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Effect of higher order couplings in the barrier distribution of 12C¿142Nd extracted
from quasielastic excitation functions
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To explore the effects of higher order coupling on the barrier distribution, we have measured the quasielastic
excitation function for12C1142Nd around the nominal Coulomb barrier from 44 to 58 MeV in steps of 1 MeV.
Theoretical coupled channel calculations with one and two phonon states were performed using the code
ECIS94. The analysis showed that the second order coupling effects explained the barrier distribution profile and
excitation function more appropriately than the first order couplings.
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Single barrier description of fusion reaction evolves into
multiple barrier representation due to coupling of relat
motion of two interacting heavy ions with other degrees
freedom, i.e., the inelastic excitations of vibrational or ro
tional modes and the transfer of particles between the in
acting nuclei. The distribution of these effective barriers, a
function of incident energy, carries distinctive signatures
the relevant couplings. However, to construct the barrier
tribution from fusion excitation function@1# one needs data
of extreme precision (;1%) @2# and furthermore, at above
barrier energies, the distribution is poorly defined as the
sociated error is inherently large~proportional to fusion
cross-section!. In recent years an alternative has been p
posed@3#. The barrier distribution can also be derived fro
the complimentary measurement of large angle elastic
quasielastic scattering excitation function, and by definit
it involves less error particularly in the higher energy d
main. Moreover, it has been conjectured by Kruppaet al. @4#
that the high energy profile of the barrier distribution mig
provide information, if any, about the existence of high
order couplings. With the inherent difficulty in obtaining th
distribution from higher energy fusion data, the properties
these barriers may be studied better through the large a
elastic and quasielastic scattering measurements.

So far the extraction of barrier distributions from elas
@5–7# and quasielastic@3,6,8–10# scattering data has bee
reported only for 16O1144,152,154Sm, 16O1186W, 12C
1232Th, 208Pb, 12,13C1105,106Pd, and36S190,96Zr systems.
In none of these studies the effect of higher order and
multiphonon coupling on the barrier distribution have be
investigated. Recently, Takigawaet al. @11# explored theo-
retically the effects of multiphonon excitations on heavy i
fusion near Coulomb barrier energies by using the vib
tional limit of the interacting boson model. They showed th
the fusion barrier distribution is very sensitive to the anh
monicity of the nuclear surface vibrations. In the case
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16O1144 Sm, they specifically found that the experimen
barrier distribution is reproduced only when the correct s
of quadrupole moments of first 21 and 32 states~both nega-
tive! are used in the coupled channel calculations. The fus
excitation function, however, is seen to be insensitive to
sign of quadrupole moment of 21 state, but it strongly de-
pends on that of the 32 state.

In this context the present study aims to look at the effe
of higher order coupling in describing the large anglequasi-
elastic excitation functiondata and subsequent barrier dist
bution pattern for12C scattering from142Nd nucleus. Like
144 Sm (N582,Z562), 142Nd (N582,Z560) also has low
lying 21 and 32 states as well as double phonon states
volving the quadrupole and octupole phonons. We intend
probe the effects of these couplings on the barrier distri
tion derived from extreme backward angle scattering data
the 12C1142Nd system.

The experiment was performed with collimated bea
from BARC-TIFR 14UD Pelletron at Mumbai, India. Energ
of the projectile was varied from 44 to 58 MeV in steps of
MeV. Enriched ~98.26%! 142Nd oxide target ~thickness
;50 mg/cm2) was prepared in a sandwiched form betwee
and 20mg/cm2 carbon backing@12#. Three SSB detecto
telescopes were used to measure the backangle excit
functions at 150°, 170°, and2170°. Twenty-five and 30m
thick DE detectors were used in front of 300m stop detec-
tors in the telescope arrangements. Two 300m Si~Li ! detec-
tors were placed at630° with respect to the beam directio
to monitor Rutherford scattering. The monitors, having ap
tures of 5 mm, were positioned at a distance of 333 mm fr
the target. The counts in these detectors were used to
malize the cross-section measurement and to measure a
offset ~if any!. The defining apertures of three telescop
were, respectively, 3 mm, 2 mm, and 3.2 mm. The ene
resolutions of the detectors were found to be less than a
500 keV. As a result the elastic scattering peak was w
separated from its neighboring first excited state at all en
gies. Although the 21

1 and 32 target states could not b
clearly resolved, their total yields were measured unambi
ously. The (DE2E) detector telescopes performed well a
s.
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TABLE I. Optical model and deformation parameters (bn).

System V0 r 0 a0 WV r I aI r C

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

12C1142Nd SetA 52.0 1.221 0.562 15.0 1.283 0.452 1.2
70.4 MeV

SetB 20.0 1.315 0.562 11.6 1.341 0.414 1.2

E* Jp bl Ref.
142Nd 1.576 21 0.081

2.084 32 0.127 @15#

2.101 41 0.0627
2.846 21 0.0387

12C 4.430 21 20.460 @13#
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reasonably good particle identification forZ54, 5, and 6 was
obtained. But owing to high negativeQ values for21n,
22n, 21p, 22p, and21p1n channels the statistics wer
very low. However, the total quasielastic counts compris
elastic, inelastic, and transfer channels were found to a
sonable accuracy.

In order to explain simultaneously the elastic angular d
tribution, elastic and quasielastic excitation functions, a
the barrier distribution, we have started the analysis wit
set of optical model parameters, obtained by fitting the e
tic scattering data@13# at Elab570.4 MeV. The potential so
obtained is assumed to be reasonably free of coupling
fects, as the energy~70.4 MeV! is much above the nomina
Coulomb barrier. The fit to the experimental angular dis
bution with this set of potential parameters~see Table I! is
shown in Fig. 1~solid line!. Analysis has also been done wi
another set of parameters~set B in Table I! from Ref. @13#.
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FIG. 1. Optical model fit to the elastic angular distribution da
of 12C1142Nd at Elab570.4 MeV @13#. Solid line denotes the fit
with the potential parameters from Table I.
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The elastic angular distribution obtained with these para
eters is almost indistinguishable from that obtained with
A. The fit with setB, therefore, is not shown in Fig. 1. At th
elastic excitation function level, the first order calculatio
with parameters of setB describes the higher energy da
better than the second order calculation. But both the ca
lations with setB underpredict the data at below barrier r
gion. The underpredictions are still more prominent for t
quasielastic excitation function. On the other hand, go
overall description is obtained with parameters of setA.
However, the main reason for the preference of setA over set
B, in light of barrier distributions, will be discussed late
Unless otherwise mentioned, all the subsequent theore
analyses are done with parameter setA. Experimental differ-
ential cross sections atu lab5170° ~relative to the Rutherford
scattering,sR) for quasielastic~elastic1inelastic1projectile
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FIG. 2. Coupled channel calculations for excitation functions
12C1142Nd system. The solid circles and the solid triangles den
the quasielastic and elastic121132 excitation function data mea
sured atu lab5170°. The dashed and solid curves are predictio
from first and second order CC calculations with ground states,1

and 32 states with potential setA. Inset shows the elastic excitatio
function data along with corresponding theoretical predictions.
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excitation1transfer! (sqel
exp/sR) ~bullet! and for elastic and

inelastic ~mainly 21 and 32 of the target! scattering
(sel1

exp/sR) ~solid triangle! as functions of energy have bee
displayed in Fig. 2. Theoretical analysis was done in
coupled channel framework usingECIS94 @14#, assuming
142Nd as a vibrator. The scheme included the coupling
tween the ground state and the excited states 21 ~1.575
MeV! and 32 ~2.084 MeV! of the target having appreciabl
coupling strengths. These strengths were taken from exp
mentally derived coupling amplitudes (b values! @15# and
are shown in Table I. Otherb values were determined from
the scaling relationbcRc5bNRN . In the analysis, first orde
coupling includes 01→21 (L52) and 01→32 (L53) and
second order quadrupole couplings (21

^ 21,32
^ 32,21

^ 32) were taken into account in addition to the earlier fi
order ones. These theoretical predictions forsel1 /sR are
also plotted in Fig. 2 for comparison with the experimen
data. It is seen thatECIS first order calculation overestimate
the experimental excitation functionsel1 /sR . But the sec-
ond order prediction yields a reasonable fit to the experim
tal data. It is to be noted that the experimantalsqel

exp/sR and
sel1

exp/sR exhibit a small change of slope aroundEc.m.

;46.5 MeV. But such deviation is not visible in the theore
ical curves. We also tried coupling to other target states
addition to 21 and 32, but they did not produce appreciab
different results than those already obtained. At the ab
barrier energies only a fraction of scattered flux is carried
the elastic and the two inelastic channels that have b
taken into account explicitly in the coupled channel calcu
tions. Experimental quasielastic excitation functions sh
that at higher energies scattering flux may include signific
contribution from projectile excitation (21 of 12C) and other
probable transfer channels. Even after the subtraction of
contribution from projectile excitation, the excitation fun
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FIG. 3. Barrier distribution functions. Experimental distrib
tions generated from quasielastic~solid circles! and elastic121

132 ~solid triangles! excitation functions. The theoretical curve
correspond to CC calculations as stated in the caption of Fig. 2
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exp/sR ~solid triangles! still carries the indication of

contributions from other reaction channels than the elas
21

1 and 31
2 channels considered explicitly. Contribution

from transfer channels may be the possible cause for
deviation. However, the trends of the calculated excitat
functions clearly show that the curve that includes the sec
order couplings describes the overall excitation function d
quite well and with possible subtraction of transfer contrib
tion the fit can further improve.

In the adiabatic and isocentrifugal approximation, t
quasielastic differential cross section in the presence of m
tiple barriers may be represented as a weighted sum of e
channel elastic differential cross sections (dsa). Hence the
barrier distribution @Dqel~E!# can be extracted from the
quasielastic excitation function as follows:

Dqel~E!52
d

dE S dsqel

dsR
D5(

a
wa

d

dE S dsa

dsR
D , ~1!

wherewa , dsqel , anddsR are, respectively thea channels
barrier weight, quasielastic scattering differential cross s
tion, and Rutherford scattering differential cross section. I
clear thatDqel reflects the distribution of barrier weights
The above formulation requires excitation functions at 18
but experimentally it is difficult to measure at this backwa
most angle. We extracted experimentalDqel at 170° from
Eq. ~1! by employing a point difference method. To compa
it with the barrier distribution at 180°, the energy scale w
reduced by the centrifugal energyEcent given by

Ecent5Ec.m.

csc~uc.m./221!

csc~uc.m./211!
, ~2!
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FIG. 4. Barrier distribution functions. Experimental distribu
tions generated from elastic~solid circles! excitation functions. The
theoretical curves correspond to CC calculations with potential
A andB @13#. Dashed and solid lines correspond to first and sec
order calculations with setA. Dotted and dash-dotted curves refer
the same calculations with setB.
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where uc.m. and Ec.m. represent, respectively, the detecti
angle and the projectile energy in the center-of-mass sys
The barrier distributionsDqel(E) have been extracted at th
energy interval of 1 MeV. Similarly, a barrier distributio
Del1

exp@52d(sel1
exp/sR)/dE# was found out from the experi

mentalsel1
exp values. Figure 3 represents these distributio

together with the theoretical predictions at 180° from sin
phonon and double phonon coupled channel calculat
with ECIS94.

The distinction between the first order and the seco
order calculations is again clearly visible in the fits to t
barrier distribution data~Fig. 3!. Second order prediction o
barrier distribution presents much better fit to the d
(Del1

exp) both in the lower and higher energy domains than
first order calculation. It is to be noted that the distributi
Dqel

exp(E) carries the indication of some peaklike structures
the higher energy side beyond 48 MeV that almost dis
pears fromDel1

exp(E). The theoretical distribution function
calculated with 21 and 32 couplings do not show any suc
structures at the higher energy side and the curve~solid line!
calculated with second order couplings provides an excel
fit to the smooth fall of the distributionDel1

exp(E). With the
structures in the higher energy side appearing due to tran
coupling and coupling to projectile excitation, a full CR
calculation is in progress including these couplings in
scheme to reproduce the distributionDqel

exp(E).
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Finally to justify our preference for optical model param
eters setA over setB @13#, we have compared in Fig. 4 th
barrier distribution generated from the elastic scattering d
only with the theoretical distributions obtained from para
eter setsA and B. The distributions resulted from first an
second order calculations with setB show clear shifts to-
wards lower energy side. The second order calculation w
potential parameter setA not only reproduced the peak pos
tion nicely, but also generated reasonably well the fall of
distribution on higher and lower energy sides. It would be
interesting study to look for the effect of choice of potent
parameters on barrier distribution.

In summary, we have measured the quasielastic excita
functions for 12C1142Nd around the nominal Coulomb ba
rier at three backward angles in 1 MeV energy steps. Bar
distribution functions were generated for the first time fro
quasielastic excitation functions using a simple point diff
ence formula. Theoretical coupled channel calculations w
one and two phonon states were performed using the c
ECIS94. Theoretical analysis withECIS94showed that the sec
ond order coupling effects explain more appropriately
structure of the barrier distributions and the excitation fun
tions than the first order couplings. Though these estima
show reasonable agreement with the experimental obse
tions, the effects of transfer couplings and anharmonic
need to be explored for a full understanding.
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