(2) um Havar foils to maintain the *He gaseous target at
1014 mbar constant internal pressure. The primary target scat-
tered the ®Li particles to forward angles which were selected
by the first RIBRAS solenoid and focused in the center of the
central scattering chamber.

The reactions between the °Li beam and the primary tar-
get produced **He, "Be, and ®B isotopes, which were also
selected by the first solenoid. At the center of the central
scattering chamber two secondary targets were mounted: a
1.92 mg/cm? °Be foil and a 4.5 mg/cm? gold target for nor-
malization purposes. The first solenoid of the RIBRAS system
has an amplification factor 1.5, implying that the secondary
beam spot size will be 1.5x the primary beam spot size. The
latter is of the order of 3—4 mm in our accelerator, so the
secondary beam spot size would be of the order of 4-5 mm,
well below the 2 cm diameter of the secondary target frame.
Although we did not measured directly the effect of scattering
in the secondary target frame in this experiment, we do not
believe that this effect would affect by any means our results.

The detection system was composed by three AE-E silicon
surface barrier telescopes. Telescope 2 was mounted to pro-
vide measurements of the elastic scattering at frontal angles;
a thin AE (20 um) was used in order to guarantee that the
secondary beam did not stop in this detector and reach the
E. Two telescopes (1 and 3), with a thicker AE (50 um),
were placed at 8.2 cm distance from the target at backward
angles around 6, = 45° to detect the light particles emission.
A set of rectangular collimators provided a 5 msr detection
solid angle for telescope 2 and 9 msr for telescopes 1 and 3.
The angular range, detector’s thickness, collimator size, and
detection solid angle are quoted in Table I.

A two-dimensional (AE—Ery,;) spectrum obtained by the
secondary beam scattering in the gold target can be observed
in Fig. 1, measured by telescope 2 at 6, = 12°. Due to

TABLE I. Telescope information.

Tel. Ang.range AE (um) E (um) Col. size (mm) AS2 (msr)

1 42°-61° 50 1000 6 x 12 9
2 12°-31° 20 1000 3x 12 5
3 29°-48° 50 1000 6 x 12 9

the fact that the collision in the gold target is pure Ruther-
ford at this angle and energies, few reactions are expected
and this spectrum shows basically the composition of the
secondary beam. Telescope 2 (Fig. 1) shows the full identi-
fication and separation of all produced nuclei (**He, °Li, "Be,
and ®B) without any ambiguity in the isotope identification.
The full analysis of these elastic scattering experimental data
(°Li+°Be, 'Be + °Be, and ®B +°Be) was performed with
optical model and coupled channels calculations [24].

Figure 2 shows a typical spectrum obtained by telescope 1
at 0}, = 45° with the gold (a) and beryllium (b) targets. The
first one (a) shows some protons and *He at backward angles,
where only light particles can surpass the thick AE detector.
On the other hand, the second spectrum (b) shows a large
yield of 1'23H and « particles that cannot be observed in the
197 Au case, indicating that these nuclei have been produced in
reactions with the Be target. Furthermore, the spectrum (b)
shows an empty region in the hydrogen isotopes yields at low
energies. This effect is produced by the electronic threshold
that ignores low amplitude signals in order to reduce the dead
time of the acquisition system.

This experiment was performed with a cocktail beam of
mainly °Li (see Table II), with contaminations of **He, °Li,
"Be, and ®B secondary beams. This fact imposes an evaluation
of the particle yields that are produced by the reaction of
each secondary beam contamination on the °Be target. For
this reason, auxiliary measurements were performed without
the *He gas in the primary target. The difference in the °Li
energy in both cases, with and without gas in the target, is
small, around 1%. Most of the energy loss in the primary
target takes place in the 2 um Havar windows so no correction
in the solenoid current was made. The result, using the '’ Au
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FIG. 1. Obtained AE-Ery, identification spectrum of the sec-
ondary beam scattered on a gold target at 6, = 12° for
telescope 2.

054605-2



TOTAL FUSION CROSS SECTIONIN ...

PHYSICAL REVIEW C 109, 054605 (2024)

(a)

AE (MeV)
- N W s 00N W

llHlHIl]I”T]IllIIIHI[HHIIHIIHHIHHIHH
\,

16 18 20

o
N
F =N
@
ks
-
o
-
N
-
N

-
o

(b)

(=]

N
ly\llllllllllTlllT

AE (MeV)
>

02 "% 6 8 10 12 14 16 18 20

Etotal (MGV)

FIG. 2. Obtained AE—Erq. telescope 1 spectra of the secondary
beam scattered on a gold (a) and a beryllium (b) target, both at
elab = 450.

target and telescope 2 at 6},, = 12°, can be seen in Fig. 3(a),
where one can observe that the *He, "Be, and 5B nuclei
are not produced, but a strong presence of °Li and a much
weaker “He can be noted. The Havar foils scatter the °Li; «
particles and deuterons can be produced by the °Li — “He +d
(Sq = 1.473 MeV) breakup on the Havar foils. In Fig. 3(b) the
result using the °Be target and the telescopre 1 at 6y, = 45°
is presented. This spectrum is very similar to the the obtained
with the cocktail beam in the same conditions [see Fig. 2(b)],
but with less intensity. The main reason for this is that, without
*He gas in the production target, the ®Li current drops almost
by a factor of 100.

The °Li + °Be elastic scattering angular distribution was
obtained and an optical model analysis was performed [24],
providing a way to normalize the light particles produced in
reactions with the °Be target. Through a comparison between
this normalized light particles yields, with and without the

TABLEII. Average secondary beam intensities and energies (see
text for more details).

Projectile Intensity (pps) E., MeV)
‘He 7.2 x 10° 10.1
“He 4.1 x 10* 7.6
°Li 2.8 x 10° 11.2
"Be 3.6 x 10* 17.3
8B 4.0 x 10° 23.7
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FIG. 3. Obtained AE-Ery, identification spectra of the sec-
ondary beam (without *He gas in the primary target) scattered on
a gold target at 6),, = 12° for telescope 2 (a) and a beryllium target
at Oy, = 45° for telescope 1 (b).

3He target, it was concluded that almost 90% of the “23H
isotopes and around 60% of the a-particles yields come from
the ®Li beam (higher intensity). Only a small contribution
from “He was reported, which is smaller than the experimental
errors. These values were used to normalize the experimental
cross sections. Therefore, the conclusion is that even using
the cocktail beam, the '>3H particle production at backward
angles is mainly due to the reaction between the °Li, higher
intense secondary beam (see Table II), and the °Be target.

III. DATA ANALYSIS

An important step in this analysis is to determine the
secondary beam intensities in the scattering chamber. These
quantities were obtained from the product / = € x i,, where
€ is the production rate and i, the ®Li primary beam intensity,
the latter measured by a Faraday cup located after the primary
target and before the first solenoid. The value of € for each
projectile was calculated from measurements of the scattering
of the secondary beam in the gold target, typically Rutherford
at these energies and forward angles. The secondary beams
intensities were periodically monitored at forward angles,
making runs with a gold target interposed between the *Be
runs. The energy of the secondary beam in the middle of the
°Be target is obtained by the central value (Etoy)) of the peak,
corrected by the energy loss through the detection system
and secondary target. The solenoid selection is determined by
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FIG. 4. C(M, Z) X Ero spectra (a) and the C(M, Z) projection
(b), showing the comparison between the experimental (big) and
simulated (medium and small) spectra, showing the separation of
protons, deuterons, and tritons.

the magnetic rigidity and was used to validate the secondary
beam energy. The secondary beam intensities and energies are
presented in Table II.

We also analyzed the contamination of the experimental
light particle yields due to the elastic scattering of the '>3H
and >*He contaminant beams observed in the experimental
spectra on the gold target. For this purpose, we used the con-
taminant beam intensities, provided by the elastic scattering
in the gold target, and theoretical cross sections, calculated
by the double-folding Sao Paulo potential [25,26], to simulate
the elastic scattering contributions. With this procedure, it was
found that this contamination has an average value smaller
than 3% for protons and 0.06% for 3He, while the other
particles do not reach the E detector and can not contaminate
the biparametric spectra. Therefore, all elastic scattering con-
tamination in the light particle yields would be smaller than
the experimental uncertainties and has been neglected.

In Fig. 4 we present a two-dimensional spectrum of
the light particles produced in reactions between the °Li
secondary beam and the °Be target at 6, = 45°. The
CM,Z) = (Etom)” — (Eroral — AE)? value [27] was calcu-
lated and the C(M, Z) x Etoa Spectra were built [Fig. 4(a)],
where b= 1.71 was obtained through simulation. This
method removes the typical hyperbolic behavior observed in
the biparametric spectra (AE X Eoa) and presents the par-
ticle yields as straight horizontal lines. The projection of the

TABLE III. Proton, deuteron, and triton counts and multiplici-
ties, obtained through Gaussian fit (1., and Ng;) and calculations
(mpace and Nsimy).

mexp MpACE Nexp NSimu
'H 0.470(5) 0.46 12975(130) 12707
’H 0.254(5) 0.26 7011(144) 7182
*H 0.206(4) 0.21 5702(95) 5801

p, d, and t yields on the C(M, Z) axis is shown in Fig. 4(b).
Furthermore, the production of protons, deuterons, and tritons
was simulated with Monte Carlo method, employing the PACE
[28] evaporation cross sections and multiplicities. The results
are presented in the inset of Fig. 4(b), where the smaller
one shows only a superposition of the particle yields and
in the other the simulated spectra were summed. The light
particle experimental distributions were fitted by Gaussian
curves, whose parameters (mean value, variance, and area)
were slightly varied around the values estimated by the sim-
ulation, to best fit the experimental data. The experimental
(main image) and simulated (small images) data can be ob-
served in Fig. 4(b). The emission rate of each particle can be
used to provide an experimental estimation of the multiplici-
ties. Table III presents the proton, deuteron, and triton yields
and multiplicities, obtained experimentally (Gaussian fit) and
by the simulation. As one can see, the results using the two
methods are compatible with each other and reflect the same
physical event.

Considering the deuteron yield, an important contribu-
tion could in principle come from the °Li breakup into a
deuteron and « particle. A theoretical estimation of the °Li
direct breakup cross section can be provided by continuum-
discretized coupled-channel (CDCC) calculations. In Fig. 5,
we compare the result of CDCC and PACE calculations, which
indicate that only 5% of the deuteron production would come
from SLi direct breakup, depending on the angular region.
The full integrated differential cross sections provides about
297 mb for fusion and only 25 mb for breakup channels, so
that the fusion channel seems to provide the major contri-
bution to the deuteron yield and the contribution from the
®Li breakup channel can be neglected within our error bars.
Indeed, the direct breakup contribution is expected to be more
important at forward angles, away from the angular region of
the present measurements. On the other hand, it is worthwhile
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FIG. 5. CDCC predictions of the °Li breakup cross sections.
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FIG. 6. Major evaporation chains of the >’N* compound nucleus.
The '2C and '3C isotopes represents almost 45% and 31% of the
residual nuclei, respectively.

to mention that this is not the case for the the «-particle
yield, which is strongly affected by inclusive breakup/transfer
reactions as discussed in detail in Sec. VI. As we will show
next, the light particles (protons, deuterons, and tritons) en-
ergy distributions do not seem to be significantly affected by
the °Li breakup and are equally well reproduced by the same
PACE calculations.

The PACE program performs a statistical calculation that
takes into account the transmission coefficients, the nuclear
level densities, and the complete fusion cross section. The
transmission coefficients were calculated in the deexcita-
tion steps through the optical model framework, where the
nuclear potentials were obtained from standard literature,
such as Perey-Perey [29] or Wilmore-Hodgson [30] com-
pilations. The nuclear level densities were calculated with
the Gilbert-Cameron formalism [31]. The complete fusion
cross section acts as a normalization factor, that does not
change the differential cross section shape but only propor-
tionally enhances its value. Since there are no experimental
measurements available, the fusion cross section was first con-
figured as the total reaction cross section [og = 1107(16) mb],
obtained by the optical model calculations [24]. The multi-
plicities are internally calculated by the ratio of the simulated
particle emission yields and the number of produced com-
pound nuclei. The agreement with the experimental data
shows that the evaporation cascade, simulated by the PACE
program, is realistic. Figure 6 shows the major evaporation
chains calculated by the PACE, where almost of 76% of the
SN* compound nucleus produces carbon isotopes (>13C) as
residual nuclei. Table IV shows the most probable residual
nuclei (RN) yields and the light particle (LP) multiplicities.
As one can see, the theoretical result predicts that almost
76% of the °Li+°Be — "N* evaporation events produce

TABLE IV. Most probable residual nucleus (RN) yields and light
particle (LP) multiplicities, estimated by PACE calculations.

RN

UN Mc Bc "2c ®Be *He  Others

Yield (%) 1.8 2.1 31 45 10 4.6 55
LP

n p d t a *He 2
_— 088 046 026 021 024 =001 094

the '2C or '3C isotopes. Therefore, one can use the residual
nuclei yields to infer information about the most probable
evaporation chains of the '’N* compound nuclei that emit the
observed light particles.

The final step in the analysis is to obtain the energy distri-
butions of the evaporated particles as the double differential
cross sections, which were normalized by the scattering with
the gold target:

d20' do Ruth 1 NBe JBe NAu NAu
- X[_;‘_I_L} (D
dQdEBe  dQau AE NAu JAu NBe NBe

where N, is the count number in the peak of interest, J is
the Jacobian from laboratory to center-of-mass framework,
N, is the areal density of the target, AE is the selected bin

width (=1 MeV), and 2
Faraday cup measurements in the corresponding runs, due to
the fact that the production efficiencies are the same for both
secondary targets. An interesting feature of this approach is
the solid angle independence, which is canceled in the pro-
cess. The experimental uncertainties were calculated taking
into account the statistical errors of the Poisson distribu-
tion («/N ) and a contribution due to the error in the target
thickness (~5%).

is taken equal to the ratio of the

IV. p,d,t ENERGY AND ANGULAR DISTRIBUTIONS

The experimental yield of the hydrogen isotopes was
separated and the data were analyzed to obtain the double
differential cross sections (energy distributions). In Fig. 7
we present the energy distributions of protons, deuterons,
and tritons around 6y, = 45°, compared with PACE calcula-
tions. The angular differential cross sections of the protons,
deuterons, and tritons were obtained by the integration of the
double differential cross sections in the full energy range.
To perform the integration, the PACE results were normal-
ized to represent the experimental data and were used as a
theoretical model. The uncertainties were estimated by the dif-
ferent normalizations in the range between le]in and Xr%lin + 1.
An additional source of uncertainty was taken into account,
due to the large energy width of the °Li secondary beam
(FWHM = 1.903 MeV). With this purpose, an additional
contribution in the uncertainties was estimated as the standard
deviation between all normalization values that were obtained
by different PACE calculations in the energy range of the
beam resolution. Figure 8 shows the experimental data of
each hydrogen isotope evaporation. The theoretical results
were normalized to best reproduce the experimental data,
through the x2 minimization, and the fitted theoretical cross
sections are presented as the red-line curves in both plots
(Figs. 7 and 8). As one can see, both the experimental energy
and angular distributions are well described by the PACE cal-
culations in the energy region of the data, corroborating the
method used to analyze the data. The normalization values
[N, =0.91(2), N; = 0.92(3), and N, = 0.88(2)] are compat-
ible with each other and an average value was obtained as
0.90(2). We kept error bars on the values obtained for the three
particles.

054605-5



U. UMBELINO et al.

PHYSICAL REVIEW C 109, 054605 (2024)

6. 9 15, *
Li+Be— N
[ e

[ (a) protons — Normalized
o Experimental Data

TABLE V. Evaporation and total fusion cross section of the com-
pound system °Li + °Be.
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FIG. 7. Experimental energy distributions compared with the
normalized [N = 0.90(2)] PACE calculations. See text for more
details.
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FIG. 8. Experimental angular distributions compared with the
normalized [N = 0.90(2)] PACE calculations.
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V. EVAPORATION AND TOTAL (COMPLETE +
INCOMPLETE) FUSION CROSS SECTIONS

Finally, experimental estimations of the evaporation cross
sections of protons, deuterons, and tritons can be obtained
through the integration of the normalized angular distribu-
tions. These quantities are related to the probability of each
particle being evaporated by the formed compound nuclei.
On the other hand, the particles multiplicities were statis-
tically calculated by the ratio between emitted particle and
compound nucleus formation numbers. Due to these facts, the
evaporation cross sections and the particle multiplicities, that
were validated by our analysis, can be used to estimate the
total fusion cross section:

Oevap
OTF = . ()
m

The evaporation and total fusion cross sections were obtained
and can be observed in Table V. It is notable that the esti-
mated values, for all light particles, are consistent with each
other and, due to this, a mean value was calculated. The total
reaction cross section, obtained by optical model analysis
(see Ref. [24]), is also shown and, as one can observe, is
not much larger than the obtained total fusion cross section.
An estimation of the total fusion cross section by Wong’s
formula [32] is included in Table V. These results indicate that
total fusion plays a major role in the light particle production
from the °Li + °Be reaction, well above the contribution from
other direct processes such as breakup or transfer reactions.
The difference between the total reaction and fusion cross
sections from Table V gives 118(21) mb, which would be an
estimation of the direct breakup plus transfer contributions to
the light particle yields.

VI. a-PARTICLE DISTRIBUTION

In this section, we present an analysis of the helium strip,
observed in the AE—FEqq spectra (Figs. 2 and 4). The projec-
tion of the « particle on the energy axis can be observed in
Fig. 9 for 6, = 29°, together with PACE and [AV (Ichimura,
Austern, and Vincent) calculations [33]. As one can ob-
serve, the predictions from the previous PACE calculations are
significantly below the experimental « yield. It is expected,
however, that since both SLi projectile and °Be target have a
pronounced « structure, other direct reactions such as breakup
or transfer could be contributing to the « yield, but are not
explicitly taken into account in the PACE calculations. Among
the possible candidates there is the *Be(°Li, o) ' B* reaction.
Due to well known Q optimum matching considerations, this
kind of transfer reaction is favored to populate highly excited
states of the recoil !'B nucleus, providing scattered « particles
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FIG. 9. Energy distribution of the «-particle yields at 8, = 29°,
compared with PACE and IAV calculations.

in an energy region that could match the measurements. The
Ichimura, Austern, and Vincent (IAV) method is a parameter-
free calculation which provides a highly accurate way to
estimate the contribution of this kind of transfer/nonelastic-
breakup reactions [33—-37]. The main ingredients of the IAV
model are the optical potentials in the entrance °Li + °Be and
in the d + °Be channels.

The SLi+°Be potential was obtained from reference
[24] by reproducing the °Li+ °Be elastic scattering angular
distribution at the present bombarding energy. On the
other hand, the d +°Be potential must be in principle
provided in the whole energy range involved in the transfer
process, from zero up to the maximum deuteron energy of
3.73 MeV, given as 2/6 of the beam energy. However, in
the present calculations we used a fixed d + °Be potential
obtained by extrapolating a deuteron global potential from
Ref. [38]. The final d + “Be Woods-Saxon (WS) parameters
are given as V =71.5MeV, ry = 1.17 fm, a9 = 0.81 fm,
W =6.96MeV, r;=156fm, and a; =0.79fm; a WS
imaginary surface Wy = 6.21 MeV, rg=1.33fm, and
as = 0.56 fm; and the Coulomb (rc = 1.69 fm) potential.
In addition, the binding ®Li — d + o real potential was
configured with a standard reduced nuclear radius and
diffusivity (rp = 1.25 fm and ayp = 0.65 fm), where the
potential depth was varied to reproduce the o + d binding
energy (1.473 MeV). The « + °Be potential was obtained
from the Perey-Perey compilation [29]. Due to the lack of
systematic optical potentials for the o + !'B system, the
o+ 9B parameters from [29] were used. For this calculation
the interaction radii were calculated as performed in the
original references: R; = r,-(AII,/3 +At1/3) for the °Li+°Be

and d + o interactions, and R; = r,-(A,l / 3) for the other
potentials.

Finally, we performed the IAV calculation for the
“Be(°Li, a) ''B* reaction and the result is shown in Fig. 9.
As one can see the PACE plus TAV theoretical results reproduce
very well the observed experimental « yield at this angle. Fur-
thermore, the total IAV cross section, integrated over energy
and angle, provided almost 90 mb, which is statistically not
very much different from the 118(21) mb difference between
the total reaction and total fusion cross sections, estimated
in the previous sections. At this point, we conclude that the

a-particle yield is strongly contaminated by direct processes
and cannot be used to estimate the fusion cross section.

VII. SUMMARY AND CONCLUSIONS

We performed measurements of °Li + °Be collisions using
the °Li secondary beam produced by the RIBRAS facil-
ity. Energy distributions of light particles such as protons,
deuterons, tritons, and «’s were detected at backward an-
gles 29° < iy < 61°. Their experimental energy and angular
distributions were compared with compound nucleus PACE
calculations, supposing the complete fusion °Li+°Be —
ISN* process and decay. Proton, deuteron, triton, 3He, and
a particles were considered in the evaporation process of
the compound nucleus. A very good agreement was obtained
between the shape of the experimental energy and angular
distributions of the three lighter particles (protons, deuteron,
and tritons) and the PACE calculation, indicating that they were
produced in the evaporation of an equilibrated compound
system. The total fusion cross section of 989(14) mb for the
Li+?Be reaction was extracted from the comparison be-
tween the experimental proton, deuteron, and triton yields and
the PACE calculations, taking into account the multiplicities of
the decay particles.

A total °Li 4+ ?Be reaction cross section of 1107(16) mb
was obtained from the elastic scattering angular distribution,
which is only 118(21) mb above the total fusion cross sec-
tion, indicating thatr this mechanism accounts for almost 90%
the total reaction cross section. The sum of the predictions
of the elastic and nonelastic breakup contributions, provided
by CDCC and IAV calculations (ogy + ongy = 25 4+ 90 =
115 mb), is in remarkable agreement with the remaining cross
section [118(21) mb]. In contrast to the light particle measure-
ments presented here, the «-particle yields were found to be
considerably larger than the PACE predictions, indicating that
direct processes, such as breakup or transfer, could be con-
tributing in an important way to the « yields. IAV (Ichimura,
Austern, and Vincent) calculations were performed for the
°Be(°Li, ) "'B* transfer reaction and the results show that
this reaction could account for most of the observed a-yield
excess.

Finally, we conclude that it seems to be possible to obtain
reliable total fusion cross sections by measuring light particles
such as protons, deuterons, and tritons evaporated at backward
angles around 6y,, & 45°. Although some contribution from
direct processes in the deuteron line would be expected for
the °Li + °Be system, due to the o + d projectile’s structure,
it was not observed in the present experiment, at least in the
angular range of the present measurements. The «-particle
yield, on the other hand, appears to be strongly contaminated
by direct processes such as breakup and deuteron transfer
reactions and cannot be used to estimate the fusion cross
section.
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