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In this work, one-neutron transfer (pickup and stripping), complete and incomplete fusion cross sections for
the *Be 4 1”7 Au system were measured over a wide range of energies around the Coulomb barrier by the offline
y-ray detection method. Coupled-channel calculations were used to determine the elastic, inelastic, and transfer
cross sections. Coupled reaction channel calculations were performed to derive the one-neutron stripping and
pickup cross sections. Three-body continuum discretized coupled-channel calculations were used to determine
the effect of the breakup channel on the other reaction mechanisms. The reduced complete and total fusion
were found to be hindered above and enhanced below the Coulomb barrier compared with the universal fusion

function due to the breakup plus transfer effects.
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I. INTRODUCTION

Over the last three decades, fusion reaction mechanisms
involving stable (6'7Li, 9Be) and radioactive (6He, "Be, 81114,
8B, etc.) weakly bound projectiles have become a subject of
great interest in nuclear physics [1,2]. These nuclei, which
have special features—cluster structure, “neutron and pro-
ton skin” effect and exotic modes of decay [3,4]—are of
astrophysical interest because of their role in primordial nu-
cleosynthesis, in chains of capture reactions in massive stars,
and in the synthesis of heavy elements [5].

One of the distinctive properties of these nuclei is the
high probability of breakup through nuclear (Coulomb) in-
teraction with a light (heavy) target nucleus due to the low
binding energy of the last nucleon(s). The influence of this
process on other reaction channels like elastic scattering,
transfer, or fusion modifies the overall dynamic of the reaction
with respect to tightly bound projectiles [6-9]. In addition
to the direct complete fusion (CF), there are the incomplete
fusion (ICF), when not all breakup fragments are captured
by the target, and sequential complete fusion (SCF), when
the resulting fragments are separately captured by the tar-
get. Another possible outcome is the noncapture breakup
(NCBU), in which no fragment is captured. It is important
to stress that it is very difficult to experimentally separate
ICF from direct transfer reactions and impossible to separate
SCF from CF since both processes lead to the same final
nucleus. Several experimental and theoretical studies have
shown that the influence of the breakup channel manifests
in a suppression of fusion for energies above the Coulomb
barrier V¢ of ~30% for heavy targets and an enhancement at
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sub-Coulomb energies [10-25]. It was proved that breakup
triggered by transfer has a higher contribution to the total
breakup probability than direct breakup at energies below the
Coulomb barrier [8,19,23]. Another works claimed that the
prompt breakup was responsible for the CF suppression at
energies above the barrier [26]. Nevertheless, classical models
including lifetimes [8,27] suggest that prompt breakup cannot
fully account for all the CF suppression. Moreover, a recent
study [27] proposed that the dominant process that leads to
CF suppression is direct cluster transfer, a direct consequence
of the clustering in weakly bound nuclei. However, a different
approach, based on continuum discretized coupled channels
calculations, suggests that breakup can explain all the CF
suppression [28,29].

Experimentally, exhaustive studies with unstable weakly
bound nuclei are complicated to perform due to the low in-
tensities of the radioactive beams. An alternative approach
relies on conducting measurements with stable weakly bound
nuclei. The most suitable nuclei for this purpose are ®’Li
and °Be, that have low breakup thresholds between 1.48 and
2.47 MeV. The use of these stable nuclei allows similar studies
with higher statistics and precision for several bombardment
energies.

In this work we measured 1n transfer, CF and ICF for
the °Be + '“’Au system for an extended incident energy
range, 0.54 < Ep/Ve < 1.25, from offline measurements of
B-delayed y rays. The °Be structure is represented by a
three-body Borromean neutron-halo structure & + o + n, sim-
ilar to °He and ''Li, with a low energy threshold of S, =
1.57 MeV. Unlike ®"Li, whose predominant cluster structures
are « +d and « + ¢, the case for °Be is not clear [30-33].

©2021 American Physical Society
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Due to its cluster structure, two reaction mechanisms are
possible: (i) breakup of the relatively long-lived ®Be (r =
7 x 10717 s) produced by neutron transfer, and (ii) prompt
breakup through °Be — « 4+ a +n or °Be —°He + « (7 ~
10721 5). The "7 Au target was chosen since it presents sig-
nificant features for fusion and transfer study: (i) half-lives of
the evaporation products with timescales of hours, and (ii) a
high atomic number (Z = 79), which restricts the evaporation
channels to the almost exclusive emission of neutrons.

Fusion reactions induced by °Be projectiles were studied
for several target nuclei like 12 [34], F [34], YAl [34],
%Zn [35-371, '*“Sm [14,19], ' Er [19], "W [19], Pt
[19],2°2Pb [12], *®*Pb [11,13,38,39], **Bi [19,20,39,40], and
238U [ 4 l]

The fusion of the “Be 4 '°” Au system was recently stud-
ied by Li et al. [42] and Kaushik et al. [43] by activation
followed by offline measurements of B-delayed y rays. Li
et al. obtained CF and ICF cross sections for four energies
significantly above the barrier using stacked foil targets. As
a main result, they report a CF suppression of about 40% in
comparison to couple channel calculations which omit trans-
fer and breakup channels. As the coupling to the breakup
channel is responsible for the creation of a repulsive polar-
ization potential in the whole interval around the Coulomb
barrier [22], they attribute the observed CF hindrance to this
effect. Such a conclusion is further supported through the Uni-
versal Fusion Function (UFF) method [44,45], by converting
the data to standardized units allowing a comparison with
CF measurements of several other systems. In turn, Kaushik
et al. measured (also via offline counting of B-delayed y
rays) the “Be + !””Au CF cross section for energies in the
range E/Ve = 0.82 to 1.16. Similarly to the previous group,
they found a suppression of CF at above-barrier energies of
about 39% in comparison to coupled channels calculations.
In addition, they also report an enhancement of the CF at
below-barriers energies, which they attribute to the deforma-
tion of the projectile. This assertion is supported by studying
the reduced fusion excitation function and comparing it with
the corresponding to other weakly bound projectiles on '’ Au
targets and with the UFF. According to their results, the °Be
projectile exhibits the largest CF enhancement at subbarrier
energies, consistent with the most prominent deformation of
this nucleus, in comparison to other weakly bound projectiles
for which measurements are available (4’6’8He, 6714, and 1))

In previous work, we presented experimental data of the
elastic and inelastic scattering of Be on the '°’Au target
at several energies around V¢ [46]. This data set was de-
scribed through coupled-channel (CC) calculations, both with
Woods-Saxon (W-S) and Sao Paulo potentials (SPP). Hence,
the experimental data presented in this work are part of ex-
tensive research aiming to describe the interplay between
different reaction channels: elastic and inelastic scattering,
direct and compound-nucleus reactions. In particular, we aim
to assess the suppression of the CF above and possible en-
hancement below the barrier in a wider energy range and
with a more complete data set than previously measured
[42,43]. Therefore, we present an exhaustive study of all re-
action channels accessible to the offline detection technique:
neutron-stripping, neutron-pickup, and complete and incom-

plete fusion. These channels were described over the whole
measured energy range within a consistent CC formalism.

The present work is organized as follows: in Sec. II the
experimental setup is described in full detail and CF, ICF
and transfer cross sections are presented. In Sec. III coupled
channel, coupled reaction channel, and continuum discretized
coupled-channel results for the elastic and inelastic, 1n trans-
fer, and elastic breakup, respectively, are compared with the
experimental data. The effect of the breakup plus transfer
channels on CF and ICF is also studied. The summary and
conclusions are given in Sec. IV.

II. EXPERIMENTAL SETUP

Cross section for the CF, ICF and one-neutron transfer
channels were measured for the °Be + '’ Au system at 33
bombarding energies between 22 and 50.5 MeV at the TAN-
DAR Laboratory in Buenos Aires, Argentina. The nominal
value of the Coulomb barrier was estimated to be V! =
40.5 MeV (V5™ = 38.7 MeV) based on empirical models
[47]. °Be beams obtained from the 20 UD tandem accelera-
tor impinged on '°7Au target foils placed at the center of a
70-cm diameter scattering chamber. The targets were around
200 (300) ug/cm? for lower (higher) bombarding energies.
These values were selected as a compromise between a high
reaction rate and a low spread in the reaction energy. The
target angle was set at 0° relative to the beam direction. Two
silicon monitor detectors, placed at +16° and —16° where
scattering is pure Rutherford, where used for normalization
purposes. The beam was defined by a set of two rectangular
collimators (7 mm x 9 mm) located 51 and 156 cm upstream
the scattering chamber and a third circular collimator with a
diameter of 7.6 mm placed at the entrance of the scattering
chamber, as set up previously in Ref. [46].

An aluminum catcher of about 200 pg/cm? was placed
behind the target, at an approximate distance of 1 mm in
the same target holder. This material was chosen because the
y rays emitted by the main fusion-evaporation products of
9Be 4+ 27Al are short lived in comparison with the products
of interest. Therefore, they do not produce interference in
the offline measured spectra. The catcher thickness was se-
lected, based on SRIM simulations [48], to stop possible fusion
residues and transfer recoils from the “Be + ' Au system,
while it still lets the elastic scattered beam particles pass
through. The catcher is also thin enough to avoid the residues
from the *Be 4 2’ Al reaction to be retained within it.

A new set of target and catcher foils were used for each
bombarding energy. This method was previously used by our
group to measure the fusion and transfer cross sections of the
0B + 7 Au system [49]. A Faraday cup at the end of the
beam line, 6 m away from the scattering chamber, is used
to obtain the beam profile. The integrated charge collected in
time intervals of 1 s, as well as the number of events in the
monitors are digitally recorded. Typical irradiation time was
between 2 to 10 h, according to the beam intensity and the
half-lives of the products of interest.

Upon completion of irradiation, the target and catcher were
removed from the scattering chamber by the use of a target
extraction device. This allowed the safe extraction of targets
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FIG. 1. Decay scheme of the CF and ICF compound nuclei and
transfer products identified in the y spectrum. Stable nuclides are
depicted in black. Red colored nuclides decay via 8% and/or electron
capture, whereas the blue colored nuclei decay via 8~. 2%*Pb, with a
half-life too long to be detected (53 ky), is depicted in light red. (c,
x) stands for the ICF following the °Be prompt breakup.

to the atmosphere within a few minutes without loosing the
vacuum condition in the scattering chamber. The time con-
sumed in this process was on the order of 10 min, measured
to the precision of a hundredth of a second and was taken into
account for the calculation of the cross sections. Both target
and catcher were then placed at a fixed distance in front of a
40%-efficiency, high-purity germanium detector with 2.1 keV
energy resolution at 1332.5 keV. The efficiency was deter-
mined by the y radioactive sources '**Ba (0.056 1Ci), °*Eu
(0.020 uCi) and ®*Co (0.070 uCi). The detector was shielded
by a lead castle with an outer cover of cadmium and paraffin.
The activity measurements spanned from 2 to 10 h, depending
on the expected channel cross sections following irradiation at
each bombarding energy.

The neutron transfer can produce either the '°® Au (neutron
stripping) or '*°Au (neutron pickup). ®Au go through g~
to produce '®®Hg. On the other hand, '*°Au decays mainly
through € to '?*Hg or, on a minority basis, via 8~ to produce
19Pt (see Fig. 1). It must be noted, that *Be breakup followed
by neutron capture by the target can also contribute to the
formation of %8 Au.

Predictions of the main fusion-evaporation channels and
relative yields were obtained by the PACE2 [50] statistical
code for each incident energy. The level-density parameter
was a = A/K where A stands for the mass number and K was
varied between 7 and 10. The angular momentum (/) distri-

bution was obtained from CC calculations performed on the
elastic and inelastic angular distributions from Ref. [46] (see
Sec. III). The results are presented in Fig. 4 (full table with
experimental data is available in the Supplemental Material
[61]). Best agreement with the experimental data was found
for the value of K = 9, in concordance with Kaushik [43].

Results for the CF of the °Be + '/ Au system show that the
compound proton-rich 2°Bi nucleus decays mainly through
neutron evaporation (xn). Within the energy range of 35 and
50 MeV (0.88V¢ and 1.25V¢), the 3n(**Bi) and 4n(**Bi)
channels are the dominant processes; while the 5n(*°'Bi),
more energetic, becomes significant for energies greater than
45 MeV. In contrast, the 2n(>***Bi) channel is a minor one
and is only present in a limited range of energies close to
Ve. Experimentally, this channel could not be detected. PACE2
also predicts the contribution from neutron-proton evapora-
tion channels pxn (n = 2, 3) to produce 202.203pp. However,
the impact on the o¢r is <1% virtually in all incident energies.
Furthermore, 2°>Pb, which has the highest yield of both, de-
cays by € with a half-life of 77, = 52.5 x 10° y and renders
it impossible to detect.

The calculation of evaporation channels following ICF
with PACE2 were carried out considering the approximate
energy of the « particles as E, = (4/9)Elab(9Be) — S, [14],
where S, is the neutron separation energy of the *Be.

Absorption of an « particle produces 2°!'TI, that may
undergo evaporation of one or two neutrons to render the
199.200T7 jsotopes. 2°! Tl can also decay by € to °'Hg with
Ti» = 3.0421 d, although this was not detected in the y-ray
spectra. Fusion following prompt breakup can also produce
the 2°2T1 isotope which subsequently evaporates two or three
neutrons leading to the same thallium isotopes. Both Bi and
Tl isotopes from CF and ICF decay through electron capture
p+e— n+7, to produce 202203.204pp and '92Hg and
their corresponding y rays are measured offline. In turn, lead
isotopes, except the very long half-life 2°>Pb, decay through
electron capture to 2°12%>T1. In Fig. 1 a section of the table
of isotopes is displayed, corresponding to the evaporation
residues and decays of the involved channels.

As a summary, in Table I the intensity of the principal y
rays and half-lives of each measured channel is presented.
Only the main decay channel for the °®Au is presented.

An example of a y-ray spectrum of the target and catcher is
presented in Fig. 2 for an incident energy of 48 MeV. As can
be seen, at this incident energy, all the evaporation channels
are active. Each peak is identified by its energy and their decay
level scheme. Other peaks identified were those correspond-
ing to the 2*Na decay, produced by reactions in the catcher
foils [59], 4°K [60] and the 511 keV from electron-positron
annihilation. A complementary identification was performed
through half-life determination. Time bins between 8 and
32 min were used, depending on selected half-life nucleus.
An energy gate was set around the peak. In cases where there
are more than one peak, we use the branching ratio as an extra
measure for confirmation. In Fig. 3, the number of y events
per unit time is displayed for a peak belonging to each channel
considered. The half-lives calculated are in agreement with
the tabulated values referenced in Table I, except for the peak
of 355.7 keV that could not be calculated, since its half-life
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FIG. 2. Offline y-ray spectrum measured from an activated set
of target plus catcher at an incident energy of 48 MeV.
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FIG. 3. Activity of the main produced nuclei as a function of
time. An exponential decay fit was performed to extract half-life val-
ues for each reaction channel. All resulting values are in agreement
with those in Table 1.

TABLE I. Main channels from the n transfer, CF, and ICF for the
9Be + 97 Au system including reaction Q values and decay features.
The half-lives (7},,), principal y rays, and intensity of the decay
processes were obtained from Refs. [51-58].

Channel @) Decay Tip E, I,
(MeV) keV) (%)
n transfer
(°Be, ®Be) 4.8 %A — "Hg 2.69d 411.8 95.6
(°Be, "Be) —1.3 %Au — 9pt  6.17d 3557 87.0
Complete fusion
(°Be, 3n) —22.5 2Bj — 23pp 11.76h  820.2 30.0
8252 14.8
(°Be, 4n) —31.3  22Bj — 202pp 1.71h  422.1 83.7
657.5 60.6
960.7 99.3
(°Be, 5n) —38.7 'Bi— 2'Ppb  103min 629.1 26.0
Incomplete fusion
(o, 1) —9.7 200 — 20Hg 26.1h 3679 87.0
1205.8 29.9
(o, 21) -16.8  TI — Hg 742h 2082 123
4555 124

is too long in comparison with the measuring time intervals
adopted.
The expression for the total cross section is
Np ORuth 1
o= )
Teg(€) (e — e7r) [ o Ny (t')dt!

ey

where ogyn groups the Rutherford differential cross section at
the monitor angle, its solid angle and the Jacobian factor for
the laboratory to center-of-mass transformation:

doRrumn ) Qm .
ds2 J(Oum)
The solid angle values of the two monitors were extracted
from Ref. [46]. The remaining parameters in Eq. (1) are the
decay constant A = In(2)/T,2, the number of y events in the
peak Np, the number of elastic scattered *Be particles per time
unit Ny (¢'), the y relative intensity I, the efficiency e7(¢) of
the HPGe detector at a given y -ray energy, the irradiation time
t;;r and, finally, the initial and final times of measurement #;
and t;.

The number of y events in each peak was obtained by
fitting a Gaussian distribution. The cross sections calculated
by using each of the two monitors were averaged and this
value was subsequently weighted-averaged with the other
cross-section values corresponding to the other y rays, cor-
responding to the same channel of Table I, to obtain the
final o value for that channel. Uncertainties were calculated
taking into account Np, Nm(t'), £(¢) and monitor solid angle
contributions, ranging between 3% and 20%. The current per-
unit-time i(t) collected by the Faraday cup was discretized by
a counter and used as an independent method to corroborate
the normalization. The summary of the experimental excita-
tion functions for n-transfer channels (pickup and stripping),

2

ORuth =
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FIG. 4. Experimental cross sections (full symbols) for the CF, ICF, and n-transfer channels measured for the °Be + '*’ Au system. In solid
lines, PACE2 calculations are included for the CF neutron evaporation channels. Cross sections obtained by Li et al. [42] and Kaushik et al.

[43] are also included (open symbols). Finally, in bottom right panel, CF
based on PACE2 calculations of the ratio 03,4,+5:/Ofus-

CF and ICF for the °Be + "’ Au system are displayed in
Fig. 4 (The full table with the experimental data is available
in the Supplemental Material [61].). The results obtained by
Li [42] and Kaushik [43] for CF and ICF are also shown for
comparison. It is important to point out the relatively high
cross-section values of the '"® Au production for higher en-
ergies and its slow decrease as the energy diminishes, even at

and TF (CF + ICF) cross section are presented. ocr were corrected

energies down to about half the Coulomb barrier. °Be breakup
followed by neutron capture may significantly contribute to
the formation of '*® Au at these low energies.

Comparing the results for the xn channels presented in
this work with those obtained by Refs. [42] and [43], we
found an excellent agreement for the 3n evaporation channel
in all the energy range [Fig. 4(a)]. On the other hand, for
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the 4n [Fig. 4(b)], our results at the highest incident energies
were ~20% lower than in Refs. [42] and [43], while for the
more energetic 5n [Fig. 4(c)], they were ~18% higher than in
Ref. [42]. Concerning the ICF channels displayed in Fig. 4(d),
the an cross sections measured are compatible with the data
of Ref. [42], but the «2n ranged between 19% and 60% lower.
Due to the reduced energy range studied by Ref. [42] (as
in channel 4n), it was unclear whether these differences are
energy dependant or systematic.

Finally, CF and TF (CF + ICF) are displayed in Fig. 4(f).
The results from PACE2 indicated than neutron evaporation
channels account approximately for 99% of the CF cross
section (considering also fission) within the incident energy
interval of the experiment. To take into account the contri-
bution of the nonmeasured channels, the CF cross sections
were corrected by the ratio of the sum of the xn (x = 3,4, 5)
channels and the total cross section obtained by PACE2: R =
Ziz3 (08 )/ohe. Hence, the corrected CF cross sections
are 0" = g®P'/R. The R factor was calculated for all in-
cident energies, the results ranged between 94% and 98%.
For the ICF cross-sections, no corrections were needed since
neutron evaporation (°Be, a2n) and (°Be, a3n) contributions
are significantly less than 1% for all energies considered.

III. THEORETICAL ANALYSIS

In the previous work [46], a CC analysis has been pre-
sented to describe the elastic and inelastic differential cross
sections. A good agreement of the data was achieved. How-
ever, coupled-channel calculations using Woods-Saxon (W-S)
potentials have many free parameters that need to be adjusted
to describe the studied cross sections. In the present work,
the Sdo Paulo Potential (SPP) systematics [62] was used to
describe the elastic and inelastic differential cross sections,
and then it was used to analyze the one-neutron transfer cross
sections.

The theoretical cross sections were obtained by performing
CC calculations, considering the ground state (g.s.) of *Be
and the first six states of the !°” Au. The double folding SPP
[63] was used in both real and imaginary parts of the optical
potential [U = (1.0 4 iN;)Vsp]. N; is a strength coefficient of
the imaginary part. The value N; = 0.60 was used to account
for the loss of flux to the absorptive channels, as couplings
to continuum channels are not explicitly considered in the
coupling scheme. To account for the target’s collective states,
the transition probabilities of Ref. [64] have been used. All the
calculations were performed using the FRESCO code [65].

As can be seen from Fig. 5, the elastic differential cross
sections calculated with the SPP systematics agree pretty well
with the experimental data, as reported in the previous work
[46]. On the other hand, the experimental data corresponding
to the 279.0 keV (5/2%) state was underestimated by the
previous work [46]. In the same work, it has been stated that
the 279.0 keV (5/2%) and 270.0 keV (3/2%) states cannot
be experimentally resolved. Thus, summing the differential
cross sections of these two states, a better agreement with the
experimental data with the theoretical results is achieved, as
shown in Fig. 6. This leads us to conclude that the results
for the differential cross sections using the SPP have a better
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FIG. 5. Comparison between the experimental data and the the-
oretical CC calculations for the elastic scattering.

agreement with the reported data. Making a step forward
in the theoretical analyses, the one-neutron transfer (pickup
and stripping) and breakup reactions will be described in the
following subsections.

A. One-neutron stripping reaction

To study the '’ Au(°Be, ®Be) '°® Au stripping transfer re-
action, we used the coupled reaction channel (CRC) method.
The entrance partition uses as a base the CC calculations.
However, in the outgoing partition, as we do not explicitly
consider the couplings between final partition states, the N;
strength coefficient was set equal to 0.78. This coefficient was
proved to be appropriate for describing the elastic-scattering
cross section for many systems in a wide range of masses and
energies [66]. The transition probabilities of collective states
of the target are the same as used in the CC calculations.

W-S form factors were used to generate single-particle
wave functions. The depth of these potentials was adjusted
to fit the experimental one-neutron separation energies. The
reduced radii and diffuseness were set equal to standard
values as 1.25 and 0.65 fm, respectively, for binding the
neutron to the ®Be and '’ Au cores. The nonorthogonality
corrections, prior representation, and full complex remnant
approximations were adopted in CRC calculations. The CRC
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FIG. 6. Comparison between the experimental data with the the-
oretical inelastic calculations. The dashed lines represent the cross
section of 279.0 keV (5/27%) and the dash-dotted line represents the
270.0 kev (3/2*) states of 17 Au.

calculations adopted here were performed for several systems
[67-80], reproducing the experimental cross sections for the
one- and two-neutron transfer reactions with great success.

The spectroscopic amplitudes for the (°Be|®Be) projectile
overlaps were taken from Ref. [77]. Due to computational
limits, we were not able to calculate the spectroscopic ampli-
tudes for the (!’ Au|'®®Au) target overlaps. For this reason,
they were set equal to 1.0. The coupling schemes for the
projectile and target overlap corresponding to the one-neutron
stripping transfer reactions are sketched in Fig. 7. All the
states up to 703 keV for the target overlaps are represented
in this coupling scheme. The block of states in the rightmost
is separated only for clarity. They represent a continuation
of %® Au excited states, and every single arrow represents the
overlaps to all of these states.

The CRC results for the one-neutron stripping excitation
function are compared in Fig. 8 with the experimental data
measured in the present work. The results coupling states up
to 703 keV of the '°® Au in the one-neutron stripping reaction
channel are represented by the solid red curve [CRC up to
703 keV ("®Au)]. The main contribution to the transfer cross
sections came from the coupling to the first resonant state

(2+3.03 MeV) of the 8Be with some states (g.s., 236, 328,
381, 450, 482, 511, 529, 548, 625, 637, and 702 keV) of the
residual nucleus '*® Au. The inclusion of this resonance state
has shown not to be important in the case of the two-neutron
transfer reaction *Be(’Be, °Be) "Be [77], but it is very impor-
tant for the reaction studied in this work. The contribution of
these more relevant states is represented by the dashed green
curve [CRC more imp. states (®Au)] in Fig. 8. They are
responsible for about half of the total transfer cross section.
The cross section was always greater when the ejectile was
in its 2% resonant state than when it was in its g.s., for all
the states of the residual nucleus. For the two lower energies
studied in the present work (22 and 23 MeV, which are nearly
half of the Coulomb barrier), the contribution to the cross
section came about the same from all states considered in the
coupling scheme. The more states were included in the cou-
pling scheme, the better is the description of the experimental
data. Due to computational limitations, it was not possible to
add more states above 0.703 keV.

To consider the effect of the breakup channel in the
transfer calculations, we performed a continuum discretized
coupled-channel (CDCC) calculation. The objective was to
derive a polarization potential (Upoi = Vpol + Wpo1) that could
trace back the breakup effect on the elastic and indirectly on
the transfer cross section. In this calculation, a neutron in the
13> shell is coupled to a $Be core with a breakup threshold
of S, = 1.6 MeV. This is the most probable breakup channel
for the *Be projectile, although it may also break into o +
SHe with S, = 2.31 MeV. The SPP with (1 + iN;) strength
coefficients was used to describe the core-target interaction
(®Be + '7Au). For the n + '’ Au interaction, the potential
was taken from Ref. [81], which has proved to be very suitable
to describe this interaction for a stable nucleus.

The binning method was used to describe the continuum.
Bins considering s, p, and d n-core relative angular momen-
tum with maximum bins energy of 8 MeV with a step of
0.5 MeV from 0 to 2.0 MeV and step of 2.0 MeV from 2.0 to
8.0 MeV were used. For the f waves, we considered the step
of 2.0 MeV from 0.0 up to 8.0 MeV. The interaction potential
was expanded in multipoles considering up to the octupole
term. The interaction form factors were derived by integrat-
ing by the projectile internal distances up to 250 fm. This
value also guaranteed the orthogonality among bin states. The
bins were generated by using potential parameters taken from
Ref. [82]. The coupled equation was integrated numerically
up to 1000 fm and the maximum projectile-target angular
momentum considered was 5007.

In Fig. 9, we show, as an example of the convergence
obtained, the cross section for each angular momentum con-
sidered up to the f wave. One observes that the f wave (5/2~
and 7/27) has the lower contribution while the s, p, and d
waves (1/2%,1/27,3/27,3/2%, 5/2") have the main contri-
bution to the cross section. In the inset to Fig. 9, the real and
the imaginary parts of the polarization potential around the
Coulomb barrier (about 11 fm) are shown. As expected [1],
its real part is repulsive while the imaginary part is absorptive.
The results shown in Fig. 9 correspond to an incident energy
of 40 MeV. However, they remain valid for the entire energy
range studied in this work.
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FIG. 7. Coupling scheme of the projectile and target overlaps used in the one-neutron stripping transfer reaction calculations.

Thereby, the polarization potential was added to the CRC
calculations, which included the main states. The results for
the one-neutron stripping reaction are shown by the black
dashed-dotted curve in Fig. 8. When this polarization po-
tential is added, one needs to substitute the i0.6Vsp we had
in the entrance partition with an internal imaginary potential
to absorb the flux inside the Coulomb barrier (correspond-
ing exclusively to fusion). Otherwise, we would have double
counting of the effect of the breakup channel on the elastic.
This internal W-S potential usually has the parameters: V =
50 MeV, r = 1.06 fm, and a = 0.2 fm for the depth, reduced
radius, and diffuseness, respectively (although the fusion cross

E [ [ [ [ [ T [ i
11974 -y 4 8240198 L] fe 22 y
10°= Au('Be, Be) “Au
£ 8 T e
_ | ]
E F 7 exp. data (this work) -
° wle ~CDCC (opy) 1
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20 24 28 32 36 40 44 48
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FIG. 8. Comparison between the experimental data with the the-
oretical one-neutron transfer and elastic breakup cross section.

section is almost independent of the choice of these parame-
ters [83]). Due to the small value of the polarization potential
close to the barrier radius, of the order of 0.1 MeV for higher
energies, the breakup channel does influence the transfer cross
section. The comparison between the CRC calculations in-
cluding the breakup dynamic polarization potential, which
needs to include an internal potential, and the CRC calcula-
tions only with the internal potential shows that the increment
of the cross sections for energies above 35 MeV (when com-
pared with the green dashed curve) is due to the internal
imaginary potential and not due to the polarization potential.

S
~

L
o

o

, Polarization potential

Energy (MeV)

FIG. 9. Comparison between all the waves considered in the
CDCC calculations. The inset shows the polarization potential close
to the barrier radius, both for 40 MeV.
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TABLE II. Spectroscopic amplitudes used in the CRC calcula-
tions for one-neutron pickup reaction.

Initial state J Final state Spect. amp.
9Beg,.s(3/27) (1p1y2) IOBeg_s(OJr) —1.582
9Bf‘/g,s(3/27) (1p1y2) 1%Be; 363 (27) —0.159

From Fig. 8, it is observed that the theoretical curve does
not follow the shape of the experimental values for the lower
energies (below 32 MeV). In our experimental setup, is not
possible to determine if the neutron is absorbed by the target
after “Be breaks. Figure 8 seems to indicate that this is the
situation for incident energies much lower than the Coulomb
barrier. The blue dotted curve represents the elastic breakup
cross section derived from our CDCC calculations that, per-
haps by chance, coincides with what we call a one-neutron
transfer cross section. It is observed that the breakup proba-
bility without the absorption of any of the fragments is very
high and dominant at this energy regime. This guides us to
infer that the neutron produced by the breakup might also be
absorbed with high probability and produce this high cross
section for the ®Be + !?8Au partition at this energy regime.
This assumption needs to be supported by additional theoret-
ical calculations out of the scope of the present work. The
measurement of angular distributions might also elucidate this
situation because both reaction mechanisms would produce
different angular distributions.

We also studied the effect of the inclusion of the one-
neutron pickup channel on the one-neutron stripping cross
section. The effect was minimal, and for this reason, we did
not include it in Fig. 8.

B. One-neutron pickup reaction

The CRC method was also used to study the '*’Au
(°Be, °Be) ' Au pickup transfer reaction. Like the stripping
process, the calculations used as a base the CC calculations,
and the strength factors for the real and imaginary parts of
the optical potential remained the same. The W-S form fac-
tors adopted here are also the same as those used in the
stripping case. As we cannot calculate, due to computational
limits, we assumed that the spectroscopic amplitudes for the
(197 Au|'*® Au) overlaps are 1.0 for all configurations.

The spectroscopic amplitudes for the (?Be|'°Be) overlaps
were derived by performing shell-model calculations with the
NUSHELLX code [84]. To obtain the projectile overlaps the ps-
dpn model space and effective interaction psdmod were used.
This interaction was generated from a modification of the
psdwbt interaction [85]. The Hamiltonian is similar to the one
used by Warburton, Brown, and Millener (WBM) to describe
the excited states of '°Q [86]), where they used a two-body
Hamiltonian that gives a global fit to p-sd-shell nuclei. The
4He is considered as a closed core and the 1piy2, 1p3j2, 1d3 2,
1ds/», 251> orbitals are taken as the valence space for protons
and neutrons. The spectroscopic amplitudes obtained in this
calculations are shown in Table II, and the coupling scheme
for the overlaps is sketched in Fig. 10.
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FIG. 10. Coupling scheme of the projectile and target overlaps
used in the one-neutron pickup reaction calculations.

The theoretical cross sections for the one-neutron pickup
have quite a good agreement with the experimental data, as
shown in Fig. 11. The contribution of each state to the cross
section varies with the bombarding energy. In this reaction,
the g.s. and the 0.01 MeV (17) state of residual 19 Ay are
the states that have more contribution at energies below the
Coulomb barrier. Above the Coulomb barrier, the 0.08 MeV
(57) state becomes very relevant. Unlike the stripping process,
the first-excited state of the '’Be ejectile does not contribute to
the one-neutron pickup cross section. The cross section for the
states of the system leading the ejectile in this excited state is
about three orders of magnitude smaller than when the ejec-
tile remained in the g.s. However, the small overestimation
of the experimental one-neutron pickup cross section might
be originated by the values of the spectroscopic amplitudes
adopted for the target overlaps, which were not calculated

100

197Au(9Be,10B )196Au

10

o
£
N’
5 ,
! £ — CRC E
— CRC+W,_ ]
L CRC + Upol + W, +stripping
K] < exp. data (this work)
0.1 | | | | 4
34 38 42 46 50
E  (MeV
c.m.

FIG. 11. Comparison between the experimental data with the

theoretical one-neutron pickup calculations.
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microscopically due to computational limits. The couplings
with the stripping process and the inclusion of the breakup
dynamic polarization potential do not significantly affect the
pickup cross section, as one can see from Fig. 11. The dif-
ference between the curves arises from the use of internal
potential in the imaginary part of the optical potential when
the dynamic polarization potential was included (a detailed
discussion is given in the previous subsection).

C. Fusion

The fusion process can be strongly affected by the breakup
channel. One way to estimate its effect is to compare the
experimental fusion data with the CC calculations that in-
clude the most important channels, except for the breakup
channels. The CC calculations represented here are very sim-
ilar to those used at the beginning of this section. The only
difference lies in the imaginary part of the optical potential.
There, the imaginary part of the optical potential consisted of
i0.6Vgp. When one is interested in deriving the fusion cross
section, an imaginary W-S potential internal to the barrier
has to be used instead. Again, the depth, reduced radius, and
diffuseness adopted were W = —50 MeV, r,, = 1.06 fm, and
ay = 0.2 fm, respectively.

Another way to study the effect of the breakup channels on
fusion cross sections is by comparing experimental data for
tightly bound and weakly bound systems. For this purpose, the
experimental data have to be reduced, and a benchmark func-
tion is highly desired. The universal fusion function (UFF)
method [44,45] fulfills all these requirements. This method
consists in reducing the data by using the following procedure:

Ecm — Vi 2E
Eep, —> X = — 2 . op > Fx) = c‘";'
howRy,

ho or, (3
where the E. ., is the energy in the center-of-mass frame,
Vp is the Coulomb barrier, o is the fusion cross section, Rp
and /fiw are the radius and curvature of the Coulomb barrier,
respectively. One can apply this reduction method to Wong’s
formula [87], giving the UFF:

F(x) =1In[1 4 exp(2mx)]. “)

The UFF is system-independent. However, this formula has
some shortcomings. To overcome these problems, Canto et al.
[44,45] use the renormalized fusion function

w
_ or

Fexpl = Fexpth (5)
OF

where o}, and o€ are the fusion cross sections calculated by
Wong’s formula and CC calculations, respectively. With this
modification, it is expected that the renormalized experimen-
tal data deviations from the UFF are caused by the channels
not included in CC calculations (usually the breakup + trans-
fer channels). It is important to choose a reliable potential (like
a double-folding potential) to derive the barrier parameters. Of
course, the results will depend on these parameters.

In Figs. 12 and 13, the reduced CF and TF cross sections
for some heavy systems having °Be as a projectile are com-
pared with the UFF. The linear scale is used to study the effect
of the nonincluded channels at energies above the Coulomb
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15 — UFF
[ ---0.55 UFF 1
101~ * This work . -]
| e« Li,etal %_%,}EI’ ]
.§ 5L Kaushik, et al. —I’E/%/ |
=
S | ,
| PO e | ; % =
= F
=] 10? 4 —wE--—"" =
I i
[-L< - s P 3 4
ik I—‘i{f/ = 9Bes%ph -
i 11/// * "Be™Pb ]
0.1 % 9Betsm E
£ \ \ | ]
0 1 2 3
X

FIG. 12. Comparison between the UFF and renormalized fusion
function for total fusion (CF). The systems are composed by the
9Be projectile on different targets: '3°W [88], 1“*Sm [89], 2%Pb [13],
"7 Au from Refs. [42,43] and this work.

barrier. Contrarily, the logarithmic scale is used to study those
effects below the Coulomb barrier.

From Fig. 12, one can see the enhancement of the CF
experimental data at subbarrier energies and the hindrance for
energies above the Coulomb barrier (represented by x = 0).
These results are in agreement with the systematic for the
reduction function method for heavy systems, as discussed in
Ref. [44], where it is expected a suppression in a range of
30%-35%. However, the hindrance for the system studied in
the present work is slightly greater, about 45%, compared with
the UFF. The *Be + 2%Pb [13],14Sm [89] systems show the
suppression in the expected range, but the “Be + '80W [88]
shows the same hindrance as the present experimental data.
The reduced CF for the *Be + '*” Au from Li [42] and Kaushik
[43] present a hindrance of the same magnitude as our data.
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FIG. 13. Comparison between the UFF and renormalized fusion
function for total fusion (TF). The systems are composed by the
9Be projectile on different targets: '30W [88], 1“*Sm [89], 2%Pb [13],
197 Au from Ref. [42] and this work.
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As one can see from Fig. 13, the TF for the
9Be + 2%8Pb, 1*Sm systems show no effect at energies above
the barrier. The TF for the °Be + '’ Au system was measured
by Ref. [42] and in the present work. While their data show
no effect of the breakup + transfer channels on the TF above
the Coulomb barrier, our reduced TF presents a hindrance
of about 10%. The reduced TF for the *Be + '86W shows a
hindrance larger than 10%. These results show the necessity
of more experimental data to elucidate the contradiction
among different data sets reported in the literature. Below the
Coulomb barrier, all the systems show an enhancement of
the TF.

IV. DISCUSSION AND CONCLUSIONS

In the present work we measured the most important reac-
tion channels that contribute to complete fusion, incomplete
fusion and neutron transfer for the *Be 4 '°” Au system for a
very extended range of energies around the Coulomb barrier.
The offline method for the y-ray detection of the 8/ decay
products of the evaporation residues allowed us to measure all
relevant neutron evaporation channels (more than 95% of the
yield).

The elastic- and inelastic-scattering angular distributions
of Ref. [46] at energies around the Coulomb barrier were
reanalyzed using a double-folding parameter-free SPP. A very
good description of both angular distributions was achieved.
In the inelastic scattering, it was shown that the sum of two
states (at 270 and 279 keV) was essential to describe the
angular distributions experimentally not resolved.

Besides the inelastic scattering, the more relevant nonelas-
tic reaction mechanisms were studied in detail: the one-
neutron transfer channels (stripping and pickup), and fusion.
Although the breakup of *Be was not measured, its effect of
other reaction mechanisms was studied.

The CRC method was wused to study the
7Au(’Be, ®Be) '8 Au striping reaction. At energies near
and above the Coulomb barrier, the agreement with the
experimental data can be achieved by including many states
of the residual '°® Au nucleus. The coupling of the 2* resonant
state of ®Be ejectile was of utmost relevance to describe
the present experimental data, consistently with NCBU
experiments with *Be projectiles [19]. At energies well below
the barrier, the experimental data were underestimated. The
neutron absorption after the breakup of the °Be projectile and
the direct one-neutron stripping produces the same residual
nucleus "8 Au. CDCC calculations were performed, and it
was shown that, at energies below the Coulomb barrier, the
elastic breakup is the dominant reaction mechanism. This
might suggest that the target could absorb part of the neutrons
produced from the breakup.

The CDCC calculations performed in this work were sim-
plified. We only considered the breakup of the °Be into
a neutron and SBe (that breaks into two alpha particles).
This should be a more probable breakup channel of the
projectile than its breakup into *He + “He because the last

mechanism has a higher breakup threshold. Also, instead
of performing four-body CDCC calculations, we performed
three-body CDCC calculations. Four-body CDCC calcula-
tions for the *Be + '2°Sn [90] and °Be + 2°*Pb [91] systems
were recently performed. The effect of the breakup channel
on the elastic-scattering angular distribution was also found
small and slightly damping the Fresnel peak. Nevertheless, as
the effect of the breakup on the other reaction mechanisms
was found very weak, we believe that this is enough for the
present work. The dynamic polarization potential found from
our calculations had a repulsive real part at distances near the
Coulomb barrier and an attractive imaginary part in the whole
energy interval studied in the present work.

Concerning  the  one-neutron  pickup  reaction
97 Au(®Be, °Be) '%° Au, we obtained a fairly good description
of the experimental data. The use of a standard value of 1.0
for the spectroscopic amplitudes of the '°’ Au-'"® Au overlaps
might have produced a slight overestimation compared with
the experimental data. The effect of the breakup mechanism
on this channel was also found negligible.

To study the effect of the breakup plus transfer channels on
the TF and CF, the UFF method proposed in Refs. [44,45]
was used. For energies above the Coulomb barrier, the CF
was hindered by about 45% compared with the benchmark
universal fusion function. This is slightly above the 30%—-35%
systematic value obtained in Refs. [44,45], but in agreement
with the value obtained for the same system by other groups
[42,43,88]. At energies below the barrier, the CF was en-
hanced in agreement with the results reported in the literature.
Concerning the TF, a hindrance of about 10% at energies
above the Coulomb barrier was obtained. This result disagrees
with the results found for the same system by Li er al. [42]
and also with the results for the °Be + 2°*Pb system [13].
By comparing our experimental data with those of Li ef al.,
one realizes that the only channel that does not agree is the
(o, 2n) channel for the ICF. We did not find any reason for
this disagreement. A systematic error should be disregarded,
because this difference does not appear in other channels.
Nevertheless, the TF hindrance observed in our work agrees
with the results of Ref. [88]. Contradictions of this kind are
also present for other systems of reactions induced by *Be [92]
and deserve additional experimental studies. The TF below
the barrier shows the typical enhancement common to the
other studied systems.
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