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Fusion and transfer reactions in the 19F1 165Ho system at energies near the Coulomb barrier

A. Navin, A. Chatterjee, S. Kailas, A. Shrivastava, P. Singh, and S. S. Kapoor
Nuclear Physics Division, Bhabha Atomic Research Centre, Bombay 400 085, India

~Received 30 November 1995!

Results of the measurements of fusion cross sections and average angular momenta in the19F 1 165Ho
system, for center-of-mass energies ranging from 7 MeV below to 13 MeV above the Coulomb barrier are
presented. The average angular momenta of the compound system were obtained using three independent
methods, namely, theg-ray multiplicity, the ratios of the evaporation residues, and the fusion excitation
function. The transfer probabilities for various one- and two-particle channels have also been measured at a
beam energy of 110 MeV, an energy much higher than the Coulomb barrier. The measuredQ-integrated one-
and two-proton transfer probabilities have been analyzed in terms of an earlier suggested semiclassical calcu-
lation taking into account the nuclear branch in addition to the usual Coulomb branch of the classical deflection
function. It is seen that the ‘‘slope anomaly’’ in the measured one- and two-proton transfer probabilities as a
function of the distance of closest approach can be explained within this framework. The strengths of the form
factors, required in a coupled channel calculation of fusion, for the important transfer channels were obtained
from the data within such a semiclassical analysis. The observed enhancement of the fusion cross sections and
average angular momenta is discussed in terms of the coupled channel model using static deformation for the
target, inelastic excitations in the projectile, and couplings to the transfer channels. The data are also compared
with the neutron flow model suggested by Stelson.@S0556-2813~96!00607-3#

PACS number~s!: 25.70.Jj, 25.70.Hi
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I. INTRODUCTION

While heavy-ion fusion is reasonably well understood f
energies above the Coulomb barrier, the measured fu
cross sections at below-barrier energies are much larger
those expected on the basis of a one-dimensional barrier
etration model~1D-BPM! @1,2#. The corresponding angula
momentum distributions are also found to be broader th
those expected from these models. The angular momen
distributions of the compound system~or its moments! have
been derived from various methods likeg-ray multiplicities,
the relative yields of the evaporation residues formed in
decay of the compound nucleus, fission fragment ang
distributions, isomer ratios, etc.@3#. It is generally believed
that the angular momentum distributions and the fusion cr
sections act as independent constraints for fusion model
model-independent relationship suggested@4,5# between the
fusion excitation function and the angular momentum dis
bution is of great importance as the validity of this relatio
ship leads to constraints on fusion models. A comparat
study of the average angular momentum extracted by var
methods in the same system would be interesting as con
tency among them indicates validity of the assumptions
volved.

Heavy-ion transfer reactions around the barrier are of
terest both for understanding the transfer process@6,7# as
well as for its connection with subbarrier fusion enhanc
ment@8#. Semiclassical concepts have been extensively u
in the study of heavy-ion reactions@9#. The WKB @10# ap-
proximation provides a way to relate particle properti
~classical trajectories! to wave properties~semiclassical wave
functions!. Apart from leading to greater physical insight an
localizations of the contributions, calculations are simpler
a semiclassical approach. The study of the various chan
like elastic, inelastic, few-nucleon transfer, and fusion sho
540556-2813/96/54~2!/767~11!/$10.00
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that a particular process should not be treated in isolation
example, the threshold anomaly in elastic scattering
shown to be connected to near-barrier fusion enhancem
@11#. The interconnectivity of various channels is a comp
ling reason for the use of a coupled channel approach. As
number of channels to be coupled to the elastic channe
increased, calculations tend to become intractable in a q
tum mechanical approach. A semiclassical approach by
virtue of the equations being first order would be bet
suited for coupled channel computations.

For understanding the fusion phenomenon, the coup
channel formalism with simplifying approximations has be
widely used@12#. The WKB approximation is employed i
most fusion calculations for obtaining the transmission co
ficients. Usually an ‘‘experimental’’ approach is adopted
determining the types and number of channels to be coup
The measurement of the transfer channels is necessa
obtain the coupling strengths, which in turn require a m
surement of quasielastic scattering. One should try to un
stand these processes consistently. The couplings to th
elastic channels are well understood but the strengths o
couplings to the transfer channels are obtained empirica
Microscopic calculations for the single-particle form facto
have been made for some cases@13# and macroscopic form
factors for pair transfers have also been suggested@14#. In
the present work we have obtained the strengths from
measured transfer angular distributions from above-ba
data. The extraction of the strengths is easier from subba
data, although measurements of these low cross section
more difficult. The strengths are obtained after explaining
slope anomaly as shown in a recent work@15# and hence can
be considered to be an improved estimate.

The system19F 1 165Ho was chosen for the present i
vestigation as it offers several advantages. Among others
role of static deformation in the fusion mechanism is an
767 © 1996 The American Physical Society
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768 54A. NAVIN et al.
portant one and165Ho has a very large deformation. Th
g-ray decay schemes of the evaporation residues from
compound system are well studied, the evaporation resid
from the compound system184Os are good rotors and do no
have any high-spin isomers, making the conversion fro
multiplicity to angular momentum relatively simple. In th
energy range of interest the evaporation residues exhaus
most all the fusion cross section because of a large fiss
barrier and the monoisotopic nature of Ho makes the m
surements cleaner. Recently Christelyet al. @16# made a
coupled channel calculation for fusion of16O on aligned Ho
where they showed that the effect of alignment on the fus
cross section is considerable.

We report here measurements at energies around the C
lomb barrier of the fusion cross sections and the avera
angular momenta which were obtained from theg-ray mul-
tiplicity, evaporation residue ratios, and the fusion excitatio
function under some simple assumptions. Angular distrib
tions for various transfer channels were made in an angu
range corresponding to large distances of closest appro
for Coulomb trajectories at energies of 110 and 70 MeV. T
transfer data have been analyzed within a semiclass
framework incorporating the nuclear branch in addition
the Coulomb branch of the classical deflection function. T
results of the fusion measurements have been compared
the coupled channel model incorporating static deformatio
transfer and inelastic channels, and also the Stelson mo
@17#.

II. EXPERIMENTAL DETAILS AND RESULTS

A. Transfer measurements

The experiments were performed using19F beams from
the BARC-TIFR Pelletron accelerator facility at Bombay
The 165Ho target (.250 mg/cm2) was made by vacuum
evaporation on a carbon backing (.40 mg/cm2). Measure-
ments were made at laboratory energies of 110 MeV and
MeV corresponding to energies 1.38Vb and 0.88Vb , where
Vb is the Coulomb barrier. Three Si surface barrier tel
scopes~17 mm and 2 mm, 11mm and 2 mm, 12mm and 2
mm! were used in a 1 mdiameter stainless steel scatterin
chamber@18# to measure the angular distributions of th
beamlike transfer products. For the 110 MeV dataDu was
reduced to 0.6° from 1.4° used for the 70 MeV data. A 30
mm Si surface barrier detector placed at 25° with respect
the beam direction was used for normalization purposes. T
angular range covered mainly corresponded to large d
tances of closest approach for Coulomb trajectories. At 1
MeV the angular range was 32.5°–54.5° and at 70 MeV w
125.5°–165.5°. The data were collected in two-dimension
~2D! DE vs E arrays of size 5123512 using a transputer-
based multiparameter data acquisition system@19#. After off-
line gain matching of theDE andE data, 2D plots ofDE vs
Etotal and particle identifier~PI! vsEtotal were generated. The
algorithm for particle identification had the formMa21z2

}(DE1E)a2Ea, where a value ofa 5 1.65 was used to
linearize the plots in the energy range of interest. The n
merical value ofa was obtained using the range-energ
tables of Northcliff and Schilling@20#. The PI calibration
was additionally verified using an elastically scattered
MeV 12C beam. A typicalDE-Etotal plot at a bombarding
the
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energy of 110 MeV is shown in Fig. 1. The energy resoluti
for the elastic peak was. 800 keV. The variousz and mass
groups can be identified in the figure. The vertical band s
near the elastic energy is due to the nonuniformity of t
DE detector and represents less than 0.5% of the t
counts. Shown in Fig. 2 is the PI spectrum for the data
Fig. 1. The various channels can be clearly identified. For
data taken at much lower energies, mass separation was
possible. We have earlier reported the transfer probabili
at energies of 75, 80, 85, and 90 MeV where only cha
separation was possible@21#. A typicalQ-value spectrum for
the 1p channel is shown in Fig. 3. The optimum (Qopt) and

FIG. 1. A typical two-dimensional spectrum ofDE vsEtotal at a
bombarding energy of 110 MeV. The variousz groups are indi-
cated.

FIG. 2. A particle identifier spectrum of the data shown in Fi
1. The peaks are labeled by the transfer channels they arise fr
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54 769FUSION AND TRANSFER REACTIONS IN THE19F1165Ho . . .
ground state (Qgg) Q values are indicated. The shape of t
Q-value spectrum is seen to be Gaussian. The peakin
Qopt 5 Ec.m.@(z

fZf /ziZi)21# arises in semiclassical mode
from trajectory matching conditions (i and f refer to the
incoming and outgoing channels, respectively!. The transfer
probability Ptr is defined as the ratio of theQ-integrated
transfer cross sectionss tr to the quasielastic~sum of elastic,
inelastic, and transfer! cross sectionssqe. ~This usage of the
term ‘‘quasielastic’’ differs from that in@6# where quasielas
tic reactions include only inelastic and few-nucleon trans
and not elastic scattering.! Shown in Fig. 4 are the transfe
probabilities for one- and two-proton stripping channels
110 MeV as a function of the distance of closest approa
D, for a Coulomb trajectory,

D5
zpZte

2

2Ec.m.
S 11csc

uc.m.
2 D . ~1!

This is done so as to be consistent with the usual conv
tion, although we show later that there are at least t
branches~distances! contributing to a given scattering ang
for energies much above the Coulomb barrier. The tran
probabilities for thezp21 andzp22 transfer channels at 7
MeV are shown in Fig. 5. The error bars shown correspo
only to statistical errors. As can be seen from Fig. 4 for
above barrier data at 110 MeV the one- and two-pro
transfer probabilities have nearly the same slope contrar
simple expectations based on binding energy considerati
This is the ‘‘slope anomaly.’’ We shall show in Sec. III ho
this can be understood by taking into account the vari
branches of the classical deflection function as shown
recent work@15#. As the data at 70 MeV are not mass sep
rated it would be difficult to comment on the differences
the slopes of Fig. 5. The slopes for the one- and two-part
transfer channels are expected to be different in the 70 M

FIG. 3. A typicalQ-value spectrum for the one-proton strippin
channel. The ground stateQ value (Qgg) andQopt ~see text! are
shown.
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case, as below the Coulomb barrier@22# only the Coulomb
branch is expected to contribute.

B. Fusion measurements

1. Cross section

The measurements were made in the energy range 72–
MeV. Targets (.250 mg/cm2) were made by vacuum

g
FIG. 4. Transfer probabilities~defined in text! for one- and two-

proton transfer at 110 MeV, as a function of the distance of close
approach,D, for a Coulomb trajectory. The solid lines are the re
sults of semiclassical calculations using~13! for one-proton and
two-proton transfer. The dashed lines are calculated from~14!.

FIG. 5. Transfer probabilities forz21 andz22 transfer chan-
nels at 70 MeV, as a function of the distance of closest approac
D, for a Coulomb trajectory. The lines are to guide the eye.
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770 54A. NAVIN et al.
evaporation of Ho on rolled Al~1 mg/cm2), natural Pb~4
mg/cm2), and C (.40 mg/cm2) backings for the cross sec
tion, g-ray multiplicity, and fission measurements, resp
tively. The total fusion cross sections at various energ
~fusion excitation function! were determined from the sum o
the cross sections of the various evaporation residues.
fission fragment angular distribution was measured atElab of
95 MeV. The fission cross section was determined to
about 3 mb, confirming that it is indeed small. The measu
ments were made in an angular range 80°–170° in the la
ratory. The fission fragments were measured in a gridded
ionization detector (DE) followed by three surface barrie
(E) detectors and three independent surface barrier t
scopes. The evaporation residue cross sections were obt
from the off-line measurement of theirg decay with an ef-
ficiency calibrated 125 cm3 HpGe detector. The HpGe de
tector was placed in a stainless steel insert with a thin w
dow at a distance of 13 cm from the target in the scatter
chamber. Two particle detectors placed symmetrically on
ther side of a well-collimated beam were used for abso
normalization. The lowest-energy points were measured
another setup with a small chamber where the target
removed for off-line counting. Target thickness was es
mated by x-ray fluorescence in comparison with a stand
sample and also by measuring the elastic scattering c
sections at forward angles. The beam current was meas
in a multiscaling mode at 30 s intervals to monitor the var
tion of beam intensity. The evaporation residue cross s
tions for the 3n-6n channels were obtained from their radi
active decay @23#. The charged particle channels a
predicted to be a small fraction of the total and have not b
considered. In the low-energy measurements the coun
was done at several intervals to follow the half-lives of t
evaporation residues to ensure against any contaminatio
the g-ray peaks of interest arising from other sources.

FIG. 6. An off-beamg-ray spectrum following irradiation at 90
MeV. Shown in~a! and ~b! are two different regions of the spec
trum. The labels on theg peaks indicate the evaporation resid
channels they arise from.
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typical g-ray spectrum is shown in Fig. 6. Shown in Fig.
are the individualxn channels as function of the excitatio
energy. The solid lines are calculations made with the sta
tical model codeCASCADE @24# for the various evaporation
residues, using the parameter set described below. The
sion cross sections plotted as a function of the center-of-m
energy are shown in Fig. 8.

2. Average angular momentum

The average angular momenta have been obtained
three different methods.

a. Fromg-ray multiplicity measurements. Theg-ray fold
distributions~the number of detectors firing in coincidenc
with an identified fusion product! were measured at labora
tory energies of 75 MeV and 90 MeV, using an array of 1
hexagonal BGO detectors@25# ~each 63 mm by 57 mm! in
coincidence with a HpGe detector. Two sets of seven BGO
in a close-packed geometry were placed symmetrica
above and below a thin target chamber, followed by a be
dump 2 m away. The total efficiency was measured to
0.656 0.02 using calibrated sources. The threshold of ea
detector was set to be.100 keV. The individual efficiencies
of all the detectors were made equal by configuring th
suitably. The data were collected in anEg-fold matrix of size
4k3128. The data were hardware gated by the prompt of
TAC between the HpGe and theOR’s of the BGO’s. The
random coincidences were found to be a negligible fract
of the true events. The multiplicity was obtained from th
fold distribution for each channel by convoluting in the d
tector response following the formalism discussed in the
erature@26#. The average multiplicity for each channel wa
converted to angular momentum by using a general exp
sion as given in@27#,

-
e

FIG. 7. The partial evaporation residue cross section as a fu
tion of the excitation energy. The open circles, solid circles, op
triangles, and solid triangles represent the 3n, 4n, 5n, and 6n cross
sections, respectively. The lines are results ofCASCADEcalculations
for the various channels.
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54 771FUSION AND TRANSFER REACTIONS IN THE19F1165Ho . . .
^ l &5DI ns~^Mg&111BB2^M stat&!1DI s^M stat&

1DJn^Mn&1Jh , ~2!

where DI ns and DI s are the average angular momenta
nonstatistical and statisticalg rays,^Mg& and^M stat& are the
measured and statisticalg-ray multiplicities,BB is a correc-
tion for unobservedg rays, andJh is the bandhead spin
BB and Jh are obtained from knowledge of the leve
schemes.

The average angular momentum for each channel was
tained using~2!. The residual Os nuclei are good rotors a
theg-ray transitions are assumed to be of the stretched ty
Values forDI ns of 2\ and 1.5\ were used for the even an
odd evaporation residues, respectively. The angular mom
tum of the compound nucleus was obtained by weighing
average angular momentum of each channell̄ xn by its partial
cross sectionsxn ,

l̄ 5
(sxnl̄ xn

(sxn
. ~3!

The results of these measurements are represented b
solid squares in Fig. 9 where the ratio of the measuredl̄ to
that obtained from a 1D BPM is plotted as a function
Ec.m./Vb . Since there are large number of detectors, the
perimental error in the derivedMg is small. The errors arise
mainly due to uncertainty in the conversion fromM to l.

b. From the ratios of the measured evaporation residu
using a statistical model. At a given excitation energy of the

FIG. 8. The experimental fusion cross section as function of
center-of-mass energy in the19F 1 165Ho system. The short dashe
line shows the prediction of a 1D BPM calculation using the p
rameters given in the text. The long dashed line is a coupled ch
nel calculation taking into account only the static deformation of
target. The medium dashed line is a coupled channel calcula
including the coupling to the projectile inelastic excitations in a
dition to the static deformation of the target. The solid line sho
the results of the complete coupled channel calculations descr
in Sec. III.
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compound nucleus, the relative fractionation into differe
evaporation residues depends on the angular momentum
tribution with which it is formed apart from factors such a
density of the final state and barrier penetration@28#. The
effect of the shape of the distribution was also studied and
shown earlier the results are not very sensitive to it. Analys
of several systems using this method has been made@29#. In
the present work the average angular momenta were deri
from the measured 4n/5n and 3n/4n evaporation residue ra-
tios using the statistical model codeCASCADE. A Gaussian
distribution fors l of the forme2( l2 l0)

2/2s2 with s 5 0.5l 0
was taken. This was done for ease of calculation; in pri
ciple, one can obtain the ratios for eachl weighted by a
distribution. The distribution was obtained from an analys
of nearby systems where the angular momentum distribut
has been measured. Simultaneous explanation of more t
one evaporation ratio at a given excitation energy serves a
check on the assumedl distribution. Thel̄ was obtained by
matching the calculated ratios with the experimental one
The optical potentials for obtaining the transmission coef
cients have been taken from Perey@30# for protons, Wilmore
and Hodgson@31# for neutrons, and Huizenga and Igo@32#
for alpha particles. The back-shifted Fermi gas model of Di
et al. @33# was used for the level densities witha5A/8.5
MeV21. As a test of the above parameter set it was co
firmed that thel̄ obtained from the ratios of evaporation res
due yields@34# in three systems leading to the compoun
nucleus182Os were in agreement with those obtained fro
g-ray multiplicity measurements@27#. The open circles in
Fig. 9 represent thel̄ obtained from the evaporation residues
The errors in the derived average angular momentum refl
the errors in the measured ratios only. At the lower energ
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FIG. 9. The ratio of the average angular momentum to the 1
BPM prediction, obtained from the different methods as a functio
of Ec.m./Vb . The solid squares are fromg-ray multiplicity measure-
ments, the open circles are derived from the ratios of the evapo
tion residue yields, and the open diamonds are obtained from
fusion excitation function. Also shown are the coupled channel c
culations corresponding to the solid line in Fig. 8.
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772 54A. NAVIN et al.
the sensitivity of the ratios tol̄ is smaller. The extractedl̄
depends upon the statistical model parameters like the l
density parametera used in the analysis. However, the se
sitivity to a is reduced at higher excitation energies and
gular momenta.

c. From the fusion excitation function.It was pointed@4,5#
out that under some simple conditions~4!–~7!, the two ob-
servables, angular momentum and fusion cross sections
not independent and one can derive a relationship betw
l̄ or l̄ 2 and the fusion excitation function which is mod
independent. The fusion cross section is given by the sum
the partial wave cross sectionss l given by

s l~E!5
p\2

2mE
~2l11!Tl~E!, ~4!

s~E!5( s l~E!, ~5!

wherem is the reduced mass,E the center-of-mass energy
andTl(E) are the transmission coefficients for fusion, for t
lth partial wave. Dassoet al. @4# and Balantekin and Reime
@5# pointed out that if these transmission coefficients follo
the relationship

Tl ~E!5T0~E8!, ~6!

with

E85E2
l ~ l 11!\2

2mRb
2 5E2b~E!l ~ l 11!, ~7!

whereRb is the barrier radius,l̄ can then be expressed as

l̄ 5
1

2Es~E!b2~E!
E

2`

E s~E8!E8b~E8!

~~E2E8!/b~E!11/4!1/2
dE8.

~8!

Using the above relation involving an integral ofs(E) the
l̄ and/orl̄ 2 can be derived. Equations~6! and~7! have been
separately tested earlier@29#. The conclusion that was draw
from these analyses is that the agreement between thel̄ val-
ues obtained from the direct measurements and those de
from the fusion excitation function is quite good. The ma
discrepancies occur for the cases wherel̄ 2 values were ob-
tained from fission fragment angular distributions. In a rec
work it was shown that thel̄ 2 for the 16O1 208Pb system are
indeed consistent with those obtained from the fusion cr
sections@35#. The average angular momental̄ were calcu-
lated from ~8! by numerical integration using interpolate
and extrapolated values of the fusion cross sections. For
purpose the cross sections at the required energies wer
tained by logarithmic interpolation of the measured valu
For simplicity, no energy dependence ofb(E) was used.
Since in the case of a deformed target there is anRb associ-
ated with each orientation, a weighed average ofRb has been
taken. The results obtained are shown in Fig. 9 by o
diamonds. We have indicated representative error bar
Fig. 9, based only on the errors in the cross sections. C
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sideration of correlation of the errors among the vario
terms in the numerical integration would result in smal
error assignments.

III. COMPARISON WITH THEORETICAL MODELS AND
DISCUSSION

A. Transfer

1. Semiclassical formalism and analysis

The transfer probability is defined as the ratio of differe
tial cross sections for transfer and quasielastic scattering.
large distances of closest approach, in a semiclassical mo
the transfer probability is expected to depend only on
tails of the wave functions of the transferred particle and
other nucleus, and have a near exponential falloff with
angle-dependent distanceD of closest approach. It can b
expressed as

Ptr~D !5Ptr~D0!e
22a~D2D0!, ~9!

where D0 is a scale parameter, taken asD0

51.4(AP
1/31AT

1/3) fm, a5(1/\) ~2mB)1/2 wherem andB are
the reduced mass and the binding energy, corrected for C
lomb effects, of the transferred particle~s! in the target and
projectile. Based on the above arguments the two-nucl
transfer probability is expected to fall twice as fast as
one-nucleon probability as a function of the distance of cl
est approach (D). Experiments@36# show for energies above
the Coulomb barrier that the two slopes are nearly simi
The observed deviation from the expected behavior is
ferred to as the slope anomaly. This has been interprete
the failure of the applicability of a semiclassical treatme
for energies above the Coulomb barrier and has been at
uted to the importance of diffractive effects at these energ
@36,37#. Semiclassical methods have been used to exp
diffractive effects quite successfully@38,39#. The real trajec-
tories provide a good approximation to the quantal wa
when the potential has no sizable variation within the wa
length l. If diffractive effects and complex potentials irre
spective of their strength are to be treated, then inclusion
the complex solutions of the Hamilton-Jacobi equations
necessary@38#. An approximate method to treat a comple
potential is to use the trajectory defined by the real part
the potential and treat the effect of the imaginary part as
attenuation factor along the trajectory@40#. This holds if the
imaginary part of„V(r )/@E2V(r )#… is small along the tra-
jectory. Recently@15# we have shown that the slope anoma
can be understood within the semiclassical framework
taking into account the nuclear branch of the classical defl
tion function in addition to the usual Coulomb branch. In t
present work we have followed this perturbative approac

The classical deflection function~relation between the im-
pact parameterb or orbital angular momentuml and the
scattering angleu) is required for the analysis of the~quasi!-
elastic scattering. The deflection function, obtained from
solution of classical equations of motion, is calculated fro

u~L,E!5p22LE
r0~E!

` dr

r 2p~r !
, ~10!
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54 773FUSION AND TRANSFER REACTIONS IN THE19F1165Ho . . .
where p(r) is the radial momentum,L is (l11/2)\, and
r 0(E) is the outermost turning point which is a solution
the equationE2V(r ,L)50 for a given energyE and angu-
lar momentumL. Deflection functions obtained using~10!
are shown at 70 and 110 MeV in Fig. 10. Denoted in t
figure for a typical angle are the two contributions arisi
from two different impact parameters labeled as Coulo
and nuclear branches. The real part of the optical poten
for the calculation wasV0545 MeV, R059.6 fm, and
a050.8 fm. This potential is shallower and more diffuse th
the one used in the fusion calculations~Sec. III B! but has
nearly the same value near the strong absorption radius.
justification for a larger value of diffuseness has been d
cussed earlier@15#. The ~quasi!elastic scattering cross sec
tions are obtained from

ds

dV
5

b

sinu

db

du
. ~11!

The transfer process is treated as a perturbation to~quasi!-
elastic scattering and the transfer cross section can be wr
as

S ds tr

dV D5selPtr , ~12!

wheresel is the ~quasi!elastic cross section andPtr is the
transfer probability.

The classical deflection function for energies much abo
the barrier~110 MeV!, such as the one shown in Fig. 10
shows that the contributions to a given deflection angle a
from more than one impact parameter or distance of clos
approach. While computing the cross section for a giv
scattering angle, contributions arising from the various d
ferent impact parameters should be taken into account. C
respondingly for energies much lower than the barrier~70

FIG. 10. The classical deflection function obtained from~10!
calculated with a real optical potential at 70 MeV~dashed line! and
110 MeV ~solid line!. The Coulomb and nuclear branches are in
cated for a typical angle.
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MeV! the deflection function is a monotonically increasin
function for decreasing values of the impact parameter (b) as
shown in Fig. 10. The transfer probability can be express
as @15# an incoherent sum of the contributions arising from
the Coulomb and nuclear branches, ignoring the negat
angle contributions which are strongly absorbed:

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

s QE
1Ptr~DCoul!

sQE ~Coul!

sQE
,

~13!

wheresQE(Coul)Ptr(D Coul) andsQE(nuc)Ptr(D nucl) are the in-
dividual transfer cross sections andDCoul andDnucl are the
distances of closest approach for the Coulomb and nucl
branches, respectively. Here the transfer probability has
form given in~9! and is assumed to be constant for values
distances of closest approach smaller thanD0 . Equation~13!
gives us a physical picture and is valid when the contributio
from one of the branches is much larger than the other a
would tend to become inaccurate near the Coulomb rainb
angle. The use of the classical deflection function is r
stricted to angles below the rainbow angle, although larg
angles can arise from the negative angle branch, but are
glected due to strong absorption in heavy-ion reactions.

As opposed to an incoherent sum as mentioned above,
coherent addition is to be made, then a partial wave sum c
be used for the transfer cross sections,

ds tr

dV
5U i

2k(l ~2l11! f le
22b l

I
e2ib l

R
Pl~cosu!U2, ~14!

whereb l
R , b l

I , and f l are the real and imaginary parts of th
complex phase shift and the form factorf l for the lth partial
wave, respectively. The real parts of the phase shifts a
obtained using only the real potential and the imaginary pa
of the phase shifts are obtained as in Broglia and Winth
@40# and using the imaginary part of the potential withW0 5
20 MeV,R0i 5 8.15 fm, anda0i 5 0.54 fm. The form factor
f l was assumed to be of the formF0e

2a@r ( l )2r0# for large
distances. The results of the calculations are seen in Fig
for the 110 MeV data. The curves obtained using~13! and
~14! are in good agreement with the data. These calculatio
are similar to the quantum mechanical calculations of Wus
maaet al. @41# but they used Coulomb phase shifts for th

real part of the phase shifts andf le
22b l

I
was parametrized.

The calculations presented above have an uncertainty
large angles asf l is not well known for small distances. The
effect of the imaginary part of the potential on the trajecto
can be large for small distances~impact parameter! and
hence the calculations for small distances are not made.

To reiterate the reliability of the semiclassical calculation
a comparative study of the elastic scattering obtained fro
semiclassical and quantum mechanical methods was ma
For this purpose the relationship between the phase sh
and the deflection angle as given by

u~ l !52ReS db l

dl D ~15!

was used. The quantal deflection function was obtained fro
~15!. The quantum mechanical phase shifts for elastic sc

i-
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tering were obtained from the codeECIS @42#. For the regions
of interest it was seen that the quantal and semiclassical
flection functions agreed quite well@43#. The elastic scatter-
ing cross sections were also obtained using complex turn
points in the WKB expression@44# for the phase shifts. The
differential cross sections for elastic scattering, obtain
from the above-mentioned methods, agree well with ea
other, except for very large angles where the perturbat
method is not a good approximation@44# and is known to
fail.

In the calculations of quasielastic scattering a pheno
enological optical potential was employed, ignoring defo
mation dependence, as the purpose was to understand
transfer process in a simple way. The effect of deformati
in the increase in the transfer cross section has been stu
@45# and was not the subject of the present investigation.
the present analysis quasielastic scattering is treated as
incoherent sum of the various processes@15#. The value of
a ~the slope of thePtr vs D graph! is related to the binding
energy of the transferred particle~provided only one distance
contributes at a given angle!. Corrections for the Coulomb
effects~for charge particle transfer! and also for the excita-
tion in the target and projectile are required. An idea of ho
the excitation energy is shared between the target and p
jectile which is required for corrections to be made ina
cannot be made from the measurement of aQ-value spec-
trum alone. For asymmetric systems the Coulomb correct
is substantially different for the initial and final states and
simple averaging would be an oversimplification. Some
the questions raised by Lianget al. @37# related to the differ-
ence in neutron and proton transfer could be connected to
above.

In the present approach where the transfer probability w
obtained as a sum of the contribution of the two branch
the treatment is perturbative in terms ofW, the imaginary
part of the optical potential. More rigorous calculations usin
the complex WKB method where the effect ofW is treated
exactly and the transfer probability can still be expressed a
coherent sum of the various contributions would give im
proved results. Such calculations using the saddle point in
gration method can be made, bringing out the contributio
from the various branches in a very elegant way. Calcu
tions using complex impact parameters as in@38# as opposed
to the complexl integration@39# have been made for elastic
scattering@46# and those for transfer are in progress.

After understanding the distance dependence of the m
sured transfer probabilities, in the next section we shall u
lize it to obtain the strength of the form factors for the tran
fer channels required in a coupled channel calculation
fusion.

B. Fusion

The measured fusion cross section and average ang
momentum are compared with the neutron flow model
Stelson@17# and the simplified coupled channel model o
Dassoet al. @12#. The connection between these seeming
different models was pointed out by Rowleyet al. @47#
where the macroscopic description for neutron flow and ne
formation was shown to be related to the microscop
coupled channel calculations for neutron transfer channe
de-
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1. Stelson model

The Stelson model, which is a macroscopic model,
tributes the enhancement to the onset of neutron flow du
exchange of neutrons between the interacting nuclei~even-
tually leading to fusion! at a distance larger than the barri
radii. From an analysis of data for a large number of syste
Stelson empirically found that a flat distribution of barrie
D(B), with a cutoff at a threshold barrier (T) were required
to fit the data for energies below the barrier. The fusion cr
section is assumed to be given by

s fus~E!5E
0

`

s fus~E,B!D~B!dB, ~16!

where

s fus~E,B!5pRb
2S 12

B

ED . ~17!

In our calculations we have used a quantum mechanical f
for s fus(E,B) instead of the classical one. The threshold b
rier T has been determined by fitting the data at near-ba
energies as suggested by Stelson. The distance at whic
threshold barrier occurs in the internucleon potential is s
posed to be the distance at which the least-bound neut
may flow from one nucleus to the other. This can be cal
lated to be the distance where the maximum value of
merged neutron potential~obtained assuming a neutron she
model potential centered on each of the interacting nu
@17#! is deeper than the binding energy of the valence n
tron of the two interacting nuclei. The validity of this mod
and the justification that transfer of one or two nucleons
the doorway to fusion have been more critically explored
a recent paper@48#. Shown in Fig. 11 is a comparison of th
fusion data with the Stelson model. The barrier parame
are the same as those for the coupled channel calculat

FIG. 11. The experimental fusion cross section as function
the center-of-mass energy in the19F1 165Ho system. The solid line
shows the calculations using the Stelson model with a thres
barrierT563.5 MeV.
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TABLE I. Ground stateQ values in MeV of the various transfer channels. The1 refers to pickup and
2 refers to stripping channels, respectively.

Channel Qgg Channel Qgg Channel Qgg Channel Qgg

~MeV! ~MeV! ~MeV! ~MeV!

-1p -0.68 -1n -4.19 11p 6.63 11n -1.39
-2p -11.72 -2n -6.054 12p 0.46 12n 0.04
-a -5.22 1a 10.61 11p1n 5.73 11p2n 9.82
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The value ofT obtained was 63.5 MeV. Using the distance
which the neutron transfer was possible from the mer
shell-model potentials,T was found to be 63.8 MeV.

2. Coupled channel model

It was pointed out by Dassoet al. @12# that the coupling
of the incident channel to other channels such as inela
and transfer modifies the barriers. By calculating the tra
mission through the new barriers~with their appropriate
weights! the fusion cross section can be obtained. T
change in height and the weights of these new barriers
pend on the strength of the couplingsFi(r ) of the i th state to
the ground state and theQ value for that state. To simplify
calculations they had suggested the use of the constant
pling approximation~with improvements!; that is, ther de-
pendence ofFi(r ) is neglected and is replaced by its repr
sentative valueF0 5 F(Rb), whereRb is the barrier radius
for a given system.

As seen from Fig. 8 the measured fusion cross sect
are found to be enhanced as compared to a one-dimens
barrier penetration model~1D BPM! using a WKB approxi-
mation for a parabolic barrier and an incoming bound
wave condition for fusion. In this work the Woods-Saxo
parametrization for the nuclear potential of Broglia and W
ther @40# was modified to fit the high-energy fusion da
(V0577.51 MeV, R059.6 fm, a050.66 fm!. The corre-
sponding barrier parameters areVb 5 71.4 MeV, Rb 5
11.41 fm, and\v5 4.35 MeV. Calculations were made u
ing a modified version of the coupled channel codeCCDEF

@49,50#.
These calculations, in the case of static deformation,

not take into account the finite excitation energy of the va
ous excited levels in the rotational band. This leads to a p
approximation and results in an overprediction of the fus
cross section. This is especially true for the lighter projec
where the energy levels are quite high. Because of this
son, instead of treating19F as statically deformed, five in
elastic states were coupled@51#. A deformation paramete
at
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b25 0.3 was used for the target@16#. The extraction of the
strength of the form factors for the transfer reaction chann
was done as follows: The form factor was assumed to ha
the formF(r )5F0e

a(r2r b) for r.Rb , whereF0 is the value
at the barrier radius. From a first-order approximation to
semiclassical coupled channel description of heavy-ion re
tions @40# the transfer probability to given stateb having a
Q valueQb can be related to the form factorFb @52,53# as

Ptr~D0 ,Qb!5
p

s2 uFb~D0 ,Qb!u2expH 2
~Qb2Qopt!

2

2s2 J .
~18!

The value ofP(D0) was obtained on explaining the data
using ~13!. The effective coupling strengthsF0 were then
obtained from~18!. The experimentally observed values o
s, the width of theQ distribution, were used. TheF0 values
thus obtained were then used in the coupled channel cal
lation for the fusion cross section and average angular m
mentum in the19F 1 165Ho system. Listed in Table I are the
important transfer channels and their ground stateQ values.
Given in Table II are the values ofF0 , Q, anda for the
various transfer channels in the calculation. The values
a have been calculated by averaging over the initial and fin
channels after correcting for Coulomb effects~in the case of
charged particle transfer! and for the excitation energy@53#.
The pickup channels have large positiveQ values. From the
measured transfer probabilities at 110 MeV for thez11
pickup channels, consisting of the 1p, 1p1n, and 1p2n, an
upper limit on the strength of the coupling was obtained a
used in the coupled channel calculation. The calculation d
not include coupling to the12n channel as this channel was
not observed experimentally. Figure 8 shows the results
CCDEFcalculations with static deformation and inelastic an
transfer couplings. From Figs. 8 and 9 it can be seen that
coupled channel calculation with the inclusion of the impo
tant channels agrees well with the data.
TABLE II. Coupling strengthsF0 , Q values, and values of the slope parametera used in the coupled
channel calculations.

Channel a ~fm21) Q ~MeV! F0 ~MeV!

-1p 0.73 -9.61 0.87
-2p 1.71 -19.56 0.57
-a 1.56 -19.56 1.25
11p 0.81 1.5 1.42
11n 0.43 -2.7 0.43
-1n 0.43 -4.5 0.76
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IV. SUMMARY

A complete study of the19F1 165Ho system consisting of
the fusion cross section, average angular momentum,
transfer probability measurements has been made at ene
around the Coulomb barrier.

The average angular momentum obtained by three dif
ent methods agrees within the experimental uncertainties
tablishing the validity of the assumptions involved. In th
estimation ofl̄ from the fusion excitation function, using
discrete data set, it is implicitly assumed that the fusion cr
section is a smooth function of energy. Measurements m
at closer spaced energies would result in greater confide
in the extractedl̄ . As l̄ is derivable in a model-independen
way from the fusion excitation function, separate measu
ments forl̄ may not be required.

The fusion data could be fitted with the Stelson model a
as suggested by the model, a good correlation between
threshold barrier and the distance at which the neutron fl
is possible was obtained.

Coupled channel calculations were made using w
understood couplings to the inelastic channels in the pro
tile and static deformation for the target. The strengths of
required form factors for the transfer channel necessary
the coupled channel calculations of fusion were extrac
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from the measured transfer data. This was done after un
standing the distance dependence of the transfer proces
an improved semiclassical method considering contributio
from both the Coulomb and nuclear branches of the class
deflection function. These calculations for the fusion cro
section enhancement reiterate the major role played by
static deformation of the target. The role of projectile ex
tations and transfer channels seems to be comparable.
the fusion cross section and the average angular momen
are simultaneously explained within the above coupled ch
nel calculations.

More exact coupled channel calculations may be requi
for the simultaneous and consistent understanding of
various processes involved. As such calculations are v
difficult in a quantum mechanical approach, a semiclass
approach may be a more appropriate choice.
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