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Direct measurements of the total fusion cross section for 8B + “°Ar were achieved with the active target
technique. The fusion excitation function was extracted at energies near the Coulomb barrier. The cross
section is well described by a coupled reaction channels calculation. The data were compared with
previous 8B fusion experiments on 28Si and *8Ni targets. No evidence of striking enhancement of the
total fusion cross section at near the Coulomb barrier, that was previously reported for the 8B + 58Nij

system, was observed in these direct measurements. The present data are systematically consistent with
the results for 8B428Si at higher energies and with other weakly-bound systems at near-barrier energies.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

Fusion reactions are the primary energy source of stars and play
a fundamental role for the nucleosynthesis in the stellar media [1,
2]. Fusion of charged particles ranging from hydrogen, carbon and
oxygen contributes to change the chemical composition of the core
and they have direct implications in the thermophysical properties
of the star [3,4]. The accurate and detailed description of the fusion
reaction mechanism is key to understanding the stellar evolution
and the abundance of the elements in the universe.

At energies below the Coulomb barrier, the fusion mechanism is
based on the fundamental quantum-mechanical tunneling process
where particles penetrate through a potential barrier. Besides the
importance for astrophysics, this phenomenon plays an essential
role in some other subjects such as quantum computing, radioac-
tivity, scanning tunneling microscope and tunnel diode. In nuclear
physics, the fusion process occurs when the projectile particle pen-
etrates through the barrier generated by the repulsive Coulomb
and attractive nuclear potentials [5]. However, the barriers for
heavy-mass systems are complex and depend on the angular mo-
mentum and internal degrees of freedom of nuclei. At near-barrier
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energies, the fusion cross section is strongly influenced by static
and dynamic effects, as well as the nuclear structure of the two
fusing partners [5-7]. Thus, a proper description of a fusion pro-
cess requires the use of the coupled-channel (CC) formalism in-
cluding all the most relevant reaction channels. This makes the
situation for weakly-bound nuclei more complex, because of the
significant influence of the breakup-reaction channel and strong
coupling to the continuum.

As the production of radioactive ion beams became accessible
at new accelerator facilities, investigation of fusion reactions in-
volving weakly-bound nuclei has been a subject of great interest in
the last years. Extensive experimental and theoretical efforts have
been devoted to understand direct reactions involving weakly-
bound nuclei as inclusive transfer or breakup at near Coulomb-
barrier energies, as well as their influence on the fusion process
[8-17]. The low binding energy and strong cluster configuration in
halo nuclei produce a decoupling between the valence particle and
the core nucleus, which gives rise to an increase of the breakup
and/or transfer probability in the total reaction cross section. It has
been observed that the coupling of these direct processes affects
the total fusion (TF) cross section showing a suppression at ener-
gies above the Coulomb barrier and enhancement at sub-barrier

0370-2693/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
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energies when compared with no-coupling one-dimensional bar-
rier penetration [8-12,18,19].

Fusion cross section induced by neutron-halo radioactive beams
has been measured for different systems [20-24]. A suppression of
the fusion due to breakup effects at energies above the Coulomb
barrier and an enhancement at sub-barrier energies have been ob-
served in most of the cases. For proton-halo nuclei, the enhance-
ment of the fusion cross section at energies below the barrier is
predicted to be larger than in the neutron case [16]. Coulomb-
nuclear interference at very large distances plays an important
role in the reaction mechanism because of the extended size of
the valence-proton wave function [25,26]. However, fusion data of
proton-halo systems are still scarce. For instance, fusion cross sec-
tion of 8B (proton-halo nucleus) were measured with targets of
286j [27] and >#Ni [28]. Different results are obtained when data
from these experiments are compared with the one-dimensional
barrier penetration model. A small suppression above the barrier
was observed for the 8B + 28Si system (similar to neutron-halo
data), while the 8B + °8Nj system presents a very large enhance-
ment below and above the barrier with respect to systematics for
tightly-bound nuclei. However, the interpretation of these results
is not simple, since both experiments rely on particle-evaporation
yields and their analysis are highly-model dependent.

In this Letter, we present an innovative experimental approach
to investigate fusion for the 8B + 49Ar system with direct mea-
surements using the active target technique. The fusion excitation
function is unambiguously extracted at near-barrier energies. The
evaluation of these model-independent data is fundamental to un-
derstand the fusion mechanism involving proton-halo nuclei.

A secondary 8B beam was produced in-flight using the
6Li(3He, n)®B reaction and the Momentum Achromat Recoil Spec-
trometer (MARS) at the Cyclotron Institute at Texas A&M University
[29]. The primary ®Li beam was accelerated via the K150 Cyclotron
to an energy of 9.9 MeV/u and transported to the cryogenic gas
target located at the entrance of MARS. The gas-cell target was
filled with 3He at a pressure of 800 Torr and temperature of 77 K.
A 97%-pure 5.1 MeV/u 8B beam of 10> pps was produced with an
energy spread of 1.2 MeV. The main contaminants were 6Li and
4He with intensities of 2% and 1%, respectively.

The beam was transported to the TexAT (Texas Active Target)
[30] scattering chamber installed downstream at the end of the
MARS line. A vacuum-tight 4-um thick Havar window was placed
at the entrance of the scattering chamber to separate the TexAT
gas volume from the beam line. The TexAT detector setup consists
of a gas-filled Time Projection Chamber (TPC) with a MICROMEGAS
(Micro-MEsh GAseous Structures) detector [31] using 1024 read-
out channels on an active area of 224 x 240 mm?. A windowless
ionization chamber (IC) was mounted near the scattering chamber
entrance window for particle identification on an event-by-event
basis and overall normalization. In addition, a 5 x 5 cm? silicon
detector (1 mm thick) was installed at zero degrees at the end of
the scattering chamber to monitor the unreacted beam particles.

The TexAT scattering chamber was filled with a gas mixture of
40Ar (95%) + CH4 (5%) [P5] at 150 Torr that was adjusted to al-
most stop the unreacted ®B particles in the gas and enable about
1 MeV signal in the silicon detector. An uniform electric field of
29 V/cm was produced by a negative potential of -800 V applied
to the cathode plate on top of the field cage of TexAT. The elec-
tron drift velocity in the gas was calculated to be 38 mm/us using
MAGBOLTZ [32]. To reduce the read-out rate of the TPC and avoid
a considerable dead time for the data acquisition, an external trig-
ger was generated from the IC and micromesh signals with a veto
composed by the silicon detector and the last eight MICROMEGAS
channel layers (in the central region). This configuration allowed to
record only reaction events which were completely detected inside
the TPC and remove all the unreacted beam particles and scatter-
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Fig. 1. Ionization beam profile for a typical fusion event. A fusion event deposits a
large amount of charge in a short range. The experimental data is compared with a
realistic simulation of a fusion event with a sequential «-particle evaporation.

ing below 16 degrees (relative to the beam direction). The absolute
normalization was obtained by integrating the accepted 8B beam
rate and the respective target thickness derived from the online
gas-pressure monitor. An integrated luminosity of 2 x 1027 cm—2
was achieved over 80 hours of beam-on-target. Reactions on 2C
were subtracted from the data with measurements using a pure
CH4 (methane) gas target at 180 Torr.

Reaction events were reconstructed from the 3-dimensional hit
information of the TPC. The x-y coordinates are determined from
the projection on the MICROMEGAS pad plane, while the z coor-
dinate is obtained from the electron drift time [30]. Hit pattern of
individual events were analyzed with the RANsAc (RANdom SAmple
Consensus) [33] algorithm to classify the particle tracks (inliers)
and reject uncorrelated points (outliers) [34]. The algorithm has
a wide range of applications in computer vision, and also it has
been successfully employed in the analysis of other TPC experi-
ments as AT-TPC [35] and ACTAR [36]. This procedure allowed to
identify and fit the 3D linear tracks for the beam and the reaction
products. The ionization beam profile (Bragg curve) was extracted
for each event using energy deposition along tracks in the TPC.
A large and strongly localized charge deposition is produced by
a fusion event due to creation of heavy and high Z recoil, up to
Vanadium, that looses all its energy over the range of few cm in
the gas. That is, the fused particle induces a large-charge signal in
a few pixels, which generates a significant increase in the Bragg-
peak amplitude. A typical fusion event is shown in Fig. 1.

The maximum amplitude of these distributions exceeds about
4 times the charge deposited by the unreacted beam, as it is pre-
dicted from realistic simulations using the TexATSim package [37].
A simulation of a fusion reaction (red curve) with a sequential
«a-particle evaporation is presented in Fig. 1. The width and total
amplitude of the Bragg peak depends mainly on the fusion residue
and to the respective momentum kick of the particle. Thus, fusion
reactions were isolated from contamination of scattering events
by analyzing the shape (amplitude, width and derivative) of the
peaks. Evaporated particles were also observed in the experiment,
similar as reported in Refs. [38,39]. Charged-particle evaporation
(e.g. a) from the fused system was identified in some events with
tracks emerging from the region of the Bragg peak. The gas gain
of the MICROMEGAS detector was set low to keep the large signals
produced by fusion events within the dynamic range of GET elec-
tronics [40] that was used for the readout. As a result, the low
ionization produced by proton tracks in the gas was not sufficient
to get the signal above the threshold. Therefore, proton evaporation
that followed fusion events were indistinguishable from neutron
evaporation in this experiment.
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Fig. 2. Fusion excitation function for measurements with P5 and CH4 gas targets.
The CH4 measurements are employed to subtract a small component of fusion on
12C from P5 data.

The fusion excitation function was extracted from the 8B range
that was integrated in intervals of 1 cm width. The ion range
was converted to energy by using stopping power tables calculated
with the code sriM [41]. The target thickness was calculated with
the gas-pressure readout and realistic gas density obtained from
a thermophysical properties database [42]. The energy losses in
the entrance window and dead volume in the scattering chamber
allowed for an incident beam energy of 25.8 MeV in the active re-
gion. The absolute normalization of the cross section was extracted
from the accepted trigger rate and the gas-pressure monitor. The
systematic error associated with the normalization was dominated
by the integrated beam rate and it was calculated to be ~12%.
Fig. 2 shows the total fusion excitation function for P5 (“OAr [95%]
+ CHy [5%]) and methane (CHg4) gas targets.

Fusion in the 8B + “0Ar system is the dominant contribution in
the cross section, however a small component of fusion with 12C
is expected to be present in the data (due to the 5% of methane)
[39]. Thus, additional runs with a pure-methane gas target were
measured to subtract the contribution of 12C. The gas pressure and
electric field were adjusted accordingly in order to keep similar
conditions as with the P5 target. Very few 8B + 12C fusion events
that could contaminate the excitation function were observed and
they primarily concentrate below 19 MeV (laboratory frame). Dif-
ferent than expected, the yield at higher energies is quite low, but
with a statistical uncertainty in the order of 30%. A limitation in
the detection efficiency in the respective active region could be a
possible reason for the small values of the cross section at these
energies. Nevertheless, fusion on 4%Ar is more than an order of
magnitude higher for Ejy, > 19 MeV. After subtraction with the
proper statistical weights that reflect the composition of the gas
target, the fusion excitation function for the 8B + 4CAr system is
extracted. Fig. 3 shows the respective total fusion cross section at
near-barrier energies compared with theoretical calculations.

Theoretical calculations were performed with the coupled reac-
tion channels (CRC) code FREscoO [43]. As a first approximation, a
single-channel (potential scattering) calculation that includes only
projectile and target ground states was performed. The optical po-
tential (OP) assumed for this calculation is composed by a real
part using the parameter-free Sao Paulo potential (SPP) [44] and a
short-range Woods-Saxon potential with parameters W =50 MeV
(depth), r; = 1.06 fm (reduced radius) and a; = 0.2 fm (diffuse-
ness) for the imaginary part. The latter parameters were chosen to
only account for absorption due to fusion. As explained in Ref. [45],
a small variation the in Woods-Saxon parameters of the imaginary
potential do not significantly impact the fusion cross section. For
the 8B +40Ar system, a 20% change in any of the three parameters

16 18 20 22 24
Eiep. [MeV]

Fig. 3. Total fusion excitation function for B + “°Ar. The experimental data is
compared with the theoretical fusion cross sections obtained from single channel
and coupled channel calculations. Theoretical cross section for the sum of elastic
breakup and one-proton transfer channels is shown with a dash-dotted green curve.
(see the text for details).

produces a difference in the fusion cross section of less than 2%.
This confirms that the absorption is kept in the inner region of the
Coulomb barrier.

By comparing this calculation with the experimental data, one
can put in evidence the entangling effect of all the direct reac-
tions channels, including the breakup. A coupled-channel calcu-
lation was performed using the same OP and assuming a collec-
tive excitation of 4°Ar within the vibrational model with the one
and two-phonon quadrupole excited states. The deformation pa-
rameter was taken from systematics [46]. The effect of including
these collective excitations is rather soft. This is expected since
the single-channel calculation already exhausts the TF cross sec-
tion. Other relevant channels such as elastic breakup (EBU) and
transfer were not included in the coupled scheme. In order to
evaluate the importance of these reaction channels, continuum-
discretized coupled channel (CDCC) and one-proton transfer cal-
culations were performed. The same procedure from Refs. [47-49]
was adopted for the present CDCC calculations. One-proton trans-
fer [“°Ar(®B, 7Be)*'K] cross sections were calculated within the
CRC formalism. The same OP used for the single-channel calcula-
tion was employed for the entrance partition. In the exit partition,
the interaction was obtained from the SPP assuming scaling factors
of 1 and 0.78 for the real and imaginary parts, respectively. This is
guided by the fact that no couplings were considered in the exit
partition. The spectroscopic amplitudes for the target and projec-
tile overlaps were derived from shell-model calculations using the
code NUSHELLX [50]. About 20 excited states in 4!K up to 3.05 MeV,
including the g.s. and first excited state in ’Be, were taken into ac-
count for the calculation. The resulting one-proton transfer cross
section was almost negligible and accounts only 4% of the EBU
yield. For a better comparison with the TF cross section, both com-
ponents were summed up. The relative small yield of the EBU and
one-proton transfer channels might be an indication that dynamic
effects are not contributing on the reaction mechanism for the to-
tal fusion in the 8B + 4%Ar system. However, it should be clarified
that there is no direct connection between the probability of excit-
ing a specific channel and its effect on the transmitted flux. An ex-
ample is the enhancement of the fusion cross section by coupling
to kinematically closed channels (see for instance Refs. [51-54]).
Another example is the multi-nucleon transfer reaction. The cross
section for these channels might be high depending on the Q-
value and the spectroscopy of the initial and final states. The main
condition to enhance the fusion cross section is that the residual
nuclei are more deformed that the initial ones [55-58], which is
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Table 1
Barrier parameters employed for the reduction of the TF cross section. These val-
ues were extracted from the bare SPP using a numerical interpolation.

Target Rp Vg hw Ref.
[MeV] [MeV] [MeV]
285j 8.15 11.28 3.59 [27]
40Ar 8.57 13.87 3.76 This work
58Nj 8.90 20.83 414 [60]
10! |
=
S
100 | UFF ——— |
8B + YOAr (this work) —e—
8B + 8 Ni
8B + 288i —a—
107! . . . .
—1 0 1 2 3 4
X

Fig. 4. Reduced total fusion cross section using the Universal Fusion Function (UFF)
parameterization. Our data is compared with the experimental results using 28Si
[27] and 8Ni [28] targets, and their posterior reanalysis in Ref. [60]. The line (UFF)
corresponds to the prediction from the one-dimensional barrier penetration model.

not related to the magnitude of the transfer cross section. At this
energy regime, the EBU and the one-proton transfer occur outside
the barrier while fusion will only happen if the barrier is tunneled.

A popular method to compare the TF cross section for sev-
eral systems is from a reduction based on the Universal Fusion
Function (UFF) [18,19]. In this method, the energy and cross sec-
tion are transformed with the parameters x = (Ecm. — V) /hw and
F(x) = 2Ec,m,ap/(ha)Ré), where Rp and hw are the radius and
curvature of the barrier, respectively. An advantage of this trans-
formation is that the TF cross section is directly compared with
the reduced Wong’s function [59] (UFF), which is the prediction
of the one-dimensional barrier penetration model. The barrier pa-
rameters employed for the reduction of the TF cross sections were
extracted from the bare SPP using a cubic interpolation routine.
The respective values are presented in Table 1.

Fig. 4 shows the reduced TF cross sections for 8B on 28Si, 40Ar
and °8Ni targets. TF cross section on 28Si was measured at en-
ergies above the Coulomb barrier (1.6 to 2.7 times Vp). These
data present a slight suppression with respect to the prediction
from the barrier-penetration model. This suppression corresponds
to a factor of 0.85, which is consistent with experimental data of
other weakly-bound systems [5]. However, the TF data with >8Ni
target show a very large enhancement at near-barrier energies.
This unexpected result is about a factor 2 higher than the pre-
diction from the barrier-penetration model, and thus, inconsistent
with the TF cross section for 8B + 28Si. Our present data for the
8B +40Ar system exhibit a different trend. No enhancement of the
TF cross section is observed. The data are well described by the
one-dimensional barrier penetration model. A similar result was
obtained in a fusion experiment with the '’F proton-halo nucleus
[61]. This is an indication that dynamic channel coupling effects do
not have a strong influence in the fusion reaction mechanism in-
volving proton-halo systems. The results are fully consistent with
the calculations here presented that predict a very small contribu-
tion of the EBU and one-proton transfer channels.

In summary, the fusion excitation function for 8B + “°Ar was
measured with the active target technique at near-barrier ener-

Physics Letters B 816 (2021) 136256

gies. This novel method allows the direct identification of fusion
events, which is a great advantage over previous experiments that
are highly model dependent. CRC and CDCC calculations were per-
formed to study the possible effect of direct channels not explicitly
included in the CC calculations for fusion on the reaction dynamic.
The TF cross section was exhausted by a single-channel calculation
that only accounts for absorption due to fusion. Inelastic excitation,
EBU and one-proton transfer channels have a small contribution
on the TF reaction mechanism. The present data were compared
with results from previous 8B fusion experiments on 28Si and >$Ni
targets and one-dimensional barrier calculations. The TF cross sec-
tions obtained for the 8B + 4OAr system is well described by the
one-dimensional barrier penetration model, indicating no enhance-
ment of TF cross section. These new results are consistent with the
TF cross section for 8B + 28Si and for other weakly-bound systems.
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