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The relative importance of neutron transfer and breakup process in a reaction around Coulomb barrier energies
has been studied for the "Li +'2*Sn system. Coupled channel calculations have been performed to understand the
one neutron stripping and pickup cross sections along with the breakup in the "Li 4'2*Sn system. The systematics
of one and two neutron stripping and pickup cross sections with a "Li projectile on several targets show an
approximate universal behavior, which has been explained by a simple model based on barrier penetration.
Complete reaction mechanism have been studied by comparing the reaction cross sections with the measured

total fusion and one neutron transfer cross sections.
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I. INTRODUCTION

Weakly bound nuclei are characterized by dominant cluster
structures and a loose binding with respect to the breakup into
these clusters. These features are linked to enhanced cross
sections of breakup and transfer channels in reactions involv-
ing weakly bound projectiles (WBP) around Coulomb barrier
energies. The investigations into the relative importance of
different processes on the reaction mechanism is a topic of
intense current interest. In this context, several experimen-
tal studies have been performed over the years by utilizing
projectiles of both stable and unstable weakly bound nuclei.
Various processes, such as, elastic scattering, complete and in-
complete fusion, inclusive and exclusive breakup, transfer of
one or many nucleons, have been studied in reactions around
Coulomb barrier energies using WBP [1,2]. In particular, the
stable WBPs, such as, °Li, "Li, and *Be on several targets,
have been extensively used for such measurements. Many new
features have been highlighted from these studies that were
not observed with the strongly bound projectiles (SBP).

From the measurements of elastic scattering, the extracted
total reaction cross sections with WBP are found to be much
larger than those with comparative SBP [3,4]. Further, a
new type of anomaly in the optical potential description of
elastic scattering, namely the ‘breakup threshold anomaly’ is
observed in the case of WBPs [5], which has been usually
attributed to the repulsive polarization potential produced by
the cluster breakup process of the projectile [6-8]. In the
studies of fusion with WBPs, the complete fusion (CF) cross
sections are found to be suppressed at above barrier ener-
gies with respect to predictions of one-dimensional barrier
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penetration model (1IDBPM) [1,2]. An interesting observation
in these measurements is that the amount of suppression is
commensurate with the measured incomplete fusion (ICF)
[9,10]. Total fusion (TF) which is the sum of CF and ICF
cross sections match with the IDBPM predictions at above
barrier energies [2]. Large inclusive a-particle cross sections
measured at energies around the Coulomb barrier is another
fascinating feature of reactions with WBP [2,11-13]. In the
breakup measurements, it was observed that the noncapture
breakup (NCBU) was very small compared to the inclusive
breakup cross sections [2,14—17]. It has been shown experi-
mentally that the breakup through the indirect path, namely
the process consisting of transfer followed by breakup, may
provide a dominant contribution [14—16]. However, the neu-
tron transfer to ground state is the dominant process when
compared to excited states [15]. Apart from the breakup
process that is related to the low «-binding energies, the
importance of neutron transfer has been emphasized for the
large production of inclusive « cross sections [2,18,19]. While
many studies have focused on the contribution of the breakup
process, the role of neutron transfer has not been investigated
well enough. There are not many measurements for the neu-
tron transfer cross section with WBPs and data are scarce
[9,13,14,18,20-24].

Due to the availability of the radioactive ion beam (RIB),
the features observed in stable WBPs can be explored also
for the nuclei away from the line of stability [1,3,25,26].
In these nuclei, besides the low binding energy and cluster
structure, there exists a long tail in the density distribution that
corresponds to an anomalously large size. This observation
may be interpreted in terms of halo and Borromean structures
(nuclei comprised of three bound components in which any
subsystem of two components is unbound). In many of these
nuclei, one or many neutron transfers are found to give quite
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dominant contribution to the reaction cross section. For ex-
ample, in the study of *®He + %Cu, '’ Au systems, the 2n
transfer channel was shown to be dominant [27-29].

On the theoretical front, coupled channel calculations have
been successfully utilized for explaining most of the experi-
mental observables and to elucidate on the underlying reaction
mechanisms. The continuum discretized coupled channels
(CDCC) method [6,7,30-32] has been used to study the
breakup process by including the couplings to the continuum
states above the breakup threshold of the projectile nucleus.
Using this method, both the one-step process of continuum
excitation called prompt breakup and the two-step process of
excitation of long-lived resonances in the continuum followed
by decay, namely the delayed breakup, are taken into account.
The transfer processes are described through the coupled re-
action channel (CRC) calculations that involves the multistate
couplings in the projectile and target like nucleus before and
after the transfer of the nucleon(s).

While the systematics of the fusion and elastic scattering
have been studied well, the systematic studies of the avail-
able data of neutron transfer have not been performed. In the
present work, we study the one-neutron stripping and pickup
cross sections in the Li 4'2*Sn reaction and investigate the
relative importance of the breakup and transfer processes
through the CDCC and CRC calculations. The systematics
of neutron transfer cross sections for different targets is also
studied. The paper is organized as follows. Calculation details
are given in Sec. II. The results are discussed in Sec. III and a
summary is given in Sec. IV.

II. CALCULATION DETAILS

To understand the mechanism of transfer and breakup re-
actions, coupled channel calculations have been performed.
We have performed three kinds of calculations: (i) CRC us-
ing global phenomenological optical model potentials, (ii)
CRC using normalized microscopic Sdo Paulo potentials, (iii)
CDCC, and (iv) combined CDCC+CRC. All these calcula-
tions have been performed using the code FRESCO (version
FRES 2.9) [33]. Next, we discuss about the calculation meth-
ods for each case in detail.

A. CRC calculations

In these types of calculations, optical model potentials
for entrance and exit channels are required. Apart from this,
binding potentials of the fragment and core for the projectile
and target partitions are required. The potentials binding the
transferred particles were of Woods-Saxon volume form with
radius 1.25A!/? fm and diffuseness 0.65 fm, with ‘A’ being the
mass of the core nucleus. The depths were adjusted to obtain
the required binding energies of the particle-core composite
system. The single particle states along with spectroscopic
factors (C2S) considered in the calculations are given in
Table 1. For the 'Li — °Li+n transfer, both the 1p3,, and
1p1/2 components of the neutron bound to Li were included
with spectroscopic factors of C2§ = 0.43 and 0.29, respec-
tively [34,35], taken from Cohen and Kurath [36]. Similarly
for 'Li+n — 8Li transfer, both the 1 p3;2 and 1pg com-

TABLE 1. Energy levels of residual nuclei and spectroscopic
factors (C2S) used for neutron transfer channels: '**Sn — '»Sn
[54] and '*Sn — '?Sn [55].

125 Sn 123Sn
E E
(MeV) J c2s (MeV) J c2s
0.000 11/2- 0.42 0.000 11/2- 4.49
0.026 3/2+ 0.44 0.025 3/2+ 4.49
0.232 12+ 0.33 0.139 1/2+ 1.90
0.930 7/2- 0.015 0.920 3/2+ 1.00
1.277 5/2+ 0.07 1.028 7/2+ 2.79
1.377 7/2+ 0.038 1.155 7/2+ 3.20
1.555 5/2+ 0.040 1.194 5/2+ 1.00
2.264 5/2+ 0.019 1.484 5/2+ 2.79
2.600 7/2- 0.010 1.784 5/2+ 1.00
2767 7/2- 0.54 1.902 5/2+ 1.00
2.890 7/2- 0.032 2.026 5/2+ 1.00
3.016 7/2- 0.040 2.365 7/2+ 1.00
3.085 7/2- 0.040 2.446 12+ 1.00
2.850 5/2+ 1.00
3.152 7/2- 1.00

ponents of the neutron bound to 'Li were included with
spectroscopic factors of C2S = 0.98 and 0.056, respectively
[34], taken from Cohen and Kurath [36]. The finite range
form factors in the post form for stripping and prior form
for pickup were used. Calculations were carried out including
the full complex remnant term. In the following subsections,
we discuss calculations using global phenomenological opti-
cal model potentials and microscopic double folding model
potentials.

1. CRC calculations using global phenomenological optical
model potentials

Recently, the global phenomenological optical model po-
tentials for °Li, “Li, and 3Li have been proposed [37-39]
which have been used for entrance 'Li+ '**Sn and exit
®Li4 '2Sn (for stripping) and ®Li 4 '2*Sn (for pickup) chan-
nels. We refer the results of these calculations as CRC1. The
potential parameters are listed in Table II. The old set of global
phenomenological optical model potentials for ®’Li of Cook
et al. [35] have also been tried for comparison and the results
have been found to be the similar.

2. CRC calculations using Sdo Paulo potentials

The calculations have also been performed using micro-
scopic double-folding Sao Paulo potentials [41,42] for real
and imaginary parts of the optical potential. At near barrier
energies, this potential is equivalent to the usual double fold-
ing potential with the advantage that it has a comprehensive
systematic for the matter densities. For this reason, this can
be considered as a parameter-free potential. Since the breakup
channel was not considered explicitly in CRC calculations, the
strength coefficients for real and imaginary potentials were
kept as Ng = N; = 0.6. A similar method was adopted in
Refs. [6,20,21,43,44] to account for the loss of flux to dis-
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TABLE II. Optical model potential parameters used in CRC calculations. The radius parameter in the potentials are derived from R; =
r;A'3, wherei = R,V, S, C and A is the target mass number.

System Vi (MeV) rg (fm)  ag (fm) Wy (MeV) ry (fm)  ay (fm) Ws (MeV) r¢ (fm)  ag (fm) rc (fm)  Ref.
"Li+'**Sn 179.9 1.24 0.85 2222 1.59 0.60 36.01 1.18 0.87 1.80 [38]
°Li+'»Sn 259.2 1.12 0.81 0.49 1.54 0.73 25.29 1.31 0.94 1.67 [37]
8Li+'2Sn 171.2 1.23 0.79 24.43 1.80 0.53 29.19 1.46 0.92 1.57 [39]
8Be 4+ '%’In 261.4 1.34 0.73 12.12 1.64 0.60 48.15 1.20 0.84 1.56 [40]

sipative and breakup channels [43,44] and repulsive nature of
the real part of the breakup polarization potential [6-8,45—49].
In the outgoing partition, the Sao Paulo potential was used for
both the real and the imaginary parts with strength coefficients
Ng = 1.0 and N; = 0.78. This procedure has been shown to be
suitable for describing the elastic scattering cross section for
many systems in a wide energy interval [50]. We refer to the
results of these calculations as CRC2.

B. CDCC and CDCC+CRC calculations

To investigate the effect of projectile breakup and neutron
transfer on elastic scattering simultaneously, the CDCC and
combined CDCC + CRC calculations have been carried out.
Both the inelastic (bound and unbound) excitations of the
projectile and neutron transfer channels have been coupled.

The coupling scheme used in CDCC is similar to that
described in earlier works [51,52]. The calculations assumed
a two-body a-t cluster structure for the "Li nucleus. The
ground state and inelastic excitation of 'Li were considered
as pure L = 1 cluster states, where L is the relative angular
momentum of clusters. The continuum above the "Li — « + ¢
breakup threshold (2.47 MeV) was discretized into bins of
constant momentum width & = 0.20 fm~!, where /ik is the

for the "Li+ '?*Sn system at 28 MeV [58] were utilized
for testing our entrance channel potentials and also to see
the effect of breakup and neutron transfer couplings on the
elastic scattering angular distributions. It is to be noted that
the measured elastic scattering angular distributions with
the "Li projectile on '*°Sn and '**Sn targets at 28 MeV
are similar as shown in Fig. 1. The calculations of CRC2
type along with CDCC and CDCCHCRC are shown with
the data in Fig. 1. Dotted lines are the calculations with
bare potential without including any continuum couplings.
The coupling effects are evident at above barrier energies.
Around the barrier (20 and 22 MeV), the coupling effects are
negligible.

To understand the coupling effects for the elastic scattering
angular distribution in a better way, we have investigated
the behavior of the dynamic polarization potential (DPP)
generated due to these couplings. In general, DPP is com-
plex, nonlocal, energy and angular momentum dependent. The
complex, L-dependent polarization potentials are obtained by
solving single-channel Schrodinger equation with an effective
potential which is comprised of bare potential and polariza-

L L L L L L BN BN I BN B
momentum of & + ¢ relative motion. The binding potentials 10° = "Li+'*'sn E
for all the bound and continuum cluster states were the well- 105 L - PN 20MeV 7
known potentials from Ref. [53]. The cluster wave functions E i Oe%@e—‘?
for each bin in the continuum were averaged over the bin 104 & cosea 4
width and each of these bins was then treated as an excited g ee%%e@zz VeV
state of 'Li with an excitation energy equal to the mean 103 & 80 eﬁ%
of the bin energy range. The continuum momentum bins o F ]
were truncated at the upper limits of kpa = 0.8 fm~' for L 10 g E
the calculations. The continuum states with relative orbital © B e
angular momentum L =0, 1, 2, and 3 were included. In 101 E E
addition the full continuum continuum (CC) couplings were 100 L ]
taken into account in the final calculations. The real part of g -~
required fragment-target potentials V,,_7 and V;_7 in cluster 1oL © 7;
folding model were taken from Sao Paulo potential [42], while Eoeeenees E
short range imaginary potential with values Wy = 25 MeV, 102L —— ¢bce ; REARTANT
ry = 1.00 fm, a,, = 0.40 fm was used. In addition to CDCC - — — CDCC+CRC l& < 30 Mev £
calculations for breakup, the CRC calculations of type CRCI 103 ——— CRC2 - /\‘/'\/“~ ff
as explained above were simultaneously performed. R N I I S S N Ak u 1]

III. RESULTS AND DISCUSSION

A. Elastic scattering

The elastic scattering data available for the "Li+ '2°Sn
system at 20, 22, 24, 26, 28, and 30 MeV [56,57] and

20 40 60 80 100 120 140 160
O (deg)

FIG. 1. Elastic scattering data for the "Li 4 '2°Sn system [56,57]
are compared with the calculations. Red triangle data are for the
"Li+ '?*Sn system [58] at 28 MeV (see text for details).
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FIG. 2. Real and imaginary parts of dynamic polarization poten-
tials due to breakup (dashed lines) and breakup-transfer (solid lines)
couplings in the "Li 4 '**Sn system at three bombarding energies 20,
24, and 30 MeV.

tion potential generated due to couplings [59]. This trivially
equivalent L-dependent polarization potential (TELP) is de-
fined as

VLP (r)=

VoV, 1
ur (r )< L>’ )
The DPP in FRESCO is derived as an L-independent weighted
mean local potential from TELP [60] with the weights propor-
tional to the calculated partial reaction cross-sections as given
below:

YL o(nVEr)
vPipry==L—~—-"L~ 2
(r) S o) 2)
where wy (7) are weight factors chosen as
wL(r) = arlu (r)]? 3)

with a; oc og(L) (partial reaction cross section).

The calculated DPPs due to breakup (CDCC calculation)
and transfer and breakup together (CDCC+CRC calculations)
couplings in the vicinity of the strong absorption radii are
shown for three (20, 24, and 30 MeV) energies in Fig. 2. It
is evident from Fig. 2 that the breakup couplings give rise to
repulsive real and attractive imaginary DPPs. After inclusion
of transfer couplings, the real part of DPP is slightly reduced.
Similar behavior was also observed in the reaction with *Be
projectile [49,61].

B. 1n stripping, 1n pickup, and 1p pickup

The 1n stripping data leading to '>>Sn residual nucleus was
measured by offline y-ray counting and reported in Ref. [9].
The ground state Q value for n stripping for this reaction is
—1.52 MeV. The calculations of CRC (CRC1, CRC2) and
CDCCHCRC type are compared with the measured data in
Fig. 3. A reasonable agreement between the data and calcu-
lations imply that the states in '>>Sn residual nucleus up to
3 MeV (given in Table I) that were included in the calculations
are sufficient to explain the measured data. Contribution from
the states higher than 3 MeV or other indirect paths do not
have a significant role in the description of experimental data.
Similar to 1n stripping channel, the data for 1n pickup leading
to '2Sn residual nucleus [only metastable state (m.s.)] was
also measured in Ref. [9]. The ground state Q value for n
pickup for this reaction is —6.46 MeV. The calculations of

10? —————————— ‘
125

In stripping (" ~"Sn)

—— %
_
L ® J
i~

Eo | -
b ]
r ® Data b

+ ——— CRCI

—— CRC2

100 — — CDCC+CRC

Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il
18 21 24 27 30 33 36
E,, (MeV)

FIG. 3. Measured one neutron stripping cross sections in the
"Li+ '?*Sn system are compared with the three set of calculations
(see text for details).

CRC (CRC1, CRC2) and CDCCHCRC type are compared
with the measured data in Fig. 4. The calculations show a
large underprediction as compared to the data. The states in
1238n residual nucleus up to 3 MeV (given in Table I) were
coupled. The states above 3 MeV were not measured in the
literature [62]. Also, the spectroscopic information about only
a few states having large spectroscopic factors is available in
the literature [55].

The !23Sn residual nucleus may have a contribution from
1p pickup also. The ground state Q value for p pickup for this
reaction is +5.16 MeV. 1p pickup will populate '>*In which
again decays to '>>Sn. Hence, the measured '*Sn will have
a contribution from both 1p pickup and 1n pickup. We have
done CRC1 calculation for 1p pickup considering *Be + '*In
in the exit channel. The '?*In states with known spectroscopic
factors [62] along with ®Be g.s.(0%) and first excited state
(3.03 MeV, 2) have been used. The calculations are shown

e e L e
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T
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® Data
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N

FIG. 4. Measured combined one neutron and one proton pickup
cross sections in the "Li 4 '>*Sn system are compared with the cal-
culations (see text for details).
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FIG. 5. Systematic behavior of (a) one neutron stripping, (b) two neutron stripping, and (c) combined one neutron and one proton pickup
cross sections as a function of reduced energy with ’Li projectile on various targets. Lines are fit to the data.

in Fig. 4 as CRC1 (1p pickup), which is found to be much
more than 1n pickup. The addition of 1n pickup and 1p pickup
cross sections is also shown which is in good agreement with
the data.

C. Systematics of transfer cross sections with ’Li projectile

The data available for 1n stripping, 2n stripping, and 1n
pickup cross sections with "Li projectile on Cu [14], **Nb
[13], '2*Sn [9], 7 Au [23], '8Pt [24], and *®Bi [63] targets
are plotted in Fig. 5(a)-5(c). The variable on the x axis is
chosen so as to remove any geometrical factors due to target
size. As can be seen from the figure, universal behavior in the
cross sections in all three plots is observed. Here, we want to
point out that the reported 1n pickup cross sections in '2*Sn
[9] and '*%Pt [24] are actually combined 1n pickup and 1p
pickup cross sections. 1p pickup in the "Li+ '?*Sn system
will populate '>*In which will decay to '**Sn. Similarly, 1p
pickup in the "Li+ '8Pt system will populate '*’Ir, which
will decay to 197p¢. The transfer systematics in Fig. 5(a)-5(c)
are interesting and it is the first time that these systematics
have been presented with the "Li projectile. With the °Be pro-
jectile, a similar universal behavior in neutron stripping cross
sections was observed [21]. In addition, a similar universal
behavior was also shown earlier for the inclusive « [2,12,13],
triton capture [13], fusion [2], and reaction [3] cross sections.
In order to explain the appearance of universal barrier in these
plots [Fig. 5(a)-5(c)], we have used the Wong formula [64]
that is based on the barrier penetration. The expression of the
Wong formula has been modified and multiplied by transfer
probability [exp(—cS,/2,)] as given below

"0 g2 tog | 1+ exp ( X (Eer, — Vi — )
0 exp| —(Eem. — Vb —a
2Eem. © g P hw b

X exp(_CSn/Zn)s (4)

where a and c are the parameters which were varied to fit the
data. S, and S,, are the separation energies for 1n stripping
and/or pickup and for 2n stripping, respectively. Parameter
‘a’ represents the shift in the barrier for the specific reaction
channel while parameter ‘c’ provides the overall normaliza-
tion to describe the transfer cross section in magnitude. The

g =

values of Vj,, R;, and fiw for the "Li + >*Sn system were taken
from Ref. [9]. The resulting fits are shown as the solid lines in
Fig. 5(a)-5(c). The values of a and c that have been obtained
are given in Table III. The values of parameter ‘a’ explains
the early onset of these transfer processes as compared to the
nominal barrier as observed in data.

D. Reaction mechanism in the Li 4 **Sn system

To understand the complete reaction mechanism in the
"Li+ '%*Sn system, the measured CF, ICF, neutron transfer
cross sections [9], and their sum are compared with the de-
duced reaction cross sections from the present calculations,
shown in Fig. 6. It also shows the fusion cross sections calcu-
lated in CDCC by the barrier penetration model (BPM) using
the bare potential. In the BPM, the fusion cross section is
calculated from the barrier penetration coefficients, 7;, using
the following relation [65]:

T
O = 25 %j(ze + DT, Q)

The coefficients 7; in turn are calculated using the WKB
approximation and they depend on the Coulomb barrier, Ug =
ureal -+ Ucoulomb- BPM fusion cross sections reproduces the
experimental TF at above barrier energies while underpre-
dict it at sub-barrier energies, as also observed in Ref. [48].
The cumulative absorption cross sections from CDCC+CRC
calculations are found to agree with the cumulative TF and
transfer cross sections. NCBU cross sections from CDCC
calculations are also shown, which have lower contributions

compared to CF, ICF, and 1n stripping. As we have not in-

TABLE III. «a and ¢ values obtained from the fitting of universal
plots of Fig. 5.

Process Sy/20 (MeV) a (MeV) c(MeV™)
(a) 1n stripping 7.25 —3.58 0.44
(b) 2n stripping 12.92 —2.86 0.37
(c) 1n + 1p pickup 2.03 —1.86 2.16
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FIG. 6. Measured CF, ICF, transfer cross sections [9] and their
sum are compared with the reaction cross sections. NCBU, cumu-
lative absorption, and BPM model calculations are also shown (see
text for details).

cluded (not measured) the inelastic excitations, NCBU, and
remaining transfer channels, the reaction cross sections are
larger than the sum of TF and transfer cross sections.

IV. SUMMARY

In summary, we have investigated the important underlying
reaction mechanisms, namely breakup and neutron transfer

for the "Li + '**Sn system around the Coulomb barrier ener-
gies. These processes are found to affect the elastic scattering
and the fusion cross sections. We have performed the CRC
calculations using the global optical model potential parame-
ters as well as using the Sdo Paulo potential for the "Li + '2*Sn
system to investigate the role of neutron transfer processes.
Since breakup plays an important role for the WBP, we have
performed CDCC+CRC calculations to take into account the
combined effects of breakup and transfer channels. These
calculations provide a simultaneous description of elastic scat-
tering, 1n stripping, combined 1n and 1p pickup and total
fusion processes. One of the important findings of this work is
the explanation of the observed universal behavior of stripping
and pickup cross sections with ’Li projectile on several targets
in terms of a simple phenomenological model. An early onset
of the neutron transfer compared to fusion reactions is seen.
It is observed that while 1n stripping contributes significantly,
other reaction channels, such as, proton stripping, noncapture
breakup and target inelastic states might be necessary for
a complete description of the reaction cross section for the
"Li+ '*Sn system.
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