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Transfer and surface vibration couplings in the fusion of 40Ca146,48,50Ti at near-barrier energies

A. A. Sonzogni, J. D. Bierman,* M. P. Kelly, J. P. Lestone, J. F. Liang,† and R. Vandenbosch
Nuclear Physics Laboratory, Box 354290, University of Washington, Seattle, Washington 98195

~Received 11 July 1997!

Fusion and quasielastic excitation functions were measured for40Ca146,48,50Ti at energies close to the
Coulomb barrier. The interest in these systems lies in the opposite target-mass dependence of surface vibration
couplings and neutron-transfer couplings. The cross sections were measured at small energy steps and with
high precision, so that the structure in the excitation functions~barrier distributions! could be revealed through
a differentiation process. The subbarrier fusion data show a larger enhancement with increasing target mass
number, which clearly indicates the importance of transfer couplings. The agreement between the fusion and
quasielastic barrier distributions is quite good. Simplified coupled-channel calculations were performed to
reproduce the fusion data. A very good agreement is obtained by coupling to low lying excited states (21 and
32) and to the most positive neutron-transferQ value ~two-neutron projectile pickup channel!.
@S0556-2813~98!01402-2#

PACS number~s!: 25.70.Jj, 25.70.Bc, 24.10.Eq
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I. INTRODUCTION

One interesting aspect of nuclear reactions involv
heavy ions at energies close to the Coulomb barrier is
coupling of the internal degrees of freedom to the relat
motion of the colliding nuclei. This coupling influences th
quantum tunneling that leads to fusion, and can induce la
enhancements of the fusion cross section at bombarding
ergies below the energy of the one-dimensional barrier r
resenting only the relative motion of inert nuclei@1#. Three
factors have been identified as playing a major role in
magnitude of the subbarrier fusion cross sections: perma
nuclear deformation, coupling to low lying nuclear excit
states, and neutron-transfer reactions. The occurrence o
first two seems to be firmly accepted based on very com
ling experimental evidence@2–4#, while the role of neutron-
transfer reactions is less clear.

The influence of nuclear deformation is straightforwa
For instance, if the target nucleus is prolate, the Coulo
field at its tips is lower than in the equatorial area, which w
then increase the fusion probability at subbarrier energ
Spherical nuclei can become deformed by surface vibratio
leading to an increase in the near-barrier fusion cross sec
due to the excitation of low lying nuclear states. The imp
tance of neutron transfer on nuclear fusion originates fr
the fact that neutrons are insensitive to the Coulomb fie
therefore they can start being transferred at larger separa
than other particles. A correlation between the overall tra
fer strength and fusion enhancement was noticed early
Henninget al. @5#. One possible scenario is that before f
sion takes place, a flow of neutrons between target and
jectile has already started@6#. In consequence, it is though
that if a system exhibits neutron-transfer reactions~either
stripping or pickup! with positiveQ values, then the subbar
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rier fusion cross sections will increase@6,7#.
Typically one tries to deduce the important parameters

characterizing near-barrier fusion dynamics by measur
and comparing the fusion excitation function for differe
systems. Projectiles and targets are chosen to highlight
specific characteristic which is under study. For instance,
of the pioneering works to study the effect of nuclear def
mation focused on16O1144,154Sm @8,9#. Both the projectile
and 144Sm are spherical, but nuclear deformation increa
as the Sm isotopes become heavier. In a similar fash
several experiments were performed to understand the e
of transfer reactions@6,7,10#. As before, the choice of the
projectile-target combination is crucial, and for the syste
studied it is often difficult to make unambiguous stateme
regarding transfer reactions when the system also contai
strong coupling to surface vibrations. TransferQ values be-
come more positive as the surface vibration couplings
crease in all these systems and there is not enough info
tion to understand the subtle interplay of surface vibrat
and transfer couplings.

It would thus be interesting to study a system where
opposite happens, i.e., where collectivity decreases when
transfer probability increases. In the present work the pro
tile was chosen to be a double-magic and neutron-defic
nucleus. The criteria used to select the targets were that
should be a series of even-even isotopes, with the heav
isotope closest to a neutron closed shell. In this way,
heavier the target, the less negative~or more positive! the
neutron-transferQ values, and because of the closeness t
closed shell, the smaller the phonon-coupling-induced
hancement. Among the very few candidates that match th
requirements, the systems40Ca146,48,50Ti were chosen for
the present study.

In the last few years we have witnessed a considera
rise in the precision and amount of subbarrier fusion cr
section data taken for a particular system under study. Th
mainly because the goal of most current fusion experime
is to reveal the structure of the fusion excitation function d
to the coupling to internal degrees of freedom. For instan
if both target and projectile are spherical, there is a sin
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57 723TRANSFER AND SURFACE VIBRATION COUPLINGS IN . . .
Coulomb barrier, but if the target is deformed, there is
distribution of barriers, with each one corresponding to
given orientation angle of the target with respect to the be
axis@2#. Similarly, it has been found that the effect of surfa
vibration excitation and neutron-transfer reactions is to
place the single barrier with a distribution of barriers@4,7#.
Knowledge of the fusion barrier distribution can help grea
in the interpretation of the data because it more clearly po
out the mechanisms that govern the near-barrier fus
However, the extraction of barrier distributions from the f
sion excitation function is a considerable experimental ch
lenge which demands great precision in the measureme

Because of the interest that barrier distributions poss
other ways of extracting them have been explored@11,12#.
Briefly, by arguing that fusion information is also present
the quasielastic and elastic differential cross sections
angles close to the grazing angle, methods to obtain ba
distributions from quasielastic and elastic excitation fun
tions at a fixed angle have been proposed. One of the rea
why these ideas are interesting is the fact that experim
designed to measure elastic and quasielastic excitation f
tions are easier to perform than fusion ones. It was deci
that these suggestions were important enough to be inv
gated.

In summary, it was considered that knowledge of the
sion excitation functions at near-barrier energies for40Ca
146,48,50Ti would be of help in understanding the effect
surface vibration couplings~SVC’s! and neutron-transfe
couplings~TC’s! in the nuclear fusion dynamics. Our da
were measured with high enough precision so that bar
distributions could be extracted. In addition, an experim
to measure the elastic-quasielastic excitation function
performed in order to obtain the elastic-quasielastic bar
distributions.

II. EXPERIMENTS

The experiments were performed using 97–150 M
40Ca beams from the University of Washington’s Tande
Linac accelerator facility. The rf of the Linac was used f
precise timing measurements. The Ti targets were s
supported, had areal densities of around 200mgm/cm2, and
isotopic purities of 90%, 99%, and 90% for46Ti, 48Ti, and
50Ti, respectively.

A. Fusion experiments

At the bombarding energies of interest, fusion of40Ca
with the Ti targets leads to heavy evaporation resid
~ER’s!, which were detected with a set of two Si detecto
mounted in tandem. The thickness of the first element (DE)
was adjusted to optimize the distinction between ER’s a
scattered beamlike particles. TheDE thickness was around
mm and ER’s could punch through it. The second detec
was used to veto out projectilelike events. The identificat
of ER’s was performed with the help of energy and time-
flight information. A typical plot of the energy deposited
the DE detector vs time of flight can be seen in Fig. 1. Tw
Si detectors were placed symmetrically at627° with respect
to the beam line for normalization purposes.

The total fusion cross sections were obtained from
differential cross sections in a way similar to the one d
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scribed in Ref.@13#. Briefly, angular distributions are mea
sured at a selected number of energies. Then a function~usu-
ally a double Gaussian! is fitted to match the data and the
integrated to obtain the total fusion cross section. The ra
between the differential cross section at a given angle to
total cross section is obtained as a function of the beam
ergy. Finally, only differential cross sections are measu
for the remaining energies, which are thereafter converte
a total cross section.

Evaporation residue angular distributions were measu
for angles larger than 4° with respect to the beam directi
at 40Ca laboratory energies of 110, 120, 130, and 150 Me
The total cross section was obtained after fitting and integ
ing a double Gaussian. For example, the ER angular di
butions for 40Ca146Ti are shown in Fig. 2. For a larger se
of energy, only differential cross sections were measure
5°, and from them, the total ER cross sections were
tained. The resulting fusion excitation functions are plott
in Fig. 3, where the points are plotted at an energy wh
corresponds to the energy at the middle of the target.

B. Elastic-quasielastic experiment

Experiments performed to measure the elastic differen
cross section at large angles are not easy for systems w
high degree of mass symmetry@14,15#. To understand the
reason, it has to be remembered that for symmetric syst
the projectile can transfer a large amount of kinetic energy
the target, and therefore near-grazing-angle events have
small values of energies. As an example, Fig. 4 shows
energy of both the elastically scattered projectile and the
get recoil as a function of the laboratory detection angle
40Ca at 114 MeV. When this kinematical effect is combin
with the finite value of the target thickness, the events to
detected have an energy distribution with a low mean va
and a large dispersion.

FIG. 1. Energy versus time-of-flight~ToF! plot for 40Ca150Ti at
u55° andElab5118 MeV. Fusion and beamlike events are ind
cated.
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724 57A. A. SONZOGNI et al.
The experimental setup consisted of two 100-mm-thick
movable Si detectors placed at angles close to the gra
angle, plus a Si monitor fixed at 15.5°. All the detectors ga
both energy and time-of-flight information, which was ve
useful in distinguishing between elastically scattered pro
tiles and target recoils. A typical two-dimensional plot
energy versus time of flight is shown in Fig. 5.

Data were taken at four different laboratory angles 5
65°, 66°, and 75°. Since we were interested in scatte
events at near grazing angles, only the projectile event
Fig. 5 were used to deduce fusion information. As an
ample, the resulting projectile excitation functions for40Ca
148Ti can be seen in Fig. 6.

III. INTERPRETATION OF THE RESULTS

A. Comparison of the fusion excitation functions

When the fusion excitation function is measured for
number of systems, a useful and model-independent c
parison between them can be made by using the expres
@1#

FIG. 2. Angular distributions of evaporation residues for t
40Ca146Ti system. The solid curves are the fits used to obtain
angle-integrated cross sections.

FIG. 3. ER excitation functions for40Ca146,48,50Ti.
ng
e

-

,
g
in
-

-
ion

s fus~E!5pRfus
2 ~12Vb /E!, ~1!

which is valid for energies~a! larger than the Coulomb bar
rier (Vb) and~b! small enough so that preequilibrium and/o
friction processes are not taking place. This equation can
rearranged to give

Es fus~E!5pRfus
2 ~E2Vb!, ~2!

from which it can be seen that a linear fit of the produ
Es fus(E) in the region where quantum tunneling o
preequilibrium/friction effects are not important should pr
duce values ofRfus andVb . Once obtained, they can be use
to correct the corresponding excitation functions for diffe
ences in barrier heights and fusion radii.

e

FIG. 4. Kinetic energy of elastically scattered projectile a
recoil as a function ofu lab for 40Ca146,48,50Ti.

FIG. 5. Energy versus time-of-flight spectra atu556° for 107
MeV 40Ca148Ti. Elastically scattered projectiles and recoils a
indicated.
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57 725TRANSFER AND SURFACE VIBRATION COUPLINGS IN . . .
In the present case, the results of the fit procedure
listed in Table I, while the values ofs fus/pRfus

2 are plotted in
Fig. 7 as a function ofE/Vb . In this way, the high energy
part of the data is scaled to be the same, with the purpos
revealing differences in the quantum tunneling. The m
striking feature in this figure is the magnitude of the reduc
cross section at subbarrier energies, particularly the tar
mass dependance. As it was mentioned in the introductio
SVC’s dominate over TC’s, the subbarrier reduced cross
tions for 40Ca150Ti cannot be larger than those for40Ca
146Ti. Thus, we have demonstrated in a model-independ
way that TC’s dominate over SVC’s in the40Ca150Ti sys-
tem.

Similar results for the role of the neutron-transferQ value
on subbarrier fusion enhancement have also been found
40Ca140,48Ca @16# and 40Ca190,96Zr @10#. The design of
these experiments was similar to ours, taking a neutr
deficient projectile and two targets, one of which is neutr
poor while the other is neutron rich. The Zr measureme
are of special interest because of the high precision and q
ity of the data. In addition, the differences in neutron-trans
Q values between the two Zr isotopes is much larger t
between the Ti ones, which in turn makes the influence
the neutron transfer far more evident. On the other hand,
lighter of the Zr isotopes has a neutron closed shell,
therefore some of the subbarrier enhancement for40Ca
196Zr can be due to SVC’s rather than to TC’s.

FIG. 6. Elastic scattering excitation functions normalized to R
therford scattering cross section at four different detection an
for 40Ca148Ti.

TABLE I. Fusion radius and Coulomb barrier values extrac
from the fusion excitation functions.

System Rf ~fm! Vb
c.m. ~MeV!

40Ca146Ti 9.9260.08 58.0360.73
40Ca148Ti 9.9760.07 58.1760.62
40Ca150Ti 10.0560.07 58.7160.61
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B. Fusion barrier distributions

The fusion barrier distribution is defined as@17#

D fus~E!5d2@Es fus~E!#/dE2. ~3!

Since a second derivative of a rather smooth function is
volved, high precision in the determination of the fusio
cross section and the energy of the beam is required. In
present case, systematic uncertainties in the cross sec
may be present since the ER detector did not take data
angles smaller than 4°. Although this systematic error m
change slightly the magnitude of the barrier distribution,
will not change its shape. On the positive side, the relat
efficiency of the detectors was precisely determined by us
an alpha source.

Two different methods were used to extract the fus
barrier distributions. One of them involves the use of t
so-called ‘‘point difference procedure’’@13#, which has been
extensively used. The other obtains the derivatives throug
straight line fit to each set of three adjacent points. The sl
obtained from the fit was assumed to be a good estimat
the first derivative around the middle point. In both cases,
center-of-mass energy interval between the points was a
1.1 MeV and barrier distributions were extracted forEc.m.
,67 MeV. The two methods agreed well as can be see
Fig. 8.

As was mentioned at the beginning of this section, bar
distributions require very precise measurements. Regar
the results from the present experiment, whose emphasis
on comparison of cross sections for different systems ra
than on extracting detailed information from barrier distrib
tions, one should look for trends rather than for details. Fr
Fig. 8 it is clear that as one moves from46Ti to 50Ti, D fus(E)
becomes shorter and broader. This trend will be compa
with expectations from coupled-channel calculations in
later section.

C. Elastic-quasielastic barrier distributions

As mentioned in the Introduction, it has been sugges
that barrier distributions can be obtained from both elas

FIG. 7. Reduced fusion cross section as a function of the rati
the center-of-mass energy to the height of the fusion barrierVb for
40Ca146,48,50Ti.
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726 57A. A. SONZOGNI et al.
and quasielastic data. Briefly, if the experimental informat
consists of a quasielastic scattering excitation function,
equation

Dqel~E!52
d

dES dsqel

dsR
D ~4!

is used to obtainDqel(E) @11#. Here the ratiodsqel/dsR
corresponds to

dsqel

dV Y dsRutherford

dV
.

For elastic scattering,Del(E) is given by@12#

Del~E!52
d

dES dsel

dsR
D 1/2

. ~5!

The relation between these barrier distributions and that
fusion is taken@11,12# as

D fus~E!5pRfus
2 Dqel,el~E!. ~6!

The present experiment could not distinguish betwe
elastic and quasielastic events. It has been explained
because of the high degree of mass symmetry for the sys
under study, the elastic peak has a broad energy distribu
at large scattering angles, which causes it to overlap w
inelastic and transfer events. Therefore, the data obta
should be considered quasielastic rather than elastic. H
ever, for comparison purposes, barrier distributions were
extracted assuming that the data are purely elastic or
they have inelastic contributions. To obtain the first deriv
tives, a straight line fit was performed to each set of th
adjacent points. The slope obtained from the fit was assu
to be a good estimate of the first derivative around
middle point. The laboratory energy interval between
points was about 1 MeV for energies lower than 116 M
and 2 MeV for larger energies.

FIG. 8. Fusion barrier distributions for40Ca146,48,50Ti as a
function of the center-of-mass energy.
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Dqel(E) obtained from Eq.~4! is shown in Fig. 9 and
Del(E) using Eq.~5! can be seen in Fig. 10, together with th
fusion results. The fusion radii used to scale downD fus are
those obtained in Sec. II A. It should be remembered that
Dqel,el values are more precise than theD fus ones for two
basic reasons:~a! They involve a first derivative, and~b! the
experiment is far easier to perform and therefore a hig
precision can be achieved.

The agreement between the two sets of data in Fig.
remarkably good; the shapes are quite well reproduced
the fusion data give slightly narrower and more strong
peaked barrier distributions than the quasielastic. Similar
sults were obtained in Ref.@11#.

The elastic barrier distributions in Fig. 10 are shorter a
broader than the fusion ones. This disagreement canno
due to normalization problems in the definitions of the elas
barrier distributions since the shapes do not look ali
Again, similar results were found by the Canberra gro
@12#, when supposedly only elastic scattering data were u

It is then concluded thatDqel(E) given by Eq. ~4!
strongly resemblesD fus(E) and therefore seems to be th

FIG. 9. Comparison between quasielastic barrier distributi
and fusion barrier distributions for40Ca146,48,50Ti.

FIG. 10. Comparison between elastic barrier distributions a
fusion barrier distributions for40Ca146,48,50Ti.
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57 727TRANSFER AND SURFACE VIBRATION COUPLINGS IN . . .
most suitable representation for unresolved elastic p
quasielastic data. The first work to report this kind of r
search@11# was done for very asymmetric systems. Recen
the technique has been successfully used for more symm
systems@18#. We have tested the technique for very symm
ric systems and obtained very satisfactory results. One c
cludes that this could be a very important tool in fusi
research. As mentioned before, the experiments to be ca
out, though challenging, are not as difficult as the fus
ones. An immediate application could appear when inve
gating the fusion properties of unstable nuclei. Because
the low beam currents, a fusion experiment might not
practical. However, exploratory elastic-quasielastic ru
could be performed to see if these barrier distributions sh
special features that would make it worth spending a la
amount of time on a full scale fusion experiment.

D. Coupled-channel calculations

Simplified coupled-channel calculations similar to tho
produced by the codeCCMOD @19,20# can be performed to
account quantitatively for the contributions of SVC’s a
TC’s. Briefly, under a number of approximations, it can
shown that the result of coupling to a numberN of phonon-
transfer channels is to split the original uncoupled barrie
N11 different barriers. Then, the fusion cross section can
expressed as

s fus~E!5 (
a51

N11

wasa~E,Vb1la!, ~7!

whereVb is the uncoupled barrier,la are the eigenvalues o
the coupling matrix, and the weight factorswa are directly
related to its eigenvectors@20#. The off-diagonal phonon
coupling elements involve complicated integrals and o
linear terms inbl will be considered@21#. In this model,
there is no reliablea priori estimate for the magnitude of th
off-diagonal transfer coupling terms. They will eventually
varied to match the data. Transfers to excited states, w
all have negativeQ values, are not considered. In additio
the positions and curvatures of the new barriers are obta
by finding the maxima ofVb(r )1la(r ).

The coupling parameters used for the Ca1Ti systems are
listed in Tables II and III and were obtained from Refs.@22–
24#. The Christensen-Winther parametrization of the nucl
potential was used; however, its strength was adjuste
match the data.

The most basic calculation is the uncoupled one. Calc
tions involving couplings will mostly differ from the un
coupled one in the near-barrier region (s fus<150 mb!. For
higher energies, coupling effects are not very important

TABLE II. Surface vibration coupling parameters for Ca and
nuclei.

Nucleus b2 E21 ~MeV! b3 E32 ~MeV!

50Ti 0.166 1.555 0.156 4.410
48Ti 0.269 0.983 0.147 3.358
46Ti 0.317 0.889 0.122 3.059
40Ca 0.122 3.904 0.330 3.736
s
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therefore the coupled and uncoupled solutions give sim
results. Once the nuclear potential strength is adjusted
match the high energy part of the data, SVC’s can be inc
porated. Those considered here are one-phonon couplin
the lowest 21 and 32 states of both target and projectile
Both coupled and uncoupled calculations can be seen in
11. Clearly, the measured fusion cross sections for40Ca
146Ti are well reproduced. The low energy cross sectio
for 40Ca148Ti are underestimated slightly, and those f
40Ca150Ti are grossly underestimated if only SVC’s are i
cluded.

The next step is to include transfer couplings. Here
make use of the benefit of choosing systems for wh
SVC’s and TC’s have the opposite target-mass depende
i.e., target SVC’s have to be more important for46Ti than for
50Ti. However, by invoking SVC’s the cross sections f
46Ti can be reproduced but not the50Ti ones; therefore, the
excess in cross section for the latter target should not or
nate from SVC’s but rather from TC’s. As mentioned befo
the issue of how TC’s affect the subbarrier fusion cross s
tions is not completely understood. There is clear evide
indicating that neutron-transfer reactions play a very imp
tant role @7,10#, particularly those with positiveQ values.
Our way of dealing with this subject was to couple to t
neutron-transfer channel with the most positiveQ value,
which in this case corresponds to the projectile pickup of t
neutrons. The transfer strengths were varied to produc

i TABLE III. Neutron transferQ values~MeV! for the 1n, 2n,
3n, and 4n projectile pickup reactions for40Ca146,48,50Ti.

System Q1n Q2n Q3n Q4n

40Ca 1 50Ti 22.6 0.8 22.9 20.7
40Ca148Ti 23.3 20.7 25.9 24.3
40Ca146Ti 24.8 22.9 211.2 212.4

FIG. 11. Fusion excitation functions for40Ca146,48,50Ti. The
dashed curve is from a no-coupling calculation, and the dot-das
and solid lines show the results of coupled-channel calculation
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728 57A. A. SONZOGNI et al.
satisfactory match between calculated and measured fu
cross sections. The results can be seen in Fig. 11. The tr
fer strengths~the F values in Ref.@20#! that best fit the data
were equal to 1.5 MeV for40Ca150Ti and 1.0 MeV for
40Ca148Ti. Since phonon couplings give a good account
the 40Ca146Ti excitation function, obtaining an optimum
value of the transfer strength for this system is not mean
ful. For comparison purposes, a strength of 1.0 MeV w
used for this latter system, resulting in little deviation fro
the SVC calculations, due to the negative nature of then
pickup channelQ value (22.9 MeV!. To make apparent the
individual contributions of SVC’s and TC’s to the fusio
cross section, the calculated fusion excitation functions
plotted on an expanded energy scale in Fig. 12. Although
have demonstrated in a model-independent way that T
dominate over SVC’s for40Ca150Ti, these coupled-channe
calculations indicate that for the other two systems, SV
are mainly responsible for the subbarrier fusion enhan
ment.

The barrier distributions from these calculations are co
pared with the experimental results in Fig. 13. Because of
difficulties in extracting fusion barrier distributions, it is no
our intention to use this figure to demonstrate the prese
and effect of TC’s. However, it can be seen that the agr
ment between data and model calculations is good. The
servation that the peak in the experimental fusion and qu
elastic barrier distributions get shorter and wider as o
moves from 46Ti to 50Ti is reproduced in the simplified
coupled-channel calculations as a result of the transfer c
plings. The positions of the individual barriers resulting fro
the couplings are also of interest. These barrier positions
their corresponding weight factorswa in Eq. ~7!, are dis-
played in Fig. 14.

E. Deduction of the Šl ‹„E…

Finally, we would like to mention one other quantity th
can be derived from the fusion excitation function with ce

FIG. 12. Illustration of the individual contributions of the su
face vibration channels and of the transfer channel to the fu
excitation functions for40Ca146,48,50Ti at near-barrier energies.
ion
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tain assumptions. Sahmet al. @25# first suggested that on
could deduce the mean value of thel distribution ^l & at a
given energyE from the dependence of the fusion cro
section at energies less thanE. This problem has been ex
plored more recently by Balantekinet al. @26#. The starting
point of the model is the following expression:

s fus~E!5 (
l 50

`
p\2

2mE
~2l 11!Tl ~E!. ~8!

The key hypothesis is thatRb is independent ofl so that one
can write

Tl ~E!5T0S E2
\2l ~ l 11!

2mRb
2~E!

D . ~9!

n
FIG. 13. Comparison of the experimental fusion barrier dis

butions for 40Ca146,48,50to the results of coupled-channel calcul
tions.

FIG. 14. Barrier strengths (wa) for the different barriers result-
ing from the coupled-channel calculations that includes SVC’s
TC’s.
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For spherical targets and projectiles it is safe to assume
Rb

2(E)5Rb
2 . An expression for the first moment can be o

tained after a change of variables:

^l &~E!5
mRb

2

\2Es fus~E!
E

0

E

dE8E8s~E8!

3F2mRb
2

\2
~E2E8!1

1

4G21/2

. ~10!

Clearly this model relies on the validity of Eq.~8!. However,
recent experimental studies indicate the presence of a s
barriers rather than a single one. Under these conditions
fusion cross section is written as

s fus~E!5(
a

was fus~E,Vba ,Rba ,\va! ~11!

or

s fus~E!5(
a

wa(
l

p\2

2mE
~2l 11!Tl a~E!, ~12!

an effective transmission coefficient can be defined as

Tl
eff~E!5(

a
waTl a~E!, ~13!

and it will be very difficult to expressTl
eff(E) as in Eq.~9!.

We have tested the possibilities of this method by using
result of a coupled-channel calculation as an input to
~10!. We have concluded that the method works quite w
even for strong couplings.

Clearly, the extraction of̂l & values involves several as
sumptions and therefore these values should be consid
an estimate of the compound nucleus mean angular mom
tum, rather than a measurement of it. However, in the
sence of the latter, these estimates can be useful when
instance, performing statistical model calculations.

The extraction of̂ l & values for the systems under stud
is of interest because a previous study of32S1100Mo and
36S196Mo @27# showed that a result of transfer channel co
pling is to make the compound nucleus spin distribut
broader. Our results can be seen in Fig. 15, where the o
symbols come from using Eq.~10! and the solid line is the
result of the coupled-channel calculation that gives a g
account of the fusion cross section, while the dotted l
comes from the uncoupled one. It is reassuring to obse
that the results in Fig. 15 indicate a broader spin distribut
for 50Ti than for 46Ti. The agreement between the couple
channel calculations and the values derived from the fus
excitation function using Eq.~10! is to be expected since th
centrifugal potential in the coupled-channel calculations
treated in a similar way to Eq.~9! for each individual barrier.

IV. CONCLUSIONS AND OUTLOOK

In summary, experiments to measure the fusion excita
functions as well as quasielastic angular distributions
excitation functions were performed for the systems40Ca
146,48,50Ti at energies close to the Coulomb barrier. Our t
at
-

of
he

e
.

l,

red
n-
-

for

-

en

d
e
ve
n
-
n

s

n
d

-

get and projectile selection has enabled us to highlight
relative effect of neutron-transfer reactions and surface
bration couplings on the magnitude of the near-barrier fus
cross sections. A comparative analysis of the fusion exc
tion functions for the three systems shows that50Ti has the
largest subbarrier enhancement while46Ti has the smallest.
Because of the isotopic dependence of the collectivities
transferQ values, this can only happen under the presenc
strong transfer couplings. The effects of surface vibrat
couplings alone would give the opposite result. This int
pretation is additionally supported by the fact that the50Ti
target also exhibits the broadest barrier distribution.

We have obtained barrier distributions from both fusi
and quasielastic excitation functions, this being the first ti
that such comparisons have been published for very symm
ric systems. The similarity between these barrier distrib
tions is remarkable.

Coupled-channel calculations were performed assum
first order surface vibration coupling terms and const
neutron-transfer couplings. The former included coupling
the lowest 21 and 32 of both target and projectile. The
transfer coupling strengths were varied to match the fus
excitation function, with similar values being obtained for a
three systems. The differing effects of the transfer couplin
are explained by the change of neutron-transferQ values as
the mass of the target varies. Despite the simplicity of th
calculations, we were able to reproduce the experimenta
sults.

The results of this work, together to those from@7,16,10#,
clearly point out the importance of coupling to transfer cha
nels with positiveQ values. We would like to suggest tw
additional experiments that we think are of interest. The fi
proposed experiment would be to measure the fusion exc
tion functions for 40Ca1208Pb. Both target and projectile
have double closed shells, but the neutron richness of208Pb
together with the relative neutron deficiency of40Ca gives

FIG. 15. Mean compound nucleus angular momentum as
tracted from the experimental fusion excitation functions using
~10! ~open symbols! and as given by coupled-channel calculatio
~solid curves! as a function of the center-of-mass energy.
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rise to very positiveQ values. In addition, recent measur
ments were reported for40Ca1192Os and 194Pt @3#, and an
interesting comparison could be made between deformed
Pt, and spherical208Pb.

To motivate the projectile and target selection for the s
ond proposed experiment, let us first assume that unde
right circumstance—positiveQ values—a flow of neutrons
can effectively take place and enhance the fusion cross
tion. One realizes then that all the studies done so far
volved a flow of neutrons from the heavier partner to t
lighter one, and the system evolves to a more symme
shape before fusioning. It can be argued that if the flow
R.
m
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.
B
to

,

. L

-
hy
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D
s-
.
e
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ato
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C
N.

J.
tt

-

g,
s,

-
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ic
f

neutrons goes in the opposite direction, i.e., from ligh
partner to heavier one, fusion would be further helped si
the system would evolve toward a more asymmetric entra
channel configuration. In other words, assuming that
lighter partner is the projectile, only projectile neutro
pickup has been investigated. Perhaps target pickup ha
even stronger influence. Unfortunately, there are not m
target-projectile combinations that can be used. The m
promising one seems to be48Ca158Ni.

This work was supported by the U.S. Department of E
ergy.
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