PHYSICAL REVIEW C 68, 054612(2003

Investigation of target shell effect in heavy ion induced transfer reactions in-'B + 29%b
and B + 299 reactions
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The yields, energy spectra, and angular distributions of the transfer reaction products were measured in
115 +208pp and!!B+29%Bi reactions at bombarding energies above the Coulomb barrier. It was found that the
one-proton pickup cross section is enhanced'®+2°%Bi reaction relative to that it'B+2%%Ph 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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[. INTRODUCTION mainly by one-step processes. There are mainly two ingredi-
. . ents in this model: The first one is the transition matrix ele-
The one- and two-particle transfer reactions have beef,o i ajcylated on the basis of diffractional DWBA
studied in the past _tQ understar_ld th_e smgle_-partlcle she DDWBA) model[14,15 and the second ingredient for the
structure and the pairing correlations in nuclei. The transfeg|cations is the statistical level density for the population
reactions have also been used as a tool to understand thethe continuum stateld6-19.
clustering aspects inside the nucldds4]. At below barrier The aim of the present work is to study the effect of target
energies, the large enhancements of fusion cross sections ajige|| closure on transfer cross sections. The data have been
often attributed to the coupling of transfer channels as comanalyzed in the framework of DDWBA. The contents of the
pared to that expected on the basis of one-dimensional bagaper are organized in the following manner. The details of
rier penetration model[5-8. The measurement of the the experimental setup and data analysis along withAtke
strength of the one-particle and multiparticle transfer chanand Q-value systematics and shell effects are discussed in
nels and their dependence on shell effects in the target arfslec. Il. The DDWBA formalism and its application for the
projectile nuclei are of interest to study the coupling of thesecalculation of energy spectra and angular distribution of vari-
channels to the fusion probabilities. The influence of projec-ous transfer channels are described in Sec. Ill. The summary
tile structure in the multinucleon transfer process has beeand conclusions of the present work are given in Sec. IV.
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 studied'B+2%%Pb and'B+2°Bi reactions to look
for the target shell effects by measuring the one-proton The experiments were performed with 48 beam of
pickup cross sections on the doubly closed shélfPb 69 MeV bombarding energy accelerated by the 14 UD
nucleus and on the target nucleus with one proton outside tHBRARC-TIFR Pelletron accelerator at Mumbai. A self-
closed shell(?°Bi). The highly asymmetric systems with a supporting?*®Bi target of 360ug/cn? thickness and d%Pb
lighter projectile on heavier targets were chosen so that thearget of 160ug/cn? thickness on carbon backing of
excitation energy is predominantly in the heavier nucleusl5 ug/cn? thickness were used in the experiment. Two sili-
having much higher level density, and thus it is unlikely forcon surface barrier detector telescopesE(30um)-
the lighter projectile to evaporate a particle that wouldE(300um) and AE(30um)-E(370um) were used to measure
change its identity before it is detectd@]. The relative the angular distributions of the projectilelike fragments. The
yields and shapes of the angular distributions of transfer reangular range covered fétB+2°Bi and 'B+2%%Pb systems
action products were measured in both reactions to study thare 45°—80° and 45°—75°, respectively, in steps of 5° in the
target shell effects. In the past, the distorted wave Born aptaboratory frame for both systems. Another silicon surface
proximation(DWBA) was used to describe the few nucleon barrier detector mounted at a fixed angle 6},=25° was
transfer processes. However, the DWBA overestimates thesed as a beam monitor for relative normalization of differ-
absolute cross sections with increase in incident energiesnt runs. The absolute normalization for the cross section
[10-13. For heavy ion reactions occurring well above themeasurements was obtained using elastic scattering data at
Coulomb barrier, continuum states are also strongly popuforward angles and assuming these yields to be described by
lated apart from the first few discrete levels. We have anaRutherford scattering. ThAE and E detectors in the two
lyzed the transfer reaction dataitB+2°%Bi, 2°%Pb reactions telescopes were energy calibrated using the elastic scattering
using a simple model, assuming that the reaction proceedseaks measured at various angles, after taking into account

II. DETAILS OF EXPERIMENTAL SETUP AND DATA
ANALYSIS
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the kinematics and energy loss corrections in the target. Aest mass and charge separation between neighboring iso-
typical two-dimensionalAE-E,. correlation plot for 'B topes was obtained using the values af2 and b=15.
+2098j reaction at#,,=60° is shown in Fig. 1, where the Typical particle identification spectra obtained iHB
masses corresponding to various chargBsare seen to be +2°°Bi and!B+2%%Pb reactions around the grazing angle are
well separated. The transfer channels such’a$ can also  shown in Fig. 2. Yields of individual isotopes for a givén

be clearly identified from the elastic scattering channel asvere obtained by multiple Gaussian peak fitting to the par-
shown in Fig. 1. The mass and charge of the outgoing trandicle identification spectra. A mass resolution full width at
fer products were identified using the algorithm, PIO half maximum, of about=0.5 amu was achieved in the fit-
=AE(Es+aAE+b)xMZ?, wherea andb are constants. The ting of the PIO spectra in the present measurements.
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analysis by fitting the elastic channels agrees closely with the
sum of the transfer and fusion cross sections.

B. Q value and AN systematics in*B +2%9Bi, 2%%b reactions

The experimental angular distributions for the various
transfer channels measured B +2°Bi and 'B+2%%Pb re-
actions are shown by solid points in Figs. 4 and 5, respec-
tively. The angle integrated transfer cross sectiopsvere
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 transferrgN) for both
. systems are shown in Fig. 6, where the negative valuehbf
means the particle pickup by the projectile from the target
—— Optical Mdel Fit * and the positive value oAN means the particle stripping
from the projectile to the target. The cross section peaks
e aroundAN=1 stripping channel, and with increasing number
40 50 60 70 80 of particles picked up or stripped from the projectile, there is

near exponential decrease in the cross section, as shown by

6. m (deg) the dashed lines in Fig. 6. However, deviations are observed
in certain transfer channels. It is seen that the cross section
for 2B corresponding to one-neutron pickup is enhanced
i:ompared to 2C channel corresponding to one-proton
pickup. It is also seen that in the stripping reactidhsis
enhanced anélLi is suppressed from the systematics of the
exponential behavior with the number of nucleons stripped.
’Li channel corresponds to stripping of oaeparticle cluster

The ratios of elastic to Rutherford scattering cross secfrom the projectile, wherea¥.i corresponds to 2p stripping
tions as a function of center of mass scattering angle arehich requires breaking up a proton pair itB. These re-
shown in Fig. 3 by solid points and solid squares, respecsults indicate the importance of the projectile structure@nd
tively, for 'B+2%9Bj and 1'B+2%%Pb systems. These data value effects in the nucleon transfer process. It is known that
were analyzed using the optical model code SNOOPY8Qhe transfer cross sections are influenced by the ground state
[20] to obtain optical model potential parameters. The result® value for the transfer channe|8]. Figure 7 shows the
of the fit to the data ofloy(6)/dog,{6) are shown by solid angle integrated transfer cross section for various transfer
curves in Fig. 3 for both systems. The potential parameterghannelso;, plotted as a function of the ground state reac-
the reaction cross sections, and total cross sectionsi,,,  tion Q value (-Qqg). A nearly bell shaped behavior is ob-
obtained from the optical model analysis are listed in Table Iserved in both cases as shown by the dashed lines in Fig. 7.
Here, the reaction cross section includes inelastic, transfeHere also certain channels show deviations from the general
and fusion reaction cross sections, whereas the total crosehavior. There is an optimum value Q, of 6—7 MeV,
section also includes elastic scattering cross section. It igzhere the cross section is maximum. The enhancement of
seen that int™B+2%%Ph reaction all the cross sections are'°C from the bell shape@®-value systematics is by a factor
larger than that for''B+2°%Bi reaction. This can be ac- of 6 and 9 in*B+2%Pb and'B+29Bi reactions respec-
counted by the fact that in the former case the bombardingjvely. The ’Li and °Li also fit into the bell shaped behavior
energy is about 0.5 MeV more above the Coulomb barrierwith the Q value. The enhancement seen in thepickup
The fusion cross sectias; calculated using the CCFUS code channel in this plot could be caused by the extra stability of
[21] is also tabulated in Table | for both systems. The sum of?C due toN=Z symmetry in this nucleus. However, as dis-
the transfer cross sections integrated over all angles for attussed in the following section, the relative enhancement of
the dominant transfer channels,,,o are also tabulated in this channel in*'B+2%%Pb and''B+2%%Bi reactions is quite
Table | in the last column. It is also seen from the table thadifferent, which may be connected to double shell closure in
the reaction cross section obtained from the optical modethe target nucleus after the proton transfer.

100 |

X 0.5

do,/ dog,,

101l o BB at E,=69 MeV

« UB+™®pph at E =69 MeV

1 ab

FIG. 3. Ratio of the elastic to Rutherford scattering cross sec
tions as a function of center of mass scattering angles'¥8r
+2098j, 208pp systems; the solid lines are fit to the data using optica
model code SNOOPY8@20].

A. Optical model analysis of elastic scattering cross section

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

Systems Vo Ro 2 W R Ay fc Oy Ototal O Otrans

(MeV) (fm) (fm) (MeV) (fm) (fm) (fm) (mb) (mb) (mb) (mb)
11B +209B; 19 1.296 0.688 106.99 1.287 0.28 1.3 1143 2173 1043 77.5+1.2
11B +208pp 19.17 1.241 0.816 100 1.275 0.38 13 1302 2347 1077 81.1x1.7
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-t 06=-0.62 £6=-0.57 | In order to study this effect, we examine the ratios of tpe 1

50 60 70 80 50 60 70 80 pickup cross section to thenlpickup and stripping cross

sections to remove the major nuclear mean field effects that
8, ,(deg) appear in the absolute cross section. The neutron transfer
2 channels in*B+2%Bi, 29%p transfer reaction will have simi-

FIG. 4. Angular distribution of various transfer channels in lar structure effects of the targets due to the closed neutron
118+209j reaction with the DDWBA calculation. shell in both?°Bi and 2°%Pb nuclei. The experimental differ-

C. Shell effects in the heavy ion induced transfer reactions ﬁ:,:gglr;[f; S"trzic;tflgrd ((r:(;)(()ps[gﬂs:ét'i[;?} %rfaﬂgg,; ggg\ll\(/aé”thaesatrrl]gele
One of the main motivations of this experiment was toratios oy, (*?C)/0y(*°B) and oy,(*?C)/0(*?B) for both systems
investigate shell effects in the heavy ion induced transfeare given in Table Il. As can be seen from the table, the
reactions. We have takenB+2%%Pb and'B+2°%Bi systems experimental differential cross section at the grazing angle,

to compare the one-proton pickup channels in these two rehe total, +p cross section(+1p)/(+1n) ratio, and(+1p)/
actions.?%%Pb is a doubly magic nucleus with closed proton (-1n) ratio in 'B+2%°Bi reaction are all higher as compared
and neutron shells, whered¥Bi has one extra proton out- to that in'B+2%%Pb reaction. The difference is of the order
side the proton shell. Therefore, if one-proton pickup is pre-of 42%—-86% in the values of the ratios, implying that the
ferred in 'B+299Bj reaction, as compared to that B  transfer of the odd proton i#9Bi is facilitated, so as to drive
+208pp reaction then it can be inferred that the pickup of thethe target nucleus towards the double shell closure configu-
proton is influenced by the shell closure of the target nucleusation.
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[ll. THEORETICAL UNDERSTANDING OF ENERGY the total and residual nucleus, excitation energlgsand

SPECTRA AND ANGULAR DISTRIBUTION OF

J, are the angular momentum of ejectile and residual
PROJECTILELIKE FRAGMENTS

nucleus, respectively, and(E;, 6,L) is the DWBA cross
The DWBA model has been used to explain the One_sgction, correqunding tq a given k_inematical condition,
particle transfer to discrete states. However, when applied t§ith Ei and E; being the initial and final center of mass
the continuum states and for multi particle transfers, thigineétic energies. The energy spectrum is calculated by
model suffers from many limitations. In these cases a modivarying E¢ from the ground state transitio +Qqq Up to

fied version called the diffractional DWBA model has beenthe exit Coulomb barrier energy. The level densjtys a
quite successful in explaining the energy spectra and anguld¢nction of Ey andJ [22]. 7_is called the transfer param-
distribution of transfer reaction products for a large numbet€ter or the nuclear structure factor, which is an overall
of systemg16-19. In the present work, we have employed nhormalization constant proportional to the overlaps of the
the DDWBA model for calculation of one-nucleon and transferred cluster bound state wave functions of the
multinucleon transfer cross sections B +2°Bi and 11B projectile-ejectile and target-residual nuclei multiplied by
+298pp reactions. In this model, the double differential crosghe product of two corresponding spectroscopic ampli-
section to the continuum states is obtained by weighing thé&udes. In this formalismy, is assumed to be independent
DWBA cross section with the density of states in the projec-Of the energy and the transferred angular momentum for a
tile and target nuclei, and can be written[49] given transfer reaction. The main ingredient in the DWBA
cross section is the reduced matrix elemgpt, given by

A2 J1+Jp E| . X
deE = E E |TL|2f pl(EO - EZ! ‘Jl)
f 3135 L=94-3) 0 1 Jn;d g
. . By =— E‘Ef_mi g (o+d+ay+3)) 2)
sz(Ez, Jz)O’(Ef, 0, L)dE2 (1) 2i ! al al’ '

Index 1 is for the ejectile and 2 for the residual nucleus
with Eq=E;+Qyy—E;. Here, E, and E; are, respectively, whereoy's are the Coulomb phase shifts,

llB+208Pb llB+ZOQBi
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TABLE II. Total transfer cross section ratios of one-nucleon stripping and pickup and various other cross
sections of'C.

Systems [dorexpy/ dQ](,gr o, (120) 0 (1%C) / 0, (1%B) 0 (1%C) / 0, (12B)
(mb/sn (mb)
115 +208pp 2.3+0.1 6.0+0.4 0.42+0.04 0.44+0.04
11 +209B;j 3.2+0.03 7.9+0.3 0.86+0.03 0.61+0.04
a=argl(l+1+in), (3) A are different in the entrance and exit channels. There is

) ) ) a third parameter in the DWBA cross section, the phase
with n being the Sommerfeld parameter in the entrance ofnglea, which is the difference between the nuclear and
the exit channeld’s are the nuclear phase shifts calcu-he Coulomb rainbow angles and is related to the nuclear
lated according to the semiclassical parametrization ofhase-shift. The phase shift analysis of elastic scattering

Mclntyre [23]. The reflection coefficienty in initial and a5 done by calculating the deflection function given by
final channels are parametrized by Woods-Saxon form ap4]

[17]
1 1 Verlb,n)\ M
nE o (4) (b, Ec_m):w—zbf dr;(l—M) , (7
1+ ex;(g—) I min r Ec.m.
Where the grazing partial WaV% and the W|dthA are Where Veff iS the tOta| intel’action pOtentia| betWeen the
given by the following semi classical relations: two colliding nuclei given by
2n 2
=KRy[1-— b%Eem
W=kRVIT R ®) VoD, 1) = Vir) + Ve(n) + 2, (®)
kd(l—£> with b, E. ,, andr being the impact parameter, center of
A= kR (6) mass energy, and the distance of separation between the
on two colliding nuclei, respectively. The real part of the
“kR nuclear potentiaV, used is of Woods-Saxon shape, ob-

tained by optical model fit to the elastic scattering data.
R and d are the radius and the diffuseness parametersThe potential parameters used are taken from Table |. The
respectively, as determined from the phase-shift analysi€oulomb potentiaV. is that for two uniformly charged
of elastic scattering in the entrance and exit channels. Ispheres separated by a distamc&’he outermost turning
the above formulas the grazing partial wayeand width  point r.,, is calculated from the equation given below

115,208 11,2090,
r 14
1o} ¢ .
I Li
[ ]
°Be
—~ o
3 1o t
= 081 ¢ . ™ FIG. 8. A6 as a function ofAN for 118
< . 19Be S g +208ph and!!B+29%Bj reactions.
L] r lUB
[ ]
12 °
[ 12C ? 9Be
0.6 - ° 3 12 °
IZB Ce
IUBe
[ ]
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AN (Nunber of nucleon(s) transferred)
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FIG. 10. Energy spectra of various transfer channels'
+208ph reaction at the grazing angle with the DDWBA calculation.

spectively, for1B+2%Bi system and1.43 fm, 0.425 fm
and —0.78 radrespectively for''B+2%%h system. How-
ever, the value oA 6 had to be adjusted in order to explain
Eiectil Ve the shape of the angular distribution of various transfer
jectile energy (MeV) channels in both reactions. The valuergf 1.66 wasused
to explain the angular distribution of Li channels B8
+209Bj reaction. These parameters were used in the com-
puter code FAST[25] to calculate the angular distribu-
b2E tions and the energy spectra at the grazing angles for all
Ecm.~ Ve(min) = Va(Fmin) = —5—— = 0. (9) the transfer channels in both the reactions. The calculated
min angular distributions are normalized with the experimental
value at the grazing angles for all the transfer channels.
From this semiclassical phase-shift analysis, we obtain th&he calculated angular distributions of various transfer
grazing l-wave(ly), the difference between the Coulomb channels in*!B +2%Bi and *'B+2%%b reactions are shown
and the nuclear rainbow angl&¢), and A the width at by the solid lines in Figs. 4 and 5, respectively. The cor-
about 75% of the maximum rainbow angles for both sys+esponding value ofA# required to fit the angular distri-
tems. The value of; and A are 30 and 4.54 and 32 and bution for each of the transfer channels is also indicated in
6.5, respectively, fort'B+2%Bi and 'B+2%%Pb systems. both figures. The value oA# needs to be increased with
The three parameters,, d, and A¢ obtained from the the increasing number of nucleons transferred to fit the
phase-shift analysis are 1.4 f®.,59 fm, and —0.57 rad, re- angular distributions in''B+29Bi, 2%%p reactions, as

FIG. 9. Energy spectra of various transfer channels'iB
+209B;j reaction at the grazing angle with the DDWBA calculation.
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shown in Fig. 8. The increase ik is required to shift the larger values of the one-proton pickup cross section and the
angular distribution towards the forward angles. This sug+atio of the J pickup to the 1 pickup and b stripping
gests that the nuclear attraction increases with increasinghannels in*'B+2°%Bi reaction as compared to thoseitB
number of nucleons transferred. The experimental and cak2%%Pb reaction imply the influence of the target shell effect
culated energy spectra using the DDWBA model arein the heavy ion induced transfer reactions. We have also
shown in Figs. 9 and 10, respectively, foB8+2°Bi and investigated the various aspects of the multinucleon transfer
1B +20%pp reactions. As seen from Figs. 4 and 5 and Figsreactions with regard to thAN and Qy4 systematics. The

9 and 10, the DDWBA model is able to account for the diffractional DWBA model was employed to understand the
shape of the angular distributions and energy spectra ofnergy spectra and angular distributions of the projectilelike
the reaction products reasonably well. We have kept onlyransfer products in both systems. It is seen that this model
the value ofA@ as the free parameter to fit the angular explains the shape of the angular distribution and energy
distribution data. The calculated energy spectra generallgpectra of the transfer channels to a good extent. A system-
account for the shift in the peak, but are somewhat naratic study of the parameters of the DDWBA model has been
rower than the observed spectra. However, considering thearried out. The parametekd increases with increasing
global nature of the fits, the model has succeeded in acaumber of particle transfers, suggesting larger nuclear attrac-
counting for the observed features of the transfer reactiongon for higher mass transfers.

in the two systems studied in the present work.
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