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The yields, energy spectra, and angular distributions of the transfer reaction products were measured in
11B+208Pb and11B+209Bi reactions at bombarding energies above the Coulomb barrier. It was found that the
one-proton pickup cross section is enhanced in11B+209Bi reaction relative to that in11B+208Pb reaction,
indicating the influence of target shell closure in the nucleon transfer process. The various aspects of sequential
and massive cluster transfers were studied in both reactions from Q value and nucleon mass transfer system-
atics. The energy spectra and the angular distribution for all the transfer channels were calculated in the
framework of diffractional distorted wave Born approximation model for both systems.
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I. INTRODUCTION

The one- and two-particle transfer reactions have been
studied in the past to understand the single-particle shell
structure and the pairing correlations in nuclei. The transfer
reactions have also been used as a tool to understand the
clustering aspects inside the nucleus[1–4]. At below barrier
energies, the large enhancements of fusion cross sections are
often attributed to the coupling of transfer channels as com-
pared to that expected on the basis of one-dimensional bar-
rier penetration model[5–8]. The measurement of the
strength of the one-particle and multiparticle transfer chan-
nels and their dependence on shell effects in the target and
projectile nuclei are of interest to study the coupling of these
channels to the fusion probabilities. The influence of projec-
tile structure in the multinucleon transfer process has been
reported in many of the earlier works. However, very little
information exists on the study of target shell effects in
heavy ion induced transfer reactions. With this motivation
we have studied11B+208Pb and11B+209Bi reactions to look
for the target shell effects by measuring the one-proton
pickup cross sections on the doubly closed shells208Pbd
nucleus and on the target nucleus with one proton outside the
closed shells209Bid. The highly asymmetric systems with a
lighter projectile on heavier targets were chosen so that the
excitation energy is predominantly in the heavier nucleus
having much higher level density, and thus it is unlikely for
the lighter projectile to evaporate a particle that would
change its identity before it is detected[9]. The relative
yields and shapes of the angular distributions of transfer re-
action products were measured in both reactions to study the
target shell effects. In the past, the distorted wave Born ap-
proximation(DWBA) was used to describe the few nucleon
transfer processes. However, the DWBA overestimates the
absolute cross sections with increase in incident energies
[10–13]. For heavy ion reactions occurring well above the
Coulomb barrier, continuum states are also strongly popu-
lated apart from the first few discrete levels. We have ana-
lyzed the transfer reaction data in11B+209Bi, 208Pb reactions
using a simple model, assuming that the reaction proceeds

mainly by one-step processes. There are mainly two ingredi-
ents in this model: The first one is the transition matrix ele-
ment calculated on the basis of diffractional DWBA
(DDWBA) model [14,15] and the second ingredient for the
calculations is the statistical level density for the population
of the continuum states[16–19].

The aim of the present work is to study the effect of target
shell closure on transfer cross sections. The data have been
analyzed in the framework of DDWBA. The contents of the
paper are organized in the following manner. The details of
the experimental setup and data analysis along with theDN
and Q-value systematics and shell effects are discussed in
Sec. II. The DDWBA formalism and its application for the
calculation of energy spectra and angular distribution of vari-
ous transfer channels are described in Sec. III. The summary
and conclusions of the present work are given in Sec. IV.

II. DETAILS OF EXPERIMENTAL SETUP AND DATA
ANALYSIS

The experiments were performed with a11B beam of
69 MeV bombarding energy accelerated by the 14 UD
BARC-TIFR Pelletron accelerator at Mumbai. A self-
supporting209Bi target of 360mg/cm2 thickness and a208Pb
target of 160mg/cm2 thickness on carbon backing of
15 mg/cm2 thickness were used in the experiment. Two sili-
con surface barrier detector telescopesDEs30mmd-
Es300mmd andDEs30mmd-Es370mmd were used to measure
the angular distributions of the projectilelike fragments. The
angular range covered for11B+209Bi and 11B+208Pb systems
are 45° –80° and 45° –75°, respectively, in steps of 5° in the
laboratory frame for both systems. Another silicon surface
barrier detector mounted at a fixed angle ofulab=25° was
used as a beam monitor for relative normalization of differ-
ent runs. The absolute normalization for the cross section
measurements was obtained using elastic scattering data at
forward angles and assuming these yields to be described by
Rutherford scattering. TheDE and E detectors in the two
telescopes were energy calibrated using the elastic scattering
peaks measured at various angles, after taking into account
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the kinematics and energy loss corrections in the target. A
typical two-dimensionalDE-Eres correlation plot for 11B
+209Bi reaction atulab=60° is shown in Fig. 1, where the
masses corresponding to various chargessZd are seen to be
well separated. The transfer channels such as10,12B can also
be clearly identified from the elastic scattering channel as
shown in Fig. 1. The mass and charge of the outgoing trans-
fer products were identified using the algorithm, PIO
=DEsEres+aDE+bd~MZ2, wherea and b are constants. The

best mass and charge separation between neighboring iso-
topes was obtained using the values ofa=2 and b=15.
Typical particle identification spectra obtained in11B
+209Bi and 11B+208Pb reactions around the grazing angle are
shown in Fig. 2. Yields of individual isotopes for a givenZ
were obtained by multiple Gaussian peak fitting to the par-
ticle identification spectra. A mass resolution full width at
half maximum, of about.0.5 amu was achieved in the fit-
ting of the PIO spectra in the present measurements.
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FIG. 1. TypicalDE vs Eres cor-
relation plot for 11B+209Bi reac-
tion at ulab=60°.
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A. Optical model analysis of elastic scattering cross section

The ratios of elastic to Rutherford scattering cross sec-
tions as a function of center of mass scattering angle are
shown in Fig. 3 by solid points and solid squares, respec-
tively, for 11B+209Bi and 11B+208Pb systems. These data
were analyzed using the optical model code SNOOPY8Q
[20] to obtain optical model potential parameters. The results
of the fit to the data ofdselsud/dsRuthsud are shown by solid
curves in Fig. 3 for both systems. The potential parameters,
the reaction cross sectionssr, and total cross sections,stotal,
obtained from the optical model analysis are listed in Table I.
Here, the reaction cross section includes inelastic, transfer,
and fusion reaction cross sections, whereas the total cross
section also includes elastic scattering cross section. It is
seen that in11B+208Pb reaction all the cross sections are
larger than that for11B+209Bi reaction. This can be ac-
counted by the fact that in the former case the bombarding
energy is about 0.5 MeV more above the Coulomb barrier.
The fusion cross sectionsf calculated using the CCFUS code
[21] is also tabulated in Table I for both systems. The sum of
the transfer cross sections integrated over all angles for all
the dominant transfer channelssstransd are also tabulated in
Table I in the last column. It is also seen from the table that
the reaction cross section obtained from the optical model

analysis by fitting the elastic channels agrees closely with the
sum of the transfer and fusion cross sections.

B. Q value and DN systematics in11B1209Bi, 208Pb reactions

The experimental angular distributions for the various
transfer channels measured in11B+209Bi and 11B+208Pb re-
actions are shown by solid points in Figs. 4 and 5, respec-
tively. The angle integrated transfer cross sectionsstr were
obtained by integrating the fitted function of angular distri-
bution over the whole solid angle for each of the transfer
channels. The angle integrated transfer cross sections as a
function of the number of particles transferredsDNd for both
systems are shown in Fig. 6, where the negative value ofDN
means the particle pickup by the projectile from the target
and the positive value ofDN means the particle stripping
from the projectile to the target. The cross section peaks
aroundDN=1 stripping channel, and with increasing number
of particles picked up or stripped from the projectile, there is
near exponential decrease in the cross section, as shown by
the dashed lines in Fig. 6. However, deviations are observed
in certain transfer channels. It is seen that the cross section
for 12B corresponding to one-neutron pickup is enhanced
compared to 12C channel corresponding to one-proton
pickup. It is also seen that in the stripping reactions7Li is
enhanced and9Li is suppressed from the systematics of the
exponential behavior with the number of nucleons stripped.
7Li channel corresponds to stripping of onea-particle cluster
from the projectile, whereas9Li corresponds to 2p stripping
which requires breaking up a proton pair in11B. These re-
sults indicate the importance of the projectile structure andQ
value effects in the nucleon transfer process. It is known that
the transfer cross sections are influenced by the ground state
Q value for the transfer channels[9]. Figure 7 shows the
angle integrated transfer cross section for various transfer
channels,str plotted as a function of the ground state reac-
tion Q value s-Qggd. A nearly bell shaped behavior is ob-
served in both cases as shown by the dashed lines in Fig. 7.
Here also certain channels show deviations from the general
behavior. There is an optimum value ofQgg of 6–7 MeV,
where the cross section is maximum. The enhancement of
12C from the bell shapedQ-value systematics is by a factor
of 6 and 9 in 11B+208Pb and11B+209Bi reactions respec-
tively. The 7Li and 9Li also fit into the bell shaped behavior
with the Q value. The enhancement seen in the 1p pickup
channel in this plot could be caused by the extra stability of
12C due toN=Z symmetry in this nucleus. However, as dis-
cussed in the following section, the relative enhancement of
this channel in11B+208Pb and11B+209Bi reactions is quite
different, which may be connected to double shell closure in
the target nucleus after the proton transfer.
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FIG. 3. Ratio of the elastic to Rutherford scattering cross sec-
tions as a function of center of mass scattering angles for11B
+209Bi, 208Pb systems; the solid lines are fit to the data using optical
model code SNOOPY8Q[20].

TABLE I. Optical model potential parameters and various cross sections.

Systems V0 R0 a0 W Rw aw rC sr stotal sf strans

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

11B+209Bi 19 1.296 0.688 106.99 1.287 0.28 1.3 1143 2173 1043 77.5±1.2
11B+208Pb 19.17 1.241 0.816 100 1.275 0.38 1.3 1302 2347 1077 81.1±1.7
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C. Shell effects in the heavy ion induced transfer reactions

One of the main motivations of this experiment was to
investigate shell effects in the heavy ion induced transfer
reactions. We have taken11B+208Pb and11B+209Bi systems
to compare the one-proton pickup channels in these two re-
actions.208Pb is a doubly magic nucleus with closed proton
and neutron shells, whereas209Bi has one extra proton out-
side the proton shell. Therefore, if one-proton pickup is pre-
ferred in 11B+209Bi reaction, as compared to that in11B
+208Pb reaction then it can be inferred that the pickup of the
proton is influenced by the shell closure of the target nucleus.

In order to study this effect, we examine the ratios of the 1p
pickup cross section to the 1n pickup and stripping cross
sections to remove the major nuclear mean field effects that
appear in the absolute cross section. The neutron transfer
channels in11B+209Bi, 208Pb transfer reaction will have simi-
lar structure effects of the targets due to the closed neutron
shell in both209Bi and 208Pb nuclei. The experimental differ-
ential cross sectiondsexpt/dV at the grazing angle, the angle
integrated transfer cross sectionstr of 12C, as well as the
ratiosstrs12Cd/strs10Bd andstrs12Cd/strs12Bd for both systems
are given in Table II. As can be seen from the table, the
experimental differential cross section at the grazing angle,
the total, +1p cross section,s+1pd/s+1nd ratio, and s+1pd/
s−1nd ratio in 11B+209Bi reaction are all higher as compared
to that in 11B+208Pb reaction. The difference is of the order
of 42% –86% in the values of the ratios, implying that the
transfer of the odd proton in209Bi is facilitated, so as to drive
the target nucleus towards the double shell closure configu-
ration.
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III. THEORETICAL UNDERSTANDING OF ENERGY
SPECTRA AND ANGULAR DISTRIBUTION OF

PROJECTILELIKE FRAGMENTS

The DWBA model has been used to explain the one-
particle transfer to discrete states. However, when applied to
the continuum states and for multi particle transfers, this
model suffers from many limitations. In these cases a modi-
fied version called the diffractional DWBA model has been
quite successful in explaining the energy spectra and angular
distribution of transfer reaction products for a large number
of systems[16–19]. In the present work, we have employed
the DDWBA model for calculation of one-nucleon and
multinucleon transfer cross sections in11B+209Bi and 11B
+208Pb reactions. In this model, the double differential cross
section to the continuum states is obtained by weighing the
DWBA cross section with the density of states in the projec-
tile and target nuclei, and can be written as[19]

d2s

dVdEf
= o

J1J2

o
L=uJ1−J2u

J1+J2

utLu2E
0

E0
*

r1sE0
* − E2

* , J1d

3r2sE2
* , J2dssEf, u, LddE2

* . s1d

Index 1 is for the ejectile and 2 for the residual nucleus
with E0

* =Ei +Qgg−Ef. Here, E0
* and E2

* are, respectively,

the total and residual nucleus, excitation energies,J1 and
J2 are the angular momentum of ejectile and residual
nucleus, respectively, andssEf, u, Ld is the DWBA cross
section, corresponding to a given kinematical condition,
with Ei and Ef being the initial and final center of mass
kinetic energies. The energy spectrum is calculated by
varying Ef from the ground state transitionEi +Qgg up to
the exit Coulomb barrier energy. The level densityr is a
function of E0

* andJ f22g. tL is called the transfer param-
eter or the nuclear structure factor, which is an overall
normalization constant proportional to the overlaps of the
transferred cluster bound state wave functions of the
projectile-ejectile and target-residual nuclei multiplied by
the product of two corresponding spectroscopic ampli-
tudes. In this formalism,tL is assumed to be independent
of the energy and the transferred angular momentum for a
given transfer reaction. The main ingredient in the DWBA
cross section is the reduced matrix elementbll8, given by

bll8 =
1

2i
ÎEiEf

] hi

] l

] h f

] l8
eissl

i+dl
i+s

l8
f

+d
l8
f d, s2d

wheresl’s are the Coulomb phase shifts,
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sl = argGsl + 1 + ind, s3d

with n being the Sommerfeld parameter in the entrance or
the exit channel.dl’s are the nuclear phase shifts calcu-
lated according to the semiclassical parametrization of
McIntyre f23g. The reflection coefficienthl in initial and
final channels are parametrized by Woods-Saxon form as
f17g

hl =
1

1 + expS lg − l

D
D , s4d

where the grazing partial wavelg and the widthD are
given by the following semi classical relations:

lg = kRÎ1 −
2n

kR
, s5d

D =

kdS1 −
n

kR
D

Î1 −
2n

kR

. s6d

R and d are the radius and the diffuseness parameters,
respectively, as determined from the phase-shift analysis
of elastic scattering in the entrance and exit channels. In
the above formulas the grazing partial wavelg and width

D are different in the entrance and exit channels. There is
a third parameter in the DWBA cross section, the phase
angleDu, which is the difference between the nuclear and
the Coulomb rainbow angles and is related to the nuclear
phase-shift. The phase shift analysis of elastic scattering
was done by calculating the deflection function given by
f24g

Qsb, Ec.m.d = p − 2bE
rmin

`

dr
1

r2S1 −
Vef fsb, rd

Ec.m.
D−1/2

, s7d

where Vef f is the total interaction potential between the
two colliding nuclei given by

Vef fsb, rd = Vnsrd + VCsrd +
b2Ec.m.

r2 , s8d

with b, Ec.m., and r being the impact parameter, center of
mass energy, and the distance of separation between the
two colliding nuclei, respectively. The real part of the
nuclear potentialVn used is of Woods-Saxon shape, ob-
tained by optical model fit to the elastic scattering data.
The potential parameters used are taken from Table I. The
Coulomb potentialVC is that for two uniformly charged
spheres separated by a distancer. The outermost turning
point rmin is calculated from the equation given below

TABLE II. Total transfer cross section ratios of one-nucleon stripping and pickup and various other cross
sections of12C.

Systems fdsexpt/dVg
ugr

strs12Cd strs12Cd/strs10Bd strs12Cd/strs12Bd
(mb/sr) (mb)

11B+208Pb 2.3±0.1 6.0±0.4 0.42±0.04 0.44±0.04
11B+209Bi 3.2±0.03 7.9±0.3 0.86±0.03 0.61±0.04
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Ec.m.− VCsrmind − Vnsrmind −
b2Ec.m.

rmin
2 = 0. s9d

From this semiclassical phase-shift analysis, we obtain the
grazing l-waveslgd, the difference between the Coulomb
and the nuclear rainbow anglesDud, and D the width at
about 75% of the maximum rainbow angles for both sys-
tems. The value oflg and D are 30 and 4.54 and 32 and
6.5, respectively, for11B+ 209Bi and 11B+ 208Pb systems.
The three parametersr0, d, and Du obtained from the
phase-shift analysis are 1.4 fm,0.59 fm, and –0.57 rad, re-

spectively, for 11B+ 209Bi system and1.43 fm, 0.425 fm
and −0.78 radrespectively for11B+ 208Pb system. How-
ever, the value ofDu had to be adjusted in order to explain
the shape of the angular distribution of various transfer
channels in both reactions. The value ofr0=1.66 wasused
to explain the angular distribution of Li channels in11B
+ 209Bi reaction. These parameters were used in the com-
puter code FASTf25g to calculate the angular distribu-
tions and the energy spectra at the grazing angles for all
the transfer channels in both the reactions. The calculated
angular distributions are normalized with the experimental
value at the grazing angles for all the transfer channels.
The calculated angular distributions of various transfer
channels in11B+ 209Bi and 11B+ 208Pb reactions are shown
by the solid lines in Figs. 4 and 5, respectively. The cor-
responding value ofDu required to fit the angular distri-
bution for each of the transfer channels is also indicated in
both figures. The value ofDu needs to be increased with
the increasing number of nucleons transferred to fit the
angular distributions in11B+ 209Bi, 208Pb reactions, as
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shown in Fig. 8. The increase inDu is required to shift the
angular distribution towards the forward angles. This sug-
gests that the nuclear attraction increases with increasing
number of nucleons transferred. The experimental and cal-
culated energy spectra using the DDWBA model are
shown in Figs. 9 and 10, respectively, for11B+ 209Bi and
11B+ 208Pb reactions. As seen from Figs. 4 and 5 and Figs.
9 and 10, the DDWBA model is able to account for the
shape of the angular distributions and energy spectra of
the reaction products reasonably well. We have kept only
the value ofDu as the free parameter to fit the angular
distribution data. The calculated energy spectra generally
account for the shift in the peak, but are somewhat nar-
rower than the observed spectra. However, considering the
global nature of the fits, the model has succeeded in ac-
counting for the observed features of the transfer reactions
in the two systems studied in the present work.

IV. CONCLUSIONS

We have investigated the transfer reactions in11B+209Bi
and 11B+208Pb systems to study the target shell closure ef-
fects in the single-nucleon transfer process. The observed

larger values of the one-proton pickup cross section and the
ratio of the 1p pickup to the 1n pickup and 1n stripping
channels in11B+209Bi reaction as compared to those in11B
+208Pb reaction imply the influence of the target shell effect
in the heavy ion induced transfer reactions. We have also
investigated the various aspects of the multinucleon transfer
reactions with regard to theDN and Qgg systematics. The
diffractional DWBA model was employed to understand the
energy spectra and angular distributions of the projectilelike
transfer products in both systems. It is seen that this model
explains the shape of the angular distribution and energy
spectra of the transfer channels to a good extent. A system-
atic study of the parameters of the DDWBA model has been
carried out. The parameterDu increases with increasing
number of particle transfers, suggesting larger nuclear attrac-
tion for higher mass transfers.
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