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Elastic scattering measurement for the “Be+%’Y system has been carried out at near-barrier energies with the
aim of investigating the effect of breakup on the elastic channel. The energy dependence of the optical model
potential for the system gives an indication of the breakup threshold anomaly (BTA) for the system. An overall
repulsive real part of the dynamic polarization potential (DPP) generated due to continuum couplings using
the a+>He cluster structure for °Be is consistent with the BTA behavior observed for the system. In contrast,
an attractive real part of the DPP, at all energies, is observed for similar calculations carried out using the
8Be + n cluster structure. Coupling of the 1n transfer channel in addition to continuum couplings does not have
a significant effect on the elastic scattering angular distributions. The experimental 1n transfer cross sections
show better agreement with the corresponding values obtained using the ®Be + n cluster structure calculations.
Inclusive breakup-o cross sections are observed to form a large fraction of the reaction cross sections, especially
at below-barrier energies, suggesting the dominance of the breakup channel at these energies. This also supports
the BTA behavior observed for the system, reflected as the presence of a reaction channel and thus the persistence

of the imaginary potential at below-barrier energies.
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I. INTRODUCTION

Reaction studies with weakly bound nuclei have been a
topic of interest for more than two decades [1,2]. Due to their
low breakup threshold energies, it is expected that the breakup
channel will have a significant effect on the reaction channels,
leading to results obtained for reaction observables that differ
from those obtained from reaction studies with tightly bound
nuclei. Further, data from measurements with weakly bound
nuclei have been used in astrophysical reaction calculations
for understanding the nucleosynthesis process and studying
nuclei near drip lines. The availability of radioactive ion beams
has further renewed interest in studying reactions with weakly
bound stable nuclei. It is suggested that due to the similar
properties of weakly bound stable and unstable nuclei, reaction
studies with the former can be helpful in understanding the dy-
namics of the reaction in the latter. In addition, the higher beam
intensities of the weakly bound stable nuclei, as compared to
the unstable ones, help in obtaining very good statistics during
data collection and thus better interpretation of results obtained
from the comparison of experimental data and calculations.
Strong coupling between the reaction channels, found to occur
at near-barrier energies, has made reaction studies in this
energy region popular. Two types of reaction investigation have
been extensively carried out: (i) Investigation of the energy
dependence of the optical model potential (OMP) in elastic
scattering measurements and (ii) investigation of enhancement
or suppression of the complete fusion (CF) cross sections as
compared to the coupled-channels (CC) calculations which
exclude the continuum couplings.
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In the case of tightly bound nuclei, the threshold anomaly
(TA) has been observed [3] in the energy dependence of the
OMP, where the real part of the potential shows a bell-shaped
maximum at near-barrier energies before reducing towards
zero. The corresponding imaginary part remains more or less
constant at above-barrier energies and reduces towards zero at
below-barrier energies. The reduction of the imaginary part,
for decreasing projectile energies below the Coulomb barrier,
is understood to be due to the closure of nonelastic channels
and thus no absorption from the elastic channel. The real and
imaginary parts have been found to be related by a dispersion
relation, which explains the observed bell-shaped maximum
of the real part at near-barrier energies [4]. In contrast to
the observations involving tightly bound nuclei, the breakup
threshold anomaly (BTA) has been observed in those involving
weakly bound stable nuclei. Here, the imaginary part of the
OMP increases at energies below the Coulomb barrier while
the corresponding real part shows a slight reduction in the same
energy region. This is suggested to be due to the influence of
the breakup channel on the elastic channel. To understand this,
continuum discretized coupled-channels (CDCC) calculations
are carried out, in which coupling of the elastic channel with
the continuum states of the nuclei is done. This is found to
generate a repulsive real part of the dynamic polarization
potential (DPP) which would reduce the nuclear potential and
thus increase the barrier height of the effective total potential at
near-barrier energies. As a result, enhanced elastic scattering
cross section due to more reflection at the barrier can be
expected. This is in contrast to an attractive DPP, obtained by
coupling of the bound excited states of tightly bound nuclei.

The BTA has been observed in the elastic scattering of °Li
from heavy-mass targets while the TA has been observed for
7Li scattering [1]. For similar measurements carried out using
°Be as projectile, no definite conclusion has been reported for
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the energy dependence in the *Be+'2C system [5]. Studies for
the “Be+%Zn system [6] did not conclusively demonstrate TA
or BTA behavior. However, in a later study [7] the system is
inferred to exhibit the BTA. In the case of the *Be+2" Al [8]
and *Be+'4Sm [9] systems, the real and imaginary parts have
been split into direct and fusion reactions. The imaginary part
for fusion has been found to exhibit the normal TA, similar
to that found for tightly bound nuclei. The imaginary part
corresponding to the direct reaction is reported to show an
increasing trend accompanied by a slight reduction in the real
part in the same energy region. From these studies, indications
of the BTA for both systems have been reported. Studies
for the “Be-+2%Pb [10] system suggest the presence of the
TA. However, from the results of a recent measurement [11]
for the system, the imaginary part of the OMP has been
found to be increasing with decreasing beam energy below
the barrier, suggesting a departure from the earlier result
of the TA for the system. A similar result has been observed
for the “Be+2"Bi system [12]. With the aim of investigating
the effect of breakup on the elastic channel and to investigate
the energy dependence of the optical potential in the elastic
scattering of Be from a medium-mass target in the region
A ~ 100, an elastic scattering measurement of 9Be from Y
has been carried out.

The paper is organized as follows: The experimental
details of the °Be+3°Y scattering measurement are given
in Sec. II. The optical model analysis (OMA) of the elastic
scattering angular distributions is described in Sec. III A. The
CDCC calculations carried out for the system are detailed in
Sec. III B while the 1n transfer calculations done within the
coupled reaction channels (CRC) framework are described in
Sec. III C. Results and discussion of the inclusive breakup-o
cross sections obtained from the data are described in Sec. IV.
Results from a simultaneous description of the elastic and
the fusion channels along with a comparison of the reaction
cross sections for nearby systems are discussed in Sec. V.
Conclusions from the results along with a summary of the
experimental investigation are given in Sec. VL.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Pelletron-Linac
Facility at TIFR, Mumbai, India. The experiment was set up
inside a 1-m-diameter scattering chamber having two rotatable
arms. Silicon surface barrier (SSB) detectors in the AE-E
telescopic arrangement were used to detect the elastically
scattered °Be. Three such telescopes (thickness AE ~ 25—
33 um and E ~ 500-1000 pxm) were mounted on one arm.
Collimators of 5 mm diameter were used at the entrance of
each telescope, which provided solid angle definition. The
distance between the telescopes from the target center was
20 cm. The angular separation between each telescope was
10°. Another SSB detector (of thickness ~60 pum) was fixed
on the other arm at an angle of 25° with respect to the
beam axis to serve as a monitor. °Be beam was bombarded
onto a 650 ug/cm? self-supporting ¥Y target. The angular
distribution of the outgoing charged particles was measured
at Epp = 19-33.5 MeV in steps of ~2 MeV for angles in
the range 6j,, = 15°-175° with systematic uncertainties in
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FIG. 1. (Color online) (a) Typical gain-matched A E-E spectrum
obtained at a ?Be beam energy of 29 MeV and at a telescope angle
of 75° and (b) x projection of the & band [marked by the box in (a)]
with the « peak centered around energy ~4/9 E(°Be) MeV.

angles of about 0.05° (i.e., the least count of the angular
scale). The statistical uncertainties on the data are between
~0.6% at forward angles and ~5% at backward angles for all
energies. Errors on the absolute normalization are ~1% and
those on the solid angle are ~1.3%. A beam current between
5 and 15 nA was obtained during the entire duration of the
experiment. Figure 1(a) shows a typical gain-matched AE-E
spectrum obtained in the experiment.

III. RESULTS AND DISCUSSION

A. Optical model analysis

The experimental cross sections, plotted as a ratio of the
elastic (o,;) to the Rutherford (ogym) cross section as a function
of the scattering angle of the *Be ejectile, are shown in Fig. 2.
The errors on the experimental data points (unfilled circles) are
only statistical. OMA for the system was performed using the
code FRESCO [13], version FRES 2.8. The angular distributions
were calculated at the beam energies at the center of the target,
obtained by correcting them for the energy loss in half the
target thickness. The energy loss was calculated using the
program SRIM [14] and was found to be ~300 keV for above-
barrier (V;, ~ 24 MeV in laboratory) energies and ~400 keV
for below-barrier energies. An optical potential of the form
Ur)=V.(r)— V(r)—iW(r) was used for the calculations,
where V,(r) is the Coulomb potential, and V (r) is the real part
and W(r) the imaginary part of the nuclear potential, taken to
be of the Woods-Saxon form. The OMA was carried out using
two different forms for the real part. In the first, OMAL, V(r)
was taken equal to |1, Vr| where X, is an energy-dependent
normalization factor and V is the microscopic double-folding
potential given by [15]

Wm=//m@m@M%WWﬁ 0

and v(r,,) is the nucleon-nucleon potential taken to be of the
M3Y form:
—4r e—2.5r

¢ 2134
4r 2.5r

v ="7999

+ Jood(rpe), 2
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FIG. 2. Ratio of the experimental elastic scattering cross section
to the Rutherford cross section as a function of center-of-mass angle
of the °Be ejectile, at different energies (the error bars are within
the point size). The solid lines are the cross sections obtained from
OMAL.

where Joo = —262 MeV fm® and corresponds to the single-
nucleon knockout exchange. The nucleon density distribution
for ”Be (p,) was obtained from Ref. [16] and the charge density
for 3°Y (p,) was obtained from Ref. [17].

The microscopic double-folding potential was obtained by
using the code DFPOT [18]. This real potential along with the
Coulomb potential with r, = 1.26 fm and a Woods-Saxon
form for the imaginary potential were given as input to
FRESCO with initial parameters A, = 1.0, W, = 20.0 MeV,
ry = 1.22 fm, and a,, = 0.65 fm. The radius parameter r;
with i = c,o,w is taken here in the heavy-ion convention
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employed to get the best fit to the experimental data, keeping
ry fixed at the value of 1.22 fm. Table I gives the best-fit
parameters for each energy (corrected for energy loss in half
the target thickness) along with the reaction cross sections and
their uncertainties due to errors on the potential parameters. We
mention here that at the lowest energy (18.6 MeV) it was not
possible to obtain an error on A, as it could be arbitrarily varied
to any value and a fit to the experimental angular distribution
could still be obtained with a similar x2/N. Thus its error is
taken the same as the value of A,. The solid lines in Fig. 2
represent the o,/ogryn values obtained using these best-fit
potential parameters.

In the second method, OMA2, both the real and imaginary
parts of the OMP were taken to have a Woods-Saxon form. The
initial parameters of V, = W, = 20.0 MeV, r,,, = 1.22 fm,
and a, , = 0.65 fm were taken as input potential parameters
for the calculations. SFRESCO was employed to find the best-fit
parameters, keeping all six parameters of the total nuclear
potential variable. The resultant values along with the reaction
cross sections and their uncertainties due to errors on individual
parameters thus obtained are given in Table II. The o,;/0Rrum
values obtained using these best-fit parameters overlap the
corresponding values obtained from OMAI and are thus not
plotted in Fig. 2. As in OMAI, the error on V,, at 18.6 MeV is
taken to be the same as the value of V, because of the difficulty
in obtaining the error as mentioned above.

In order to investigate the energy dependence of the optical
potential, the real and imaginary parts of the OMP are required
to be plotted at the radius of sensitivity. This radius was
obtained by two different methods. In the case of OMAI,
the strong absorption radius was calculated at different beam
energies using the formula for the distance of closest approach
for the Coulomb trajectories:

2 172
Ty { 1+ (M> }

k n

where 7 is the Sommerfeld parameter, k is the wave number,
and Ly, is the partial wave angular momentum for which
the transmission coefficient becomes 0.5 (see Table I for the
values). An average value of R%” = 10.58 fm was obtained. In
the case of OMAZ2, the radius parameters r, and r,,, obtained
from the best-fit values at each energy (Table II), were kept

constant and a, and a,, were varied in steps of 0.1 fm. The
strengths of the real and imaginary parts were kept variable.

Ryo = (3)

withr = ri(A;,/ S+ At]/ 3). The search option SFRESCO was then SFRESCO was employed to get the best fit to the experimental
TABLE I. Best-fit optical potential parameters from OMA1 with r,, = 1.22 fm fixed.

Epp Ay w, a, x2/N oR R, V(10.6) W(10.6)

(MeV) (MeV) (fm) (mb) (fm) (MeV) (MeV)

332 1.74 £ 0.08 25.02+1.78 0.70 £0.01 6.81 1176 + 37 10.63 0.40 £0.02 0.51 £0.04
28.7 1.61 £0.06 25.01 +£1.93 0.64 £0.01 3.04 733 £24 10.46 0.37 £0.02 0.37+£0.03
26.7 1.50 £ 0.09 30.75 +£4.18 0.69 +0.01 4.25 628 49 10.69 0.34 +£0.02 0.58 +£0.09
24.7 1.54 £0.04 15.16 =1.16 0.68 £0.01 2.59 293 £21 10.55 0.35£0.01 0.28 £0.02
22.7 1.45+£0.13 25.00 £ 1.91 0.66 £ 0.01 1.83 136 £ 18 0.33£0.03 0.40 £0.03
20.6 1.37+1.18 22.99 +7.41 0.66 = 0.04 2.59 33+£24 0.31+£0.26 0.37 +£0.12
18.6 1.41 £1.41 35.29£17.96 0.70 £0.05 1.96 15+ 18 0.32£0.32 0.73 £0.37
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TABLE II. Best-fit optical potential parameters from OMA2.

Epp v, ro a, W, Fu ay x}/N  ox R R V(107 W(0.7)
(MeV) (MeV) (fm)  (fm) (MeV) (fm) (fm) (mb)  (fm) (fm)  (MeV) (MeV)
332 30.79+£8.22 122 0.64+0.05 3054+£199 122 0.65£0.01 554 1156481 11.30 9.90 0.44£0.12 0.47 £0.03
28.7 24.77+£1.52 123 0.66£0.01 3446+0.60 1.24 0.56+0.01 1.60 71627 11.30 10.10 0.45+0.03 0.33 +£0.01
26.7 16.14£0.03 1.23 0.80£0.01 37.024+0.01 1.25 0.58+0.01 3.13 583 +35 12.06 10.01 0.55+0.01 0.49 £0.02
247 2423+£0.81 122 0.64+001 19.04£190 122 0.65£0.01 290 293427 10.82 1049 0.35£0.01 0.29 +£0.03
22.7 21.38+1.39 121 0.70£0.01 2226+1.73 1.23 0.63+0.01 1.53 124 £18 10.63 11.20 0.41+0.03 0.35+0.03
20.6 24.79+£10.71 1.22 0.70+£0.08 21.54£7.95 122 0.64+£0.04 243 28 +£28 10.52 11.94 0.50+0.22 0.31 £0.12
18.6  25.56 £25.56 1.23 0.68 +£0.41 28.31+13.60 1.23 0.73+0.06 1.96 17+42 8.80 13.60 0.50£0.58 0.70 +£0.34
angular distributions. The resulting x2/N of the new set was  part using the subtracted dispersion relation [3]
within 15% of that of the best-fit parameters. In this way,

. . . . P
different sets of potential parameters were obtained which AV(E) = AV(E,) + (E — E;)—
closely reproduced the experimental data and the radii of T
sensitivity R” and R were found at each energy (see Table II). W(E") ,
The average value of the sensitivity radii obtained at all X / r_ r_ E, )

g y (E'— E)(E'"—E)

energies was found tobe R{" = 10.90 fm. For investigating the
energy dependence of the potential parameters, the average of
the R;. and R{" values obtained from OMA1 and OMA?2 was
taken to be Ry = 10.7 fm. Figures 3 and 4 show the potential
values obtained from OMA1 and OMA2, respectively (for
values see Tables I and II) (filled circles), plotted at this radius
as a function of energy.
A dispersion relation of the form [4]
V(r,E) = V,(r,E)+ AV(r,E) “)
was applied between the real and imaginary parts of the OMP,
where AV is a rapidly varying function of energy and is
called the polarization potential, and V,, is a smoothly varying
function of energy. A linear segment model was used for
W(r,E) and the real part was calculated from the imaginary
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FIG. 3. (Color online) (a) Real and (b) imaginary part of the
optical potential (filled circles), obtained from OMA1, as a function
of the laboratory energy of the °Be projectile, plotted at a radius of
10.7 fm. The lines are values obtained by applying the dispersion
relation [Eq. (5)]. See text for description.

where P is the principal value of the integral, Ej is the refer-
ence energy generally chosen to be at the high-energy region
under study and AV (E;) is the potential at E;. In the current
calculations, we assumed E; = 35.1 MeV and AV(E,) =
—0.29 MeV for OMA1 and AV(E;) = —0.39 MeV for
OMAZ2. The three linear segments used for W(E), plotted
as the solid line in Figs. 3(b) and 4(b), were used for
calculating the real part using the dispersion relation. The
real part is plotted as the solid line in Figs. 3(a) and 4(a). The
same procedure was carried out with two more sets for the
imaginary potential, having different slopes, for the purpose
of comparison. One of the sets [dotted line in Figs. 3(b)
and 4(b)] was chosen to have an energy dependence similar
to that observed in the conventional TA. It can be seen
that the dispersion relation is valid for the “Be+%Y system.
Even though the dotted line can be argued to fall within the
errors and the scatter of the W(R,) values (as a function of
energy), obtained from OMA1 and OMA2, the real parts are
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FIG. 4. (Color online) Same as Fig. 3 but with the real and
imaginary parts of the optical potential obtained from OMA2.
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not reproduced. In addition, the real part does not show an
increasing trend with decreasing beam energy, as would be
expected from a system exhibiting TA. The three-segment
set represented by solid lines gives the best fit to the energy
dependence of the real and imaginary parts of the OMP, even
though the potential values have large error bars at energies
below ~25 MeV. In addition, the imaginary part from both
OMAT1 and OMAZ2 is seen to persist at energies even below the
Coulomb barrier for the system. This indicates BTA behavior
for the Be+*Y system.

B. Continuum discretized coupled-channels calculations

In order to investigate the effect of the breakup of °Be on
its elastic scattering, continuum discretized coupled-channels
calculations were carried out for the system, using the
code FRESCO, considering the (1) «4+°He and (2) 3Be +n
cluster structures for °Be [19,20], with breakup threshold
energies of 2.467 MeV and 1.664 MeV, respectively. For these
calculations, the Woods-Saxon form have been considered
for the core+valence, core+target, and valence+target nuclear
potentials.

1. a+°He cluster

In using this cluster structure for °Be, SHe was taken to be
the core with « as the valence. The binding potential for the
a+>He cluster was taken from Ref. [21] with r, = 1.115 fm,
and a, = 0.57 fm. As the ground state of “Be has a large
deformation (B8 ~ 1.3) [22], the reorientation coupling was
included in the calculations with L = 0 and 2 components
following the procedure given in Ref. [21]. Continuum states
with L = 0,1,2 and energies above 2.467 MeV up to 4.4 MeV
were discretized in momentum space in the range 0.15 < k <
0.45 fm~! in steps of Ak =0.15 fm~'. The initial values
for the a+%Y potential were obtained as follows: Fits to the
experimental elastic scattering angular distribution at 16 MeV
[whichis closeto4/9 x E(°Be) with E(°Be) = 33.2MeV, the
highest energy measured in this experiment] of Ref. [23] were
obtained taking initial potential parameters from Ref. [24].
The best-fit parameters V, = 75.65 MeV, r, = 1.13 fm, a, =
0.52 fm, W, = 14.71 MeV, r,, = 1.14 fm, and a,, = 0.36 fm
were then obtained using SFRESCO. For the final calculations,
the depth of the volume real part was changed to V, = 87.65
MeV and, in addition, the diffuseness parameter for the volume
real part was changed to a, = 0.42 fm to obtain the best fit to
the experimental elastic scattering angular distribution at the
highest energy, and these values were used for calculations at
all other energies. The >He+3°Y potential was taken to have the
same depth and radius parameter as those for a+%°Y but with
diffuseness parameter increased by 0.1 fm to take into account
the extended structure of "He as was done in Ref. [21].

In addition to the continuum, couplings to the *Be excited
state of 5/27 at E =2.42 MeV, taken as a bound state
in this cluster structure, and the resonant state of 7/27 at
E = 6.38 MeV with a width of 1.21 MeV [25,26] were
also included by considering them as pure L = 2 states. The
coupling scheme was suitably modified when including the
7/2~ resonance to avoid double counting. The same potential
parameters as those used for the ground state were used
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FIG. 5. (Color online) Ratio of the experimental elastic scatter-
ing cross section to the Rutherford cross section as a function of
center-of-mass angle of the ejectile (the same unfilled circles as in
Fig. 1) for different energies. The errors are within the point size. The
dotted lines are the results without any coupling while the dashed lines
are the CDCC results and the dot-dashed lines are the CDCC+CRC
results obtained using the «+>He cluster structure for °Be (left panel)
and the ®Be + n cluster structure (right panel), respectively.

for the continuum states. To input the depth of the volume
real potential for the 7/27 resonance state, the width of the
resonance was binned into energy intervals of 0.05 MeV and
the depth of the potential adjusted such that the cross section
thus obtained peaked at the resonant state energy.

Results of the calculations including the continuum +
the ground state reorientation +5/27 excited state +7/27
resonance state coupling (CDCC) are plotted in the left panel
of Fig. 5 as dashed lines at different energies. For comparison,
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FIG. 6. (Color online) Real (a),(c),(e),(g) and imaginary (b),(d),(f),(h) parts of the DPP obtained from the CDCC and the CDCC + CRC
calculations as a function of radius obtained using the o + He and the ®Be + n cluster structures for *Be.

the results obtained by excluding any couplings (uncoupled)
have been plotted as dotted lines. It is observed that the CDCC
results, which are in agreement with the experimental values,
are enhanced as compared to the uncoupled results at backward
angles, suggesting a repulsive DPP generated due to continuum
coupling. To check this, the real (Vypp) and imaginary (Wgpp)
parts of the DPP, obtained from the calculations, have been
plotted as functions of radius in Figs. 6(a) and (b), respectively.
It can be seen that Vg, is repulsive in nature and has very
similar magnitude, for all energies, around 10.7 fm while
Wipp 1s observed to be increasingly attractive with decreasing
energy, consistent with the observations in Ref. [20]. The
magnitude of Vg, is greater than Wy, for all energies, which
must be leading to an overall repulsive effect of the DPP. This
would lead to an increase in the barrier height of the effective
total potential and thus an enhanced elastic cross section due
to more reflection at the barrier. This is consistent with the
above-mentioned observation of o,;/ory, values at all energies
at backward angles. The very similar values of Vg, at 10.7 fm
might explain the flat distribution of V(10.7) in Figs. 3(a)
and 4(a). The increasing magnitude of Wg,, with decreasing
energy implies that the imaginary part of the nuclear potential
shows an increasing trend. This is consistent with the observed
trend of W (10.7) in Figs. 3(b) and 4(b).

2. 8Be + n cluster

In using this cluster structure, 8Be was taken as the core
and the neutron as the valence. The potential for binding the
neutron within the 8Be nucleus was taken from Ref. [27]
with r, = 1.15 fm and a, = 0.57 fm. Continuum states
with L =0,1,2 and energies above the breakup threshold
of 1.664 MeV up to 7 MeV were coupled by discretizing
them in momentum space in the range 0.12 < k < 0.48
in steps of Ak =0.12 fm~'. In addition to the continuum
states, coupling to the 1/2% (at E = 1.68 MeV) and 5/2%
(at £ =3.04 MeV) resonant states with widths of 0.217
MeV and 0.282 MeV, respectively [26], were included in the
calculations by suitably modifying the coupling scheme. The

same procedure as mentioned in Sec. III B 1 above was used
for fixing the depth of the potential for these states. Target
inelastic states up to 1.75 MeV input in the calculations for
generating the transfer states as described in Sec. III C below
were also included in these calculations. The parameters for
the ®Be+%Y nuclear potential were taken to be the same
as the “Be+%Y parameters obtained from OMA?2 for each
energy (see Table II). The n+Y potential was taken from
Ref. [28] with initial parameters V, = 54.14 MeV, r, ., =
1.22 fm, a, ., = 0.67 fm, W, = 0.35 MeV, Wp = 4.59 MeV,
rp = 1.27fm, ap = 0.53 fm and V,, = 5.89 MeV, r,, = 1.05
fm, and ay, = 0.56 fm. The volume real part depth was
adjusted to V, = 5.4 MeV to get a best fit to the experimental
angular distribution at the highest energy and was used for
calculations at all other energies.

Results of the calculations including the continuum +
resonant states + target inelastic states (CDCC) are plotted in
the right panel of Fig. 5 by the dashed lines and for comparison
results excluding any couplings are plotted as the dotted lines
(uncoupled). In contrast to the results obtained using the
a + He cluster, the uncoupled cross sections are higher
than the corresponding CDCC results at backward angles,
similar to the results found in [20], thus indicating an attractive
overall DPP. It is also observed that there is better agreement
between the experimental cross sections with the CDCC results
when using the 8Be + n cluster structure for °Be, especially at
below-barrier energies, whereas results obtained from o + SHe
show a large deviation. The magnitudes of Vgp, and Wypp,
plotted in Figs. 6(e) and 6(f), are much smaller as compared to
the corresponding values obtained from o + *He [Figs. 6(a)
and 6(b)]. At above-barrier energies around 10.7 fm, Vg, has a
very small positive value and is thus repulsive in nature, similar
to the corresponding values found for & + SHe. But Wapp has
a negative value slightly larger in magnitude than V. Thus,
in this energy region, the overall contribution to the effective
potential from the DPP will cancel out and thus a smooth
energy dependence can be expected. At below-barrier energies,
both Vyp, and Wy have increasingly negative values. Thus, the
nuclear potential may be expected to become more attractive
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in nature with decreasing energy, reducing the barrier height
of the effective total potential. As a result, reaction channels
may be expected to be persistent at below-barrier energies.
This agrees with the increasing values of Wy, and the trend of
W (10.7) observed, with decreasing energy of °Be, in Figs. 3(b)
and 4(b). However, the real part of the nuclear potential
would be expected to increase with decreasing energy, which
is in contrast to the observation of V(10.7) in Figs. 3(a)
and 4(a).

C. 1n transfer coupling

The Q value for the ¥Y(°Be,®Be)*Y one-neutron (1n)
transfer is +5.19 MeV. Thus, it is possible that this channel
may have some effect on the elastic channel. To investigate this,
the 1n transfer channel was coupled, along with the inclusion
of continuum coupling, to the elastic channel in the coupled
reaction channels framework using the code FRESCO. Table 111
gives the excitation energy, spin, parity, particle configuration,
and spectroscopic factor (C2S) [29] for the *°Y states included
in the calculations. The °Be/®Be overlap spectroscopic factor
was taken to be 0.42 [27]. For generating the form factors
for the transfer states in the FRESCO calculations, the Y
nucleus was considered as a ¥Y core + 1 valence neutron.
The neutron magic 8Y nucleus (N = 50) has neutron shells
completely filled up to 1g9,» while the odd proton is in the
2pi» state. Thus, the incoming neutron will be transferred
to the 2ds;, state and its interaction with the odd proton of
89Y in either the ground state or the excited state generates
the excited states of *°Y [30]. The 2~ ground state and 3~
state of °°Y, at an excitation energy of 0.202 MeV, have been
obtained by the coupling of the spin parity of the transferred
neutron in the 2ds,, state with the odd proton of 8Y in the
2p1 2 state. The positive-parity states 7+, 2+, 3%, 4%, 5% and
61 of °Y are constructed by first exciting the odd proton of
8Y from 2p, /2 to the 1g9,» state and then coupling this proton
with the transferred neutron in the 2ds,, state. The 0~ and
1~ states of *°Y are obtained by coupling of the 2p;, proton

TABLEIII. Details of the *°Y transfer states included in the CRC
calculations.

Energy (MeV) J7T L Particle configuration C?S[29]
0.000 2- 1 7T2p1/2 U2d5/2 0.40
0.202 3= 1 2Py v2ds) 0.63
0.682 7+ 4 T 1g9/2 U2d5/2 0.16
0.777 2+ 4 T lgg/z l)2d5/2 0.10
0.953 3+ 4 7T1g9/2 V2d5/2 0.10
1.047 5+ 4 ﬂlgg/z U2d5/2 0.12
1.189 4+ 4 7T1g9/2 l)2d5/2 1.00
1.212 0~ 1 7'[2[71/2 V3S1/2 1.00
1.298 6+ 4 T(lgg/z U2d5/2 0.12
1.371 1~ 1 7T2p1/2 U3S|/2 1.00
1.417 3~ 1 7T2p3/2 V2d5/2 1.00
1.566 4= 1 7'[2[73/2 U2d5/2 1.20
1.647 4= 3 ﬂlfs/z U2d5/2 1.94
1.761 2- 3 7T1f5/2 U2d5/2 0.83
2.030 5” 3 H1f5/2 U2d5/2 1.28
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FIG. 7. (Color online) Comparison of the experimental 1» trans-
fer cross sections (filled circles) with the corresponding values
obtained from the CDCC 4 CRC calculations. Errors on the
experimental data are within the point size.

of Y with the transferred neutron going into the 3s, state.
Higher excited states with energies between 1.4 MeV and
2 MeV form a multiplet due to coupling of the 2p;,, proton
of ¥Y with 2ds,. States beyond 2 MeV were not included
in the calculations due to mixture in the L values and thus
uncertainties in the particle configurations. Even for the states
up to 2 MeV the spectroscopic factors for only a few states were
available. For all other states their value was taken to be 1.0 (see
Table III). The binding potential for the transferred neutron
was taken to be of the Woods-Saxon form with r, = 1.25 fm
and a, = 0.65 fm. The depth of the potential was varied to
reproduce the binding energy of the transfer state. In addition,
a spin-orbit potential with V5, = 6.0 MeV, ry, = 1.25 fm, and
as, = 0.65 fm was taken.

The 1n transfer states were coupled along with the
continuum + resonant states (CDCC + CRC), described in
Secs. III B 1 and III B 2, and the results are plotted in
Fig. 5 as dot-dashed lines. It is observed that coupling the
1n transfer channel has no significant effect on the elastic
scattering angular distribution and the results overlap with
the CDCC results for both o« + 3He and ®Be + n. The 1n
transfer cross sections obtained from these calculations were
compared with the experimental values obtained in Ref. [31]
as shown in Fig. 7. The Be + n cluster calculations give an
overall better agreement (solid line). The DPPs generated from
the CDCC + CRC calculations using the two cluster structures
have been plotted in Figs. 6(c),6(d) and 6(g),6(h), respectively.

IV. INCLUSIVE BREAKUP-a CROSS SECTIONS

Due to the low breakup threshold energy for °Be, a
significant contribution to the reaction cross section is expected
to be observed from the breakup-o cross section. It was
observed that a broad peak in the o spectrum is centered at an
energy around (4/9)E(°Be) [as seen in Fig. 1(b)], indicating
that most of the «’s are due to projectile breakup. Thus, from
the present data, an attempt has been made to estimate the
inclusive breakup-o cross sections, calculated from the « band
containing a contribution from the breakup/transfer processes,
and it has been compared with the reaction cross section for
each energy. In the o band obtained in the spectra, there can
be mixing of « particles coming from fusion evaporation
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The solid line represents the corresponding cross sections obtained
from the statistical model code PACE and the unfilled circles the o
cross sections after subtraction from the PACE values.

residues. To check this, the experimental double-differential
inclusive breakup-o cross sections have been compared with
the corresponding values obtained from the statistical model
code PACE [32] and has been plotted at two energies in Fig. 8,
one above and one below the Coulomb barrier. It can be
seen that the contribution of « particles coming from the
evaporation residues to the experimental « band is negligible.
We note here that at two lower energies, 24.7 and 22.7 MeV,
extraction of inclusive « cross sections has large error due to
difficulty in separating the low-energy o background coming
from target contamination. It was not possible to estimate
these errors from the data. Thus the error bars for these
values have been increased by ~30% to incorporate the above-
mentioned uncertainties. The differential inclusive breakup-o
cross sections have been calculated by taking the integral area
of the peak in the spectra [Fig. 1(b)] and are plotted in Fig. 9
at different energies. These have been further integrated to
obtained the total inclusive breakup-« cross section at each
energy, plotted in Fig. 10(a) as unfilled triangles. These have
been compared to the reaction cross sections obtained from
OMA1 (solid line) and CDCC + CRC calculations done using
o + He (dashed) and ®Be + n clusters (dot-dashed line).

It is observed that the breakup-« cross sections form a large
fraction of the reaction cross sections and are almost equal to
them at below-barrier energies, a result similar to that observed
for the °Li+>"Bi system [33]. Thus it can be qualitatively
said that the breakup channel is indeed the reaction channel
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FIG. 9. (Color online) Differential inclusive breakup-o cross
sections at different projectile beam energies.

present at below-barrier energies, which further supports the
observation of the persistence of the imaginary potential in
Figs. 3 and 4 at these energies, and thus the indication of
the BTA behavior of the system. We also note here that
the reaction cross sections obtained from OMAI1 as well
as CDCC + CRC calculations have reasonable overlap at
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FIG. 10. (Color online) (a) Comparison between the reaction
cross sections obtained from OMAIL (solid line) and from
CDCC + CRC calculations using o + He (dashed line) and ¥Be + n
(dot-dashed line), and the inclusive breakup-« cross sections (unfilled
triangles) as a function of energy. (b) Comparison of the experimental
CF and TF cross sections with the absorption cross sections obtained
from the long-ranged imaginary potential using o + *He (dotted line)
and 8Be + n (dashed line) obtained in the CDCC + CRC calculations
and the BPM fusion obtained using o + *He (dot-dashed line) and
8Be + n (solid line).
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above-barrier energies which is also reflected in similar fits
to the elastic scattering angular distributions at these energies.
However, for below-barrier energies they differ significantly.
This might be due to the explicit couplings included in the
CDCC + CRC calculations which might lead to enhanced
cross sections at lower energies as compared to the OMA1
results, which artificially take into account absorption from
the elastic channel via an imaginary potential.

V. FUSION AND REACTION CROSS SECTIONS

A simultaneous description of the elastic and fusion data
was attempted by comparing the experimental CF cross sec-
tions [31] for the system (filled triangles) with the absorption
cross section due to the long-ranged imaginary potentials
(dashed line) obtained from the CDCC + CRC calculations
(dotted and dashed lines), which satisfactorily reproduce the
experimental elastic angular distributions, and the barrier
penetration model (BPM) [34] calculations (dot-dashed and
solid lines) using both « + He and ®Be + n [Fig. 10(b)].
The CF cross sections have been observed to be suppressed at
above-barrier energies with respect to the BPM values obtained
from the 8Be + n cluster calculations, by about ~20%-25%,
which is consistent within errors with the observed suppression
in [31]. Similar results have been observed for the °Li + 20Bi
system [35]. However, the CF cross sections show more than
25% suppression with respect to BPM results obtained from
a + He cluster calculations. As compared to the absorption
cross sections, the CF cross sections have been observed to
be suppressed over the entire energy range. Further, a lower
limit of the experimental total fusion [TF = CF + incomplete
fusion (ICF)] cross sections (unfilled diamonds) has also been
compared with the absorption cross sections, and the former
have been observed to be overestimated in the entire energy
range. There can be two reasons for this: (i) Only a lower limit
of the TF cross sections could be obtained for the system,
due to the lower limit of the ICF cross sections measured
experimentally. This is because one of the evaporation residues
corresponding to the ICF channel (’Nb#) had a large half-life
(~3.47 x 107 yr) and thus could not be measured via the
offline y-counting method [31]. (ii) The absorption cross
sections are obtained from long-ranged imaginary potentials to
reproduce the elastic scattering data and thus might contain an
additional contribution due to absorption of flux from channels
not included in the calculations.

Finally, the average values of the reaction cross sections
obtained from the OMAI and OMA2 for the Be + °Y
system have been compared in Fig. 11(a) to the corresponding
values obtained for nearby systems involving tightly bound
and weakly bound stable as well as unstable nuclei as was
done in Ref. [43]. The cross sections have been reduced
according to oeqg = Og/ (A}y/ 4 A,1 / 3)2 while the energies have
been reduced according to Eeq = Ec‘m_(A},/3 + A;/S)/(ZPZ,)
in order to eliminate the geometrical effect on the cross sections
for the different systems. For the sake of completeness, in
Fig. 11(b), the reduced reaction cross section for the °Be + Y
system have also been compared with the corresponding values
involving °Be and different target nuclei studied. It can be
seen that the cross sections for the systems involving weakly
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FIG. 11. (Color online) Comparison of reduced reaction cross
sections for different systems.

bound stable as well as unstable nuclei are higher compared
to those involving the tightly bound nuclei. The observed
enhancement in the reaction cross sections indicates that in
addition to possible nonelastic channels as in the tightly bound
nuclei, the extra contribution to the reaction cross sections must
come from the weakly bound nature of the nuclei due to the
breakup channel being one of the dominant reaction channels.
In Fig. 11(b), the reaction cross sections for the Be + %Y
system are found to be consistent with the corresponding
values obtained from °Be scattering from the heavier targets.

VI. SUMMARY AND CONCLUSIONS

To summarize, elastic scattering measurement has been
carried out for the °Be + 3°Y system at near-barrier energies
with the aim of investigating the effect of the breakup channel
on the elastic channel. Optical model analysis has been carried
out and the energy dependence of the real and imaginary parts
of the optical potential investigated by applying a dispersion
relation, from which an indication of BTA behavior for the
system is seen. To further investigate this, CDCC calculations
have been carried out using both the « + He and 3Be + n
cluster structures for “Be. An overall better agreement of the
experimental angular distributions with the calculations has
been observed for calculations done using $Be + n especially
at below-barrier energies, suggesting the importance of this
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cluster structure at these energies. This is in agreement with
the observations in Ref. [20]. An overall repulsive nature of
the DPP is observed from the CDCC calculations using the
a + SHe cluster while from those done using ®Be + n, the
DPP is observed to be attractive, especially at below-barrier
energies.

1n transfer calculations have been carried out within the
CRC framework by coupling them along with the continuum
states. Inclusion of this channel does not have a significant
effect on the elastic scattering angular distributions. A rea-
sonable agreement between the experimental 17 transfer cross
sections with the calculated values using the Be + n cluster
structure for °Be is observed.

Inclusive breakup-a cross sections have been extracted
from the data and compared with the reaction cross sections
obtained from the OMA as well as from the CDCC + CRC
calculations, in order to understand which are the dominant
channels contributing to the reaction channels at below-barrier
energies. The former are observed to form a large fraction of
the reaction cross sections and are almost equal to the latter at
below-barrier energies. This is indicative of the presence of the
breakup channel even at lower energies, which is also reflected
in the energy dependence of the OMA for the system, where
the imaginary part is observed to persist even at below-barrier
energies.

A simultaneous description of the elastic and fusion
cross sections has been attempted for the system. For this, a
comparison of the absorption cross sections obtained from the
long-ranged imaginary potential used in the CDCC + CRC
calculations, which reasonably reproduce the experimental
elastic scattering angular distributions, and the BPM fusion
has been made with the experimental CF and TF [31] cross
sections. Both the CF and TF cross sections have been observed
to be suppressed compared to the absorption cross sections in
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the entire energy range. As compared to the cross sections
obtained from the BPM calculations, the CF cross sections
have been found to be suppressed between 20% and 25%,
which is consistent within errors to the suppression observed
in [31]. The observed suppression of the TF cross sections,
however, may have the following causes: (i) Only a lower limit
of ICF cross sections was obtained in the fusion measurement,
and thus only a lower limit of TF cross sections could be
compared; (ii) the long-ranged imaginary potential used in the
CRC calculations, in order to reproduce the elastic scattering
data, may lead to excess of absorption cross sections due
to absorption of flux from channels not included in the
calculations.

The reaction cross sections for the “Be + %Y system
have been compared with the corresponding values for nearby
systems consisting of tightly bound as well as weakly bound
stable and unstable nuclei. The cross sections for the “Be + 3°Y
system are enhanced as compared to the tightly bound systems,
consistent with the observations in Ref. [43]. This indicates
that the enhanced cross sections must be due to the weakly
bound nature of °Be, since in addition to the nonelastic
channels, as in the tightly bound nuclei, the breakup channel
is also one of the dominant channels in reactions involving
weakly bound nuclei at near-barrier energies.
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