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Abstract Neutron transfer cross sections for 7 Li+23 Tl sys-
tem were measured near Coulomb barrier energies using
online y -ray detection technique. One neutron stripping, two
neutron stripping, and one neutron pickup cross sections have
been extracted and are compared with the Coupled Reac-
tion Channel (CRC) calculations. The systematics of one and
two neutron stripping and pickup cross sections with a ’Li
projectile on several targets show an approximate universal
behaviour. A comparison of integrated neutron transfer cross
sections with complete and incomplete fusion cross sections
available with "Li projectile is presented to understand the
systematic behaviour. The neutron transfer along with cumu-
lative sum of complete and incomplete fusion was found to
explain the estimated reaction cross section in ’Li+>%TI sys-
tem.

1 Introduction

Over the past few decades, the study of heavy-ion induced
reactions with stable weakly bound nuclei has gained impor-
tance for understanding the fundamental nuclear features
related to structure and reaction dynamics [1-7]. These
studies help in exploring reactions involving more exotic
nuclei and radioactive ion beams. In this regard, reaction
phenomenon particularly fusion, elastic scattering, inelastic
excitation, breakup reactions etc., have been studied exten-
sively for these nuclei. Additionally, measurement of direct
nuclear transfer reactions involving the stable weakly bound
nuclei (L4, “Be) have been performed and the significance
of nucleon transfer in the reaction dynamics has been inves-
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tigated in several studies [8—20]. In the subsequent studies,
based on neutron transfer cross sections available with ®7Li
and °Be projectiles on various targets [15,21,22], it was
concluded that there is no dependence on target structure.
The projectile structure plays a major role in the transfer
process; viz; the highest neutron stripping cross section is
obtained with °Be (S, = 1.67 MeV) projectile followed by
Li (S, = 5.67 MeV) and "Li (S, = 7.25 MeV) projectile
nuclei.

The transfer of a single valence nucleon or a group of
nucleons collectively at the periphery of the colliding part-
ners are known to affect the fusion cross sections at energies
near the Coulomb barrier due to presence of significant cou-
pling effects of single particle and continuum of states. The
enhancement in fusion cross sections at near barrier energies
could also be explained considering the neutron flow model
of Stelson [23,24]. This model is based on the neutron flow
due to the exchange of neutrons between the interacting pro-
jectile and target nuclei and its usefulness has been demon-
strated in various studies of fusion reactions with many pro-
jectiles [25-29].

Often, nucleon transfer is followed by various breakup
modes of the projectile [30], with fragments potentially being
absorbed by the target. There is a large probability that some
of the breakup fragments may be subsequently absorbed in
the field of the target leading to the process called as breakup
fusion which makes contributions towards incomplete fusion
(ICF). Some of other contributions to ICF can be ascribed
to the transfer of the nucleons to the high-lying states in the
continuum of the target. Separating the effects of transfer and
breakup processes can be challenging, making it essential to
understand them in a unified way. Further, knowledge about
relative importance of the breakup and transfer processes and
their contribution to the ICF, CF and reaction cross section is
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important for obtaining a better understanding of the reaction
mechanism.

In recent times, various new theoretical models have
been developed and employed for describing the data and
obtaining the understanding of breakup-transfer processes
for weakly bound nuclei. For the breakup reactions, the Con-
tinuum Discretized Coupled Channels (CDCC) has proved
to be one of the most successful approaches for describing
coupling effects due to breakup of nucleon(s) of the projec-
tile nucleus. While the elastic part of the breakup is described
very successfully through the CDCC method, the non-elastic
breakup is not so easy to calculate. In recent times, the IAV
and its extensions have been developed for modelling the
inelastic breakup [31-34]. Extensions to CDCC have been
also been made for calculating the ICF [12, 13,35-40], where
one of the fragments of the projectile is considered to be
transferred to the target. Coupled Reaction Channel (CRC)
calculations have been employed for studying the effect due
to transfer channels and significant coupling effects due to
one neutron transfer has been found in many systems [15-
18,21,22].

With this motivation, neutron transfer in 7 Li+2%5T1 system
near Coulomb barrier energies have been studied, utilizing
online y-ray measurement and the results are compared with
Coupled Channel (CC) calculations. Further, systematics of
7Liinduced reactions on several target systems along with the
present data is studied. The paper is organised as follows. The
experimental details are given in Sect. 2. The experimental
results and the calculation details are given in Sect. 3 followed
by the summary in Sect. 4.

2 Experimental details

The details of the experimental setup are given in our earlier
work [41] and only a short summary is given here for com-
pleteness. The experiment was performed using 'Li beam
from the BARC-TIFR Pelletron LINAC Facility, Mumbai,
India at ten energy points in the energy range Epeqm =
25-40 MeV. The target 29Tl of 1 mg/cm?, evaporated on
25 pglem? carbon backing was placed inside a compact
chamber made of aluminium alloy, surrounded by Indian
National Gamma Array (INGA) setup [42]. The array was
consisting of nine Compton suppressed High Purity Ger-
manium (HPGe) Clover detectors for detection of y-rays
from the residues populated in ’Li+?*>TI reaction. Inside
the chamber, three charged particle detector telescopes (AE
= 25 — 40 pm, E = 1000 nm) were placed at 70°, 120°
and 140°, respectively for detection of elastic and « particle
events mainly. In addition, two Si surface barrier detectors
with thicknesses 300 pm, acting as monitor detectors were
also placed at & 25° for absolute normalisation purpose. The
time stamped data were collected using a digital data acquisi-
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Fig. 1 y-ray add-back spectrum from all the clover detectors obtained
in 7Li+205T1 system at Epcam = 38 MeV. The y lines following one
neutron stripping (2°°TI), two neutron stripping (**’T1) and one neutron
pickup (***T1) channels are marked

tion system with a sampling rate of 100 MHz [42]. Standard
calibrated radioactive '>?Eu and '*3Ba sources were used
for efficiency and energy calibration of the clover detectors.
Figure 1 shows the typical y-ray add-back spectrum from
all the clover detectors measured at Epeay = 38 MeV for
TLi+2%5Tl1 system. The prompt y -rays from one neutron strip-
ping (*%°T1), two neutron stripping (**’T1) and one neutron
pickup (?%*T1) channel are labeled.

3 Results and discussion
3.1 Data Reduction
The data reduction procedure for extraction of residue cross

sections is similar as given in our previous work [41]. The
cross sections for residues from one neutron stripping 2°TI,
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Fig. 2 Measured (a) one neutron stripping, (b) two neutron stripping
and (c) one neutron pickup transfer cross sections in the 7Li+*%>TI
system are compared with CRC calculations

Table 1 Measured one neutron stripping, two neutron stripping and

one neutron pickup cross sections in ’Li+2%T1 system

Ejap
(MeV)

206 Tl
(mb)

207 TI
(mb)

204T1
(mb)

249
259
26.9
279
28.9
30.9
324
339
379
39.9

0.58 £0.25
1.41 £0.18
5.69 £ 0.59
7.06 £ 0.50
10.35 +1.08
2270 £2.2
39.27 £7.09
37.69 £ 6.58
45.66 & 2.74
50.92 +£2.98

0.70 £ 0.23
0.67 = 0.04
0.93 £0.18
3.80 £0.48
593 £0.75
6.82 £0.53
8.44 £0.70
9.31 £0.50
10.12 +£1.23
11.35 £ 1.48

1.53 £0.16
1.66 = 0.17
2.63 £0.19
4.00 £ 0.40
324 +£033
3.26 £ 0.06
4.40+0.24
3.62 £0.52
4.33 £ 1.00
5.16 £ 0.30

two neutron stripping 2°’Tl and one neutron pickup 204TI,
were determined considering the prompt y-ray transitions
populating the ground and metastable states. The information
of y lines populating the ground and metastable states in these
nuclei is taken from Refs. [43,44]. The cross sections for one
neutron stripping 2°T1, two neutron stripping 2%’ Tl and one
neutron pickup *TI are shown in Fig. 2(a—) and are also
listed in Table 1. As can be seen, one neutron stripping cross
sections are higher than other transfer channels.

The measured elastic scattering cross sections normalized
to the Rutherford cross sections were obtained by taking the
ratio of yields of elastic to the yield of the monitor detector.
The measured elastic scattering angular distribution at three
angles for Li+?% Tl system at different bombarding energies
are shown in Fig. 3. These angular distributions were utilized
for testing entrance channel potentials used in the Coupled
Channel calculations (discussed later) and also to get the
reaction cross sections.

3.2 Coupled channel calculations

Coupled channel calculations, namely Coupled Reaction
Channel (CRC) and Continuum Discretized Coupled Chan-
nel (CDCC) were performed to understand the mechanism of
neutron transfer and breakup reactions respectively. Detailed
discussion of these kind of calculations was given in our
earlier works [21,22]. Measured elastic scattering data was
utilized for testing our entrance channel potentials and also
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Fig. 3 Measured elastic scattering angular distribution data for the
7Li+?95TI system are compared with the calculations (see text for
details)

to see the effect of breakup couplings on the elastic scatter-
ing angular distributions. These calculations were performed
using FRESCO code (version FRES 2.9) [45].

3.2.1 CRC calculations

CRC calculations for one neutron stripping, two neutron
stripping and one neutron pickup were performed by using
the global phenomenological optical model potentials of
which the parameters are given in Table 2. The potentials
binding the transferred particles were of Woods-Saxon vol-
ume form, with radius 1.25A'/3 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 (C?S) taken from [46-50]
considered in the calculations are given in Table 3. For the "Li
— OLi transfer, both the 1p; /2 and 1p; ;, components of the
neutron bound to °Li were included with spectroscopic fac-
tors of C2S = 0.43 and 0.29 respectively, taken from Cohen
and Kurath [51]. Similarly for TLi — 8Li transfer, both the
1p3,, and Ip; , components of the neutron bound to "Liwere
included with spectroscopic factors of C2S = 0.98 and 0.056
respectively, taken from Cohen and Kurath [51]. The spec-
troscopic factor for 7Li — JLi transfer is taken as 1.0. The

@ Springer

finite range Distorted Wave Born Approximation (DWBA)
formalism in the post form for stripping and prior form for
pickup was used. Calculations were carried out including the
full complex remnant term.

The optical model potential used in the entrance ’Li+2%T1
channel [52] is found to explain the elastic scattering data at
all the bombarding energies very well, shown as dashed line
in Fig. 3. The CRC calculations for one neutron stripping,
two neutron stripping and one neutron pickup are shown in
Fig. 2(a-c). One neutron and two neutron stripping calcula-
tions are found to explain the data satisfactorily, while the
one neutron pickup calculations underpredict the data. The
underprediction of one neutron pickup might be due to lesser
known spectroscopic information for 24T1 [50].

3.2.2 CDCC calculations

To investigate the effect of projectile breakup on elastic scat-
tering as well as for estimating the breakup cross sections,
CDCC calculations have been carried out. The coupling
scheme used in CDCC is similar to that described in our
earlier works [21,55,56]. The calculations assumed a two-
body a — # cluster structure for the ’Li nucleus. The ground
state and inelastic excitation of 7Li (0.478 MeV, 17_) were
considered as pure L = 1 cluster states, where L is the rel-
ative angular momentum of clusters. The continuum above
the 'Li— o + ¢ breakup threshold (2.47 MeV) was dis-
cretized into bins of constant momentum width £ = 0.20
fm~!, where ik is the momentum of « -+ ¢ relative motion.
The binding potentials for all the bound and continuum clus-
ter states were the well-known potentials from Ref. [57]. The
cluster wave functions for each bin in the continuum were
averaged over the bin width and each of these bins were then
treated as an excited state of ’Li with excitation energy equal
to the mean of the bin energy range. The continuum momen-
tum bins were truncated at the upper limits of k4, = 0.8
fm~! for the calculations. The continuum states with relative
orbital angular momentum L = 0, 1, 2, and 3 were included
along with the 5% and 7% resonance states. In addition, the
full continuum continuum couplings were taken into account
in the final calculations. The real part of required fragment-
target potentials V,_7 and V;_r in cluster folding model
were taken from Sao Paulo potential [58], while short range
imaginary potential with values Wy =40 MeV, r,, = 1.00 fm,
a,, = 0.40 fm was used.

The bare calculations (without including any continuum
couplings) and the calculations with continuum couplings are
shown as a dotted and solid lines respectively in Fig. 3. As
can be seen, the coupling effects are evident at above barrier
energies. The non-capture breakup (NCBU) cross sections
were also obtained from these calculations.
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Table 2 Potential parameters used in CRC calculations for 7Li+2% Tl system. The radius parameters in the potentials are derived from R; =1; A!/3,
where i = R (Real), V (Volume), S (Surface), C (Coulomb) and A is the target mass number

System Vg MeV) r1g (fm) ar(fm) Wy MeV) 1, (fm) a,(fm) W;MeV) ry(fm) a;(fm) rc (fm) References
TLi+25T1  179.64 1.24 0.85 23.41 1.59 0.59 35.51 1.18 0.87 1.802 [52]
OLi+296T]  258.42 1.12 0.81 0.10 1.54 0.73 24.49 1.31 0.94 1.67 [53]
8Li+204T1  167.10 1.23 0.79 27.45 1.80 0.53 28.14 1.46 0.92 1.57 [54]

Table 3 Energy levels of residual nuclei, spin-parity values and corresponding spectroscopic factors [46-50] used in the CRC calculations

206 T1 207 Tl 204T1

E g C?s E N C?s E g C?s

(MeV) (MeV) (MeV)

0.00 0~ 1 0.00 0.5% 1.70 0.00 2" 1.46

0.26 2= 1 0.35 1.5% 3.58 0.14 2= 0.36

031 1~ 1 1.35 5.5~ 10.55 0.32 2~ 1.39

0.64 2= 1 1.68 2.5% 3.75 0.35 4= 3.09

0.80 1= 1 0.47 2= 0.65

2.58 5+ 1 0.49 2= 032
0.54 2= 0.038
0.68 2= 0.10
0.76 2= 0.15
0.87 4= 0.18
0.97 4= 0.23
1.10 7+ 461
1.25 2= 0.12
1.29 6" 436
1.40 2= 0.02
1.58 4= 1.03
1.70 5- 1.54
1.83 4= 1.32
1.93 4= 0.35
2.11 4- 0.15
223 4= 0.76
237 4- 0.31
248 4- 0.20
257 4- 0.19
2.67 4- 0.14
273 4- 0.54
2.83 2" 0.02
3.05 4~ 0.06

Table 4 The ground state Q values for neutron transfer reactions in the

TLi+295TI system

Reaction Residue Q value (MeV)
(a) 1n Stripping 206 —0.7473

(b) 2n Stripping 2067y 0.4413

(c) 1n Pickup 2047 —5.5134

3.3 Systematics of transfer cross sections with 7Li

projectile

The systematic of available neutron transfer (1n stripping,
2n stripping and 1n pickup) cross section data with ’Li pro-
jectile on several (®>Cu [59], >Nb [60], '%*Sn [12], %7 Au
[61], 98Pt [62] and 2"Bi [63]) targets was presented in our
previous work [21]. We have added the present cross section

@ Springer
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Fig. 4 Systematic behaviour of (a) one neutron stripping, (b) two neutron stripping and (¢) one neutron pickup cross sections as a function of
reduced energy with 7Li projectile on various targets (adopted from Ref. [21]). Lines are same as in Ref. [21]

data for 1n stripping, 2n stripping and 1n pickup with 25Tl
target and shown in Fig. 4(a-c) respectively. As can be seen
from the figure, the present data also agree with the universal
behaviour in the cross sections in all the three plots. However,
the trend of the 1n pickup cross sections is not reproduced by
the universal function, particularly at low reduced energies.
Similar systematic for neutron transfer cross sections was
observed with ®Li [22] and *Be [15,17] projectiles. In addi-
tion, a similar universal behaviour with weakly bound projec-
tiles was also shown earlier for the inclusive « [6,60,64-66],
fusion [6] and reaction cross sections [5].

3.4 Comparison of CF, ICF and neutron transfer cross
sections with 7Li projectile

It is interesting to compare the measured cumulative neutron
transfer excitation function with the CF and ICF cross sec-
tions for the present system along with other targets where
similar data is available for "Li induced reactions. Figure 5
(a-d) shows the comparison of neutron transfer, CF and ICF
cross sections as a function of bombarding "Li energy for
four COTI, 198Pt, 197 Au and '?*Sn) targets. A similar trend
is observed in all the plots. The CF cross-sections are larger
than ICF and neutron transfer at above barrier energies, while
ICF dominates at below barrier energies followed by trans-
fer cross section over the CF contribution. As the neutron
separation energy (S, = 7.25 MeV) is higher than the « sep-
aration energy (S, = 2.45 MeV) of "Li projectile, the ICF
cross sections are higher than that of neutron transfer, indi-
cating the dominant role of projectile structure in the reaction
mechanism.

@ Springer

3.5 Reaction mechanism in the "Li+?%T1 system

For complete understanding the reaction mechanism in the
TLi+%0TI system, the measured CF, ICF and transfer cross
sections and their sum are compared with the deduced reac-
tion cross sections from the present calculations (using global
optical model potential of Ref. [52]), shown in Fig. 6.
The reaction cross sections obtained from the global opti-
cal model potential of Ref. [52] and from CDCC are found
to be similiar (within 10%). A reasonable good agreement
of reaction cross sections with the sum was observed at all
the energies. In Fig. 6, the fusion cross sections calculated
by the barrier penetration model (BPM) using bare potential
in CDCC are also shown which reproduce the experimental
Total Fusion (TF) at above barrier energies but underpredict
at sub barrier energies. The cumulative absorption cross sec-
tions from CDCC calculations are found to agree with the
TF transfer cross sections at higher energies. NCBU cross
sections from CDCC calculations are also shown, which has
lower contributions compared with CF, ICF and transfer cross
sections.

4 Summary

In summary, we have measured one neutron stripping, two
neutron stripping, and one neutron pickup cross sections near
Coulomb barrier energies for ’Li+2°>TI system using online
y-ray measurement technique. The measurements are com-
pared with the CRC calculations by using the global optical
model potential parameters. One neutron and two neutron
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