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Single and multinucleon transfer in 19F, 16O, 12C1 232Th reactions at near barrier energies

D. C. Biswas, R. K. Choudhury, B. K. Nayak, and D. M. Nadkarni
Nuclear Physics Division, Bhabha Atomic Research Centre, Mumbai 400 085, India
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Cross sections for single (1p) and multinucleon (2p, 4He, andp4He! transfer reactions have been measured
in 19F, 16O, 12C1232Th systems at beam energies around the Coulomb barrier. Angular distributions and
energy spectra of the projectilelike particles exhibit characteristics of direct transfer reactions. The ratio of the
transfer to total reaction~transfer1fusion-fission! cross section is observed to be significantly smaller for the
12C projectile, as compared to that for19F and 16O projectiles. All the systems show large transfer cross
sections relative to the total reaction cross section at subbarrier energies. The angular distribution data were
analyzed in terms of transfer probabilities to derive the slope parameter (a) for the stripping of 1p and 2p in
the case of16O and 12C projectiles and for 1p, 4He and correlated~p4He! stripping in the case of19F
projectile, for comparison with the semiclassical calculations. It is observed that the semiclassical picture is
valid for 1p transfer at energies near the Coulomb barrier, whereas for correlated 2p, 4He, and ~p4He!
multinucleon transfers, the experimental values ofa are anomalously small as compared to the semiclassical
calculations even at subbarrier energies. At the above-barrier energies, the slope anomaly can be explained
after inclusion of the nuclear effects in semiclassical calculations.@S0556-2813~97!03310-4#

PACS number~s!: 25.70.Hi, 25.70.Pq
is
io
i
o

th
lo
in
t

cr

ss
el
th

io
th
sf
f
a

na
t
c
ul
ia
ro
ire
an
in
or
v
ita
ac

e-

l ap-
here
de-

mi-
po-
h,

e

ter

in
ns-

ely
.e.,
s
the

e
all
is
at
ns-
m-
c-

cal
ave
ct
Us-
I. INTRODUCTION

In heavy ion reactions at near barrier energies, there
strong coupling of inelastic and transfer channels to fus
reactions and thus a detailed understanding of the heavy
reaction dynamics requires, a systematic and simultane
study of the different reaction channels as a function of
bombarding energy@1#. In recent years there has been a
of interest to study transfer reactions in nucleus-nucleus
teractions at energies near the Coulomb barrier, due to
observation of anomalous slopes in the semiclassical des
tion of the collision processes@2–4#. Multinucleon transfer
reactions can take place due to either the one-step proce
due to the cumulative effect of many possible final chann
and thus the complexity of the reaction increases with
number of transferred nucleons@5–7#. The direct reaction
models such as distorted wave Born approximat
~DWBA!, have been successfully used in explaining
transfer cross section data and angular distribution of tran
reactions to specific final states@8#. However, in the case o
transfers leading to continuum states such calculations
difficult as one has to sum over the whole spectrum of fi
states. Another important aspect of transfer reactions is
interference between one-step transfers, leading dire
from the initial to the final states of the fragments, and m
tistep transfers, where the reaction proceeds sequent
through a number of inelastic transfer or excitation p
cesses. This effect is especially pronounced where the d
route is suppressed due to small overlap between initial
final states, and indirect transitions can proceed via low ly
collective states. In these cases it is found that DWBA the
is not adequate because the reaction can take place in se
different ways involving successive excitation and deexc
tion of the target or residual nucleus. Multistep direct re
560556-2813/97/56~4!/1926~10!/$10.00
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tion ~MSDR! theory has been successfully applied to d
scribe the continuum spectra in transfer reactions@9,10#.

Phenomenological models based on the semiclassica
proximations have been used at near barrier energies, w
transfer of nucleons at large impact parameters can be
scribed as tunneling through a potential barrier. In the se
classical approximation the transfer probability has an ex
nential dependence on the distance of closest approacD
between the two interacting nuclei, i.e.,Ptr}exp~22aD!
@11#, where the transfer form factora5A2mEb/\; m is the
reduced mass andEb is the effective binding energy of th
transferred nucleons.D is normally calculated using the
Coulomb trajectories as a function of the impact parame
or the scattering angleu. The exponential dependence ofPtr
on D is a characteristic property of the tunneling process
the transfer reactions. For one-nucleon transfer, if the tra
fer probability has a slope parametera1N , then the two-
nucleon transfer probability is expected to fall approximat
twice as steeply as the one nucleon transfer, i
a2N.2a1N . This relation holds whether the two nucleon
are transferred in a sequential or correlated manner, since
two-nucleon binding energy is not very different from twic
that of one nucleon~assuming the pairing energy to be sm
compared to 2Eb) and the mass of the correlated pair
twice that of one nucleon. Experimentally it is observed th
in many reactions the slope parameter for two nucleon tra
fer is very much less than expected and this effect is co
monly known as the ‘‘slope anomaly’’ in the transfer rea
tions @12,13#.

Vigezzi and Winther @14# showed that inclusion of
nuclear effect is important in the calculation of the classi
deflection function in the scattering processes. They h
studied the application of complex trajectories to dire
heavy ion reactions on the basis of semiclassical theory.
1926 © 1997 The American Physical Society
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FIG. 1. E vs DE plot of projectilelike par-
ticles at 106.5 MeV in the19F1232Th reaction at
100°.
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ing the same formalism, Babaet al. @15# have recently
shown that the so-called slope anomaly can be understo
the contribution from the ‘‘nuclear branch’’ of the classic
deflection function is included in the calculation of trans
probability. They showed that the variation of the one- a
two-nucleon transfer probability with distance of closest a
proach can be understood on the basis of semiclassical m
els if contributions from the nuclear and Coulomb branch
of the classical deflection function are considered. The
part of the optical potential used in their calculations w
shallower with large diffuseness parameter as compare
the one suggested by Akyuz-Winther@23#. Such a large dif-
fusenesss parameter was interpreted by them in term
channel coupling effects and can have bearings in the an
sis of the near barrier fusion cross section data.

For heavy targets, fission is one of the dominant de
modes following multinucleon transfer or compound nucle
formation. Recently, there have been observations@16# of
large anomalies in fission fragment anisotropies in many s
tems at near and subbarrier energies as compared to the
tistical model calculations implying that the entrance chan
mass asymmetry plays a role in governing the heavy
reaction dynamics. In the present work we have measu
the quasielastic scattering and transfer cross sections in19F,
16O, 12C1 232Th reactions at energies near the Coulomb b
rier. The transfer cross sections have been compared with
total reaction cross sections~transfer1fusion-fission! for
these systems. The angular distribution data for vari
transfer channels were transformed into transfer probabil
and studied as a function of the distance of the closest
proach to obtain the experimental slope parameter for
dominant transfer channels. The results have been anal
in terms of semiclassical models with the inclusion of t
contribution of the nuclear branch of the distance of the cl
est approach to the transfer probability.

II. DETAILS OF THE EXPERIMENTAL SETUP
AND DATA ANALYSIS

The experiments were performed at the 14 MV Pellet
heavy ion accelerator facility, Mumbai. Beams of19F, 16O,
if
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and 12C in different energy ranges were used to bombar
self-supporting232Th target of 1.8 mg/cm2 thickness. The
detectors were placed inside a 100 cm diameter scatte
chamber operated at 1026 torr vacuum. The projectilelike
particles~PLP’s! were detected in the angular range of 40
160° using fourDE-E detector telescopes. Two of these te
scopes were surface barrierDE(17m)-E(500m) telescopes
each covering 2 msr solid angle. The other two telesco
were a gas ionization chamber havingDEgas ~operating with
P-10 gas at about 200 torr pressure! backed by a surface
barrier E detector~500m thickness!. The details of the gas
detector telescopes and their performance have been
cussed elsewhere@17#. A 300m thick surface barrier detecto
was placed in a forward direction of 20° to monitor the ela
tically scattered particles. The monitor counts were used
normalize the angular distribution of PLP’s for different a
gular settings. Absolute cross sections for different react
channels were obtained after normalizing the data with
elastic scattering events measured at forward angles.
beam current was limited to about 30 to 50 nanoamp
eliminate the possibility of pulse pileup, especially for th
forward angle measurements.

Figure 1 shows a typical two-dimensional plot of th
pulse heights ofDE andE detectors for the19F1 232Th re-
action at 106.5 MeV measured at the grazing an
(u lab5100°!. The amplifier gains were adjusted such that
the particles fromZ52 to Z510 could be recorded into a
5123512 DE-E matrix. The isotopic identification was
achieved using the particle identification algorithm@6#:

@~E1DE!b2Eb#5KM ~b21!Z2, ~1!

whereK and b are constants. It was observed that the b
isotope separation for all the elements is achieved wit
value ofb51.65. The mass identification was carried out
calibrating with 19F, 16O, and 12C elastically scattered par
ticles. Yields of various isotopes were obtained by fitti
Gaussian distributions to the particle identification spectra
different elements as shown in Fig. 2. A mass resolut
s(M ) of about 0.5 amu was achieved in the present m
surements. The isotopes corresponding to projectileZ could
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1928 56D. C. BISWASet al.
not be separated because of high counts of the elastic
ticles and hence the yield of neutron transfer channels are
being reported. For the19F1 232Th reaction, the dominant
transfer channels are18O ~corresponding to 1p stripping!,
15N ~corresponding to4He transfer! and 14C ~corresponding
to p4He stripping!. In case of the 16O1 232Th reaction,
the dominant reaction channels are15N ~1p-stripping! and
14C ~2p-stripping! and in case of12C1 232Th, the dominant
cross sections are again for 1p and 2p stripping channels
leading to 11B and 10Be, respectively. In the present pape
we report the analysis of the angular distributions, trans
probabilities, and slope parameters for the dominant ch
nels for all the three systems at the near barrier energies

III. RESULTS AND DISCUSSION

A. Energy spectra of projectilelike particles

Typical energy spectra of the projectilelike particles o
differentZ values produced at the grazing angle~100°! in the
19F1 232Th reaction at 106.5 MeV are shown in Fig. 3. Th

FIG. 2. PI spectrum at 100° for the19F1232Th reaction at 106.5
MeV.
ar-
ot

r
n-

f

spectra indicate the characteristic features of transfer r
tions forZ.3. ForZ52 and 3, the energy spectra are mos
dominated by evaporation of these particles produced in
reaction. The peak energy corresponds to a velocity slig
lower than that of the projectile having a tendency to sh
towards lower velocities as the charge of the PLP mo
away from that of the projectile. The shape of the ene
spectra is essentially Gaussian with a low energy tail an
width depending on the PLP charge. We have reported
lier that the transfer cross sections have strongQ-value de-
pendence in the exit channel@6#.

The energy spectra of the projectilelike particles~PLP’s!
have been very well described by Alhassidet al. @18# and
Karp et al. @19# using the concepts of maximal entropy fo
malism known as surprisal analysis. In this method one
the measured energy spectra of the exit channels with
constrained phase space approach and finds that the en
spectra follow a statistical distribution with the peak corr
sponding to some optimumQ value ~Qopt). The expression
for ~Qopt) is given as@1#

Qopt5@~Z3Z42Z1Z2!/Z1Z2#Ei , ~2!

where Z1, Z2, Z3, and Z4 are the charge numbers of th
projectile, target, ejectile and residual nucleus, respectiv
andEi is the bombarding energy in the center of mass s
tem. The peak energies calculated using theQopt values have
been marked as arrows in Fig. 3 for the dominant isotope
is seen that the peaks in the energy spectra are well desc
by theQopt calculated using the above expression. Howe
for Z<5, there is some deviation, which can be due to m
tistep processes involved in multinucleon and/or multiclus
transfer.

B. Angular distribution of quasielastic scattering
and projectilelike particles

The experimentally measured quasielastic~elastic
1inelastic! scattering cross sections have been plotted in F

FIG. 3. Energy spectrum of projectilelike particles at 100° f
the 19F1232Th reaction at 106.5 MeV.
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56 1929SINGLE AND MULTINUCLEON TRANSFER IN . . .
4 after normalizing with the Rutherford cross section. W
the given energy resolution and target thickness, the low
ing inelastic excited states could not be separated from
elastically scattered particles in the present experiment,
the data therefore correspond to the broad quasielastic
seen in the measured spectra. The angular distributions
obtained in the angular range ofu lab540°–160° for the19F,
16O,12C1 232Th systems at energies around the Coulo
barrier as shown in Fig. 4. An optical model fit to the expe
mental data was obtained with theSNOOPY8Qcode@20# as-
suming the Woods-Saxon form of the potential. The real a
imaginary potentials areV andW, respectively, with real and
imaginary radiiR0 andRi0 having surface diffusenessa0 and
ai . The solid lines in Fig. 4 are the optical model fits to t
data obtained with theSNOOPY8Qcode. The optical mode
potential parameters were obtained from the best fits to

FIG. 4. The quasielastic~elastic1inelastic! scattering angular
distribution normalized with Rutherford cross section data for19F,
16O,12C1232Th reactions. The solid lines are the optical model
to the experimental data. The error bars are within the data po
-
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quasielastic scattering data at the highest energies for al
systems. At other energies onlyV andW were varied to find
the best fit to the data by keeping radius and diffusen
parameters fixed. The values of the fitted parameters
listed in Table I. The primary aim of the optical model anal
sis was to derive the potential parameters to use them
semiclassical calculations for determination of the trans
probabilities as a function of the distance of closest appro
as discussed in Sec. IV.

The energy integrated~up to 25 MeV excitation energy!
cross sections of the PLP’s of differentZ are shown in Fig. 5
as a function of the detection angle for all the three syste
at different beam energies. It is seen that the angular di
butions are nearly bell-shaped and become broader with
creasing nucleon transfer. As the beam energy approa
the Coulomb barrier, the grazing angle shifts towards ba
ward angle and the distribution peaks around 180° at sub
rier energies. In case of the19F1 232Th system, the yield of
oxygen ~corresponding toDZ51! is always significantly
larger in comparison to nitrogen (DZ52! and carbon (DZ
53! at all energies. However, in case of16O1 232Th and
12C1 232Th reactions the yield ofDZ51 and DZ52 are
comparable at higher energies and as the beam energy
proaches the barrier energy, the cross section correspon
to DZ51 is found to be more than that of theDZ52 chan-
nel. The striking differences in the behavior of the yield
transfer channels for the various systems may be relate
the structure of the projectile and entrance channel dynam
of the reactions. Another aspect in the behavior of trans
reaction cross sections for the different systems is brou
out in the following section.

C. Total cross sections for transfer and fusion-fission reactions

Figure 6 shows the angle and energy integrated cross
tions of the dominant transfer reaction channels measure
the present experiment as a function of the bombarding
ergy for all the three systems along with some of the ear
measurements on the16O1 232Th system @19,21#. In the
same figure we have also plotted the earlier measuremen
the fusion-fission cross sections@16#. The solid lines arets.

TABLE I. Optical-model parameters from fits to experiment
quasielastic differential cross section data.

Systems Elab V R0 a W Ri0 ai

~MeV! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

113.6 40.0 1.10 0.9 19.9 1.28 0.3
106.5 38.8 1.10 0.9 15.6 1.28 0.3

19F1232Th 98.4 45.6 1.10 0.9 10.5 1.28 0.3
95.2 52.0 1.10 0.9 12.3 1.28 0.34
92.0 46.5 1.10 0.9 8.6 1.28 0.34

16O1232Th 94.8 39.8 1.11 0.8 12.2 1.36 0.3
86.6 42.2 1.11 0.8 8.3 1.36 0.38

81.7 40.4 1.12 0.8 9.8 1.40 0.35
78.5 41.3 1.12 0.8 10.4 1.40 0.35

12C1232Th 68.8 38.0 1.12 0.8 8.3 1.40 0.35
63.8 39.8 1.12 0.8 9.6 1.40 0.35
58.7 40.2 1.12 0.8 6.4 1.40 0.35
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FIG. 5. Differential cross section of the dom
nant transfer channels in the19F,16O,12C1232Th
reactions at various bombarding energies. Err
are within the data points.
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theoretically calculated fusion cross sections using Won
model @22#, whereas the dashed lines are smoothly join
lines through the transfer cross section data. The total r
tion cross sections can be obtained by adding the fus
fission cross sections to the transfer cross sections. The
features that are observed from the comparison between
total cross sections for charged particle transfer channel (s tr)
and fusion-fission cross sections (s ff) are the following:~i!
transfer excitation functions have a much flatter energy
pendence than fission excitation functions, and~ii ! the trans-
fer cross sections become dominant at subbarrier energie
compared to fusion-fission cross sections.

In Fig. 7 we have plotted the ratio of total transfer cro
section (s tr) to the total reaction cross section (s tr1s ff) as a
function of beam energy in unit ofEcm/VB ~whereVB is the
Coulomb barrier! in all the three cases. It is seen that
energies above the Coulomb barrier, this ratio shows a s
ration and at subbarrier energies it increases sharply fo
the systems. The systems of19F1 232Th and 16O1 232Th
have nearly the same behavior at all energies and the tra
cross section is comparatively more enhanced in these c
than the 12C1 232Th system. Qualitatively, this result ma
indicate that in the case of the former two systems, the
nuclear system after some nucleon exchange separates
easily, as compared to the12C1 232Th system. In other words
the 12C1 232Th system is more likely to proceed to a fusio
fission channel than reseparation after nucleon trans
’s
d
c-
n-
ain
he
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s

t
tu-
ll

fer
ses

i-
ore

r.

However, at subbarrier energies, all the systems show
hanced transfer yields and therefore transfer reactions
expected to play an important role in the entrance chan
dynamics of the reaction at these energies. These results
have a bearing on the experimental observations of entra
channel effects seen in fusion-fission angular distribution
these systems@16#.

D. Semiclassical analysis of transfer probabilities

The angular distributions shown in Fig. 5 may be altern
tively presented as transfer probabilityPtr vs the distance of
closest approachD. The transfer probability is obtained b
taking the ratio of the transfer cross section to the cor
sponding Rutherford cross section, i.e.,

Ptr5~ds tr /dV!/~dsRuth/dV!. ~3!

The distance of closest approach is calculated under
semiclassical approximation, assuming Coulomb trajector
as

D5~ZpZte
2/2Ec.m.!@111/sin~uc.m./2!#, ~4!

whereZp and Zt are the atomic numbers of the projecti
and target, respectively.Ec.m. anduc.m. are the beam energ
and scattering angle in the c.m. system. The use of exp
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FIG. 6. Excitation function of transfer yield~the dashed lines are
a guide to the eye! as well as total fission~solid lines are the Wong
model calculations!. The transfer data for the16O1232Th reaction
are reported from@19# and @21# along with the present work~de-
noted byP!.
sion ~4! is justified for peripheral reactions since only sm
corrections to the trajectories arise when a realistic attrac
nuclear potential is used.

In semiclassical formalism, it can be shown that@1#

Ptr

sin~uc.m./2!
}e22aD. ~5!

Figure 8 shows the variation of experiment
Ptr/sin(uc.m./2! as a function ofD, obtained by using expres
sions~3! and ~4! corresponding to large values ofD, where
nuclear effects are expected to be minimum. It is seen fr
Fig. 8 that there is an exponential dependence ofPtr on D as
suggested by Eq.~5!. The experimental data were fitted to a
exponential function to derive the slope parametera for vari-
ous transfer channels. The values ofa are shown in Fig. 9
for all the systems as a function of the beam energy~in terms
of Ec.m./VB , whereVB is the Coulomb barrier!. In the semi-
classical model, the slope parametera depends on the aver
age binding energyEb of the transferred particle through th
relationa5A2mEb/\. For proton and other higher charge
multinucleon transfer, one needs to apply corrections to
binding energy due to the Coulomb fieldDV of the collision
partner and due to the Coulomb barrierVc as given by@4#

Eb5Eb
~0!2DV1Vc , ~6!

whereEb
(0) is the uncorrected binding energy of the tran

ferred particle~s!. The Coulomb fieldDV was calculated cor-
responding to the average transfer distance parameted
51.555 fm. In calculatingVc , a radius parameter ofr c51.2
fm has been used.

The calculated values ofa for different transfer channels
in all the three systems are shown in Fig. 9 by dashed lin
It is seen that in case of the19F1 232Th reaction, the experi-
mental slope parameter for 1p transfer (a1p) shows good
agreement with the calculated values at all energies. H

FIG. 7. Ratio of transfer cross section to the total reaction cr
section plotted as a function of bombarding energies for19F,16O,
12C1232Th reactions.
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FIG. 8. Transfer probability vs distance of th
closest approach for 1p and 2p transfer in the
case of 16O, 12C1232Th reactions and for 1p,
4He, and correlated~p4He! transfer for the
19F1232Th system.
ba
ie

ro
op
e

pe

th
e

ea

ing
e-
-

of
es

ters
-
s-
be

on-
the
ies

ou-
ever, the slope parameters for4He and~p4He ! transfer for
this system do not agree with the estimated values ofa at
any energy. For12C1 232Th, and 16O1 232Th systems the
experimental slopes of 1p transfer (a1p) are in reasonable
agreement with the calculations at near-barrier and sub
rier energies, but show some deviation at higher energ
For 2p stripping channels in the case of16O,12C1 232Th re-
actions, the calculated slope parameters deviate largely f
the experimental values, indicating the presence of sl
anomaly in these reactions. It is also observed that the
perimental slope parameters show a strong energy de
dence in 12C1 232Th reaction for both 1p and 2p transfer
channels. The observation of a large slope anomaly in
multinucleon transfer channels for all the systems sugg
that multistep processes could be important in these r
tions, even at subbarrier energies.

IV. EXPLANATION OF THE SLOPE ANOMALY DUE TO
NUCLEAR EFFECTS AT ABOVE BARRIER

ENERGIES

Heavy ion collisions are characterized by two dominat
features viz.~a! strong Coulomb interaction, especially b
low the Coulomb barrier and~b! strong absorption, espe
r-
s.

m
e
x-
n-

e
st
c-

cially above the Coulomb barrier. With the inclusion
nuclear potential, the classical deflection function becom
multivalued and there can be two or more impact parame
for a given scattering angle@23#. Recently, it has been re
ported@24# that the variation of one- and two-nucleon tran
fer probabilities with the distance of closest approach can
understood on the basis of semiclassical models if the c
tributions from the nuclear and Coulomb branches of
classical deflection function are considered for energ
above the Coulomb barrier.

The interaction potential is assumed to consist of the C
lomb potentialVC(r ) and nuclear potential,Vn(r ). For a
uniformly charged sphere of radiusRC , the Coulomb poten-
tial is given by@25#

VC~r !5
Z1Z2e2

2RC
S 32

r 2

Rc
2D , r<RC , ~7!

VC~r !5
Z1Z2e2

r
, r>RC . ~8!

The real nuclear potential, usually of Woods-Saxon~WS!
form, is written as
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Vn~r !52V0F11expS r 2R

a D G21

. ~9!

By adding the centrifugal term, we obtain the effective p
tential

Ueff~b,r !5VC~r !1Vn~r !1
b2E

r 2 . ~10!

The deflection function is determined by the scattering
tential using the classical expression

Q~b,E!5p22bE
r min

1`

dr
1

r 2 S 12
Ueff~b,r !

E D 21/2

, ~11!

wherer min is the outermost turning point, i.e., the distance
closest approach (D) and is obtained from the solution of th
equation

Ec.m2Vc~r !2Vn~r !2
b2E

r 2 50. ~12!

The classical deflection angle as a function ofD has been
calculated and Fig. 10 shows the typical results of suc

FIG. 9. Experimental slope parameter (a) plotted as a function
of Ec.m./VB for 1p and 2p transfer in the case of16O, 12C1232Th
reactions and for 1p, 4He, and correlated~p4He! transfer for the
19F1232Th system. The dashed lines are from semiclassical ca
lations.
-

-

f

a

calculation for each system at two energies~above and below
the Coulomb barrier!. The parameters used for the real pa
of the nuclear potential having WS form were taken from t
optical model analysis of the quasielastic data as describe

u-

FIG. 10. Classical deflection angle vs distance of closest
proach (D) for 12C,16O,19F1232Th. The Coulomb and nuclear
branches of the distance of the closest approach correspondin
uc.m have been indicated for higher energies.
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Sec. III B. For weak potentials, the inverse of the deflect
function is single valued, i.e., for each scattering angleu
there is a unique impact parameter.

It is observed that for energies above the Coulomb barr
the classical deflection function is multivalued for a giv
scattering angle and there can be two or more impact par
eters and hence distances of closest approach. At ene
very close to the Coulomb barrier and at subbarrier energ
the deflection function is single valued. The classical diff
ential scattering cross section is given by

scl~b!5
b

sinuUdb

duU. ~13!

In Fig. 11 we have plotted the classical cross section (scl!
as a function of distance of closest approachD for the three
systems at energies above the Coulomb barrier.

FIG. 11. Classical cross section (scl) as a function ofD for 12C,
16O,19F1232Th at energies above the Coulomb barrier.
n

r,

m-
ies
s,
-

Considering the Coulomb and nuclear branches of the
flection function, the quasielastic~QE! scattering amplitude
for a given angle is given by sum of the scattering amp
tudes for these two branches:

aQE5aQE~Coul!1aQE~nucl!. ~14!

The QE scattering cross section is given byuaQEu2. Simi-
larly, the transfer cross section also arises from two branc
and these are given bysQE(DCoul)Ptr(DCoul) and
sQE(Dnucl)Ptr(Dnucl) where, Ptr(DCoul) and Ptr(Dnucl) are
the transfer probabilities andDCoul and Dnucl are the dis-
tances of closest approach for the Coulomb and nuc
branches, respectively. The total transfer probability is th
given by

Ptr~D !5Ptr~Dnucl!
sQE~Dnucl!

sQE
1Ptr~DCoul!

sQE~DCoul!

sQE
.

~15!

SinceDnucl is less thanDCoul, Ptr~Dnucl) is much larger
thanPtr~DCoul), especially for two-nucleon transfer reaction
because of its exponential dependence onD and due to the
large value ofa2p .

In the semiclassical model the transfer probability,Ptr ,
shows an exponential fall with the angle dependent dista
of closest approachD and is expressed as

Ptr~D !5Ptr~D0!exp@22a~D2D0!#, ~16!

FIG. 12. Transfer probability vs the distance of the closest
proach (D) for 12C,16O,19F1232Th reactions along with semiclas
sical calculations with and without nuclear effects. In the case of
12C1232Th reaction the nuclear part merges with the total.
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where D0 is a scale parameter, taken asD051.4(AP
1/3

1AT
1/3) fm. In the present calculations, the contributio

from the two branches are added incoherently. The tran
probability as a function ofD was calculated using Eq.~15!.
A constant value ofPtr(D)5Ptr(D0) was used forD,D0.
The calculated transfer probability was normalized with
experimentally available value nearD0. The results are
shown in Fig. 12 where the contributions from the Coulom
branch, nuclear branch, and total are shown along with
experimental values ofPtr as a function ofD. The results are
given at the higher energies to illustrate the calculations
it is seen that with inclusion of nuclear effects, the expe
mental data are better explained in all the reactions at ab
barrier energies. The inclusion of nuclear effects essenti
reduces the value ofa, bringing the calculated values clos
to the experimental values. At below barrier energies, si
the deflection angle as a function ofD does not show mul-
tivalued behavior~as shown in Fig. 10!, there are no correc
tions due to the nuclear effects in the calculation of slo
parameter and the ‘‘slope anomaly’’ will still exist in th
multinucleon transfer reactions at subbarrier energies.

V. SUMMARY AND CONCLUSIONS

In summary, we have measured the cross section of
ferent transfer channels in the reactions of19F, 16O,
12C1 232Th at energies around the Coulomb barrier. The
perimentally measured angular distribution data show
characteristic behavior of direct transfer reactions and
energy spectra are typically centered at energies corresp
h
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ing to the optimumQ-values ~Qopt). The experimentally
measured transfer cross section data have been comp
with the total reaction cross section and it is found that
transfer yields are much higher in case of19F,16O 1 232Th
reactions as compared to the12C1 232Th reaction at all en-
ergies. At subbarrier energies, there is a sharp increase in
relative cross section of transfer channels (s tr) in compari-
son to the total reaction cross section (s tr1s ff). The transfer
probabilities derived from the cross section data show
exponential decrease with increasing distance of closest
proach (D) at all energies for all the three systems. T
experimental slope parameters obtained from thePtr vs D
plot were compared with semiclassical calculations. It is o
served that the semiclassical picture is valid for 1p at near-
barrier and subbarrier energies, whereas in case of 2p, 4He,
and ~p4He! correlated transfers, the slope anomaly still p
sists, indicating the presence of strong nuclear effects
multistep processes in these reactions even at the subba
energies.
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