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Transfer and surface vibration couplings in the fusion of *%Ca+ %4859 at near-barrier energies
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(Received 11 July 1997

Fusion and quasielastic excitation functions were measured®@a+ ¢85 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 functitasrier distributionscould 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 statesl(2
37) and to the most positive neutron-transf€ value (two-neutron projectile pickup channel
[S0556-28188)01402-2

PACS numbe(s): 25.70.Jj, 25.70.Bc, 24.10.Eq

I. INTRODUCTION rier fusion cross sections will increafg,7].
Typically one tries to deduce the important parameters in
One interesting aspect of nuclear reactions involvingcharacterizing near-barrier fusion dynamics by measuring
heavy ions at energies close to the Coulomb barrier is thand comparing the fusion excitation function for different
coupling of the internal degrees of freedom to the relativesystems. Projectiles and targets are chosen to highlight the
motion of the colliding nuclei. This coupling influences the specific characteristic which is under study. For instance, one
guantum tunneling that leads to fusion, and can induce largef the pioneering works to study the effect of nuclear defor-
enhancements of the fusion cross section at bombarding emation focused ont®0+ 441%5m [8,9]. Both the projectile
ergies below the energy of the one-dimensional barrier repand 144Sm are spherical, but nuclear deformation increases
resenting only the relative motion of inert nucfdi]. Three as the Sm isotopes become heavier. In a similar fashion,
factors have been identified as playing a major role in theseveral experiments were performed to understand the effect
magnitude of the subbarrier fusion cross sections: permanenf transfer reaction$6,7,10. As before, the choice of the
nuclear deformation, coupling to low lying nuclear excited projectile-target combination is crucial, and for the systems
states, and neutron-transfer reactions. The occurrence of tistudied it is often difficult to make unambiguous statements
first two seems to be firmly accepted based on very compekegarding transfer reactions when the system also contains a
ling experimental evidencg-4], while the role of neutron- strong coupling to surface vibrations. Trans@values be-
transfer reactions is less clear. come more positive as the surface vibration couplings in-
The influence of nuclear deformation is straightforward.crease in all these systems and there is not enough informa-
For instance, if the target nucleus is prolate, the Coulomhtion to understand the subtle interplay of surface vibration
field at its tips is lower than in the equatorial area, which will and transfer couplings.
then increase the fusion probability at subbarrier energies. It would thus be interesting to study a system where the
Spherical nuclei can become deformed by surface vibrationgpposite happens, i.e., where collectivity decreases when the
leading to an increase in the near-barrier fusion cross sectianansfer probability increases. In the present work the projec-
due to the excitation of low lying nuclear states. The impor-tile was chosen to be a double-magic and neutron-deficient
tance of neutron transfer on nuclear fusion originates froomucleus. The criteria used to select the targets were that they
the fact that neutrons are insensitive to the Coulomb fieldshould be a series of even-even isotopes, with the heaviest
therefore they can start being transferred at larger separatiomsotope closest to a neutron closed shell. In this way, the
than other particles. A correlation between the overall transheavier the target, the less negati\a® more positive the
fer strength and fusion enhancement was noticed early bgeutron-transfef) values, and because of the closeness to a
Henninget al. [5]. One possible scenario is that before fu- closed shell, the smaller the phonon-coupling-induced en-
sion takes place, a flow of neutrons between target and prdxancement. Among the very few candidates that match these
jectile has already startg@]. In consequence, it is thought requirements, the systenfSCa+ #4859 were chosen for
that if a system exhibits neutron-transfer reactigagher the present study.
stripping or pickup with positiveQ values, then the subbar- In the last few years we have witnessed a considerable
rise in the precision and amount of subbarrier fusion cross
section data taken for a particular system under study. This is
*Permanent address: Physics Department AD-51, Gonzaga Uninainly because the goal of most current fusion experiments

versity, Spokane, WA 99258-0051. is to reveal the structure of the fusion excitation function due
TPermanent address: Physics Division, Oak Ridge National Laboto the coupling to internal degrees of freedom. For instance,
ratory, Oak Ridge, TN 37831. if both target and projectile are spherical, there is a single
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Coulomb barrier, but if the target is deformed, there is a
distribution of barriers, with each one corresponding to a
given orientation angle of the target with respect to the bean
axis[2]. Similarly, it has been found that the effect of surface
vibration excitation and neutron-transfer reactions is to re- <00
place the single barrier with a distribution of barri¢#s7]. Beam-—like
Knowledge of the fusion barrier distribution can help greatly
in the interpretation of the data because it more clearly points
out the mechanisms that govern the near-barrier fusion
However, the extraction of barrier distributions from the fu-
sion excitation function is a considerable experimental chal-
lenge which demands great precision in the measurements
Because of the interest that barrier distributions posses:
other ways of extracting them have been explorgt], 12.
Briefly, by arguing that fusion information is also present in
the quasielastic and elastic differential cross sections a
angles close to the grazing angle, methods to obtain barrie
distributions from quasielastic and elastic excitation func-
tions at a fixed angle have been proposed. One of the reasol o 100 200 100 400 500
why these ideas are interesting is the fact that experiment
designed to measure elastic and quasielastic excitation func
tions are easier to perform than fusion ones. It was decided

i i 400 41 50T
that these suggestions were important enough to be investj- F'G: 1. Energy versus time-of-flightToF plot for “Car- Tiat
gated. 0=5° andE ;=118 MeV. Fusion and beamlike events are indi-

In summary, it was considered that knowledge of the fy-cated-

sion excitation functions at near-barrier energies f8€a _ ) ) o

+46.4850r would be of help in understanding the effect of scribed in Ref[13]. Briefly, angular distributions are mea-
surface vibration couplinggSVC's) and neutron-transfer Sured at a selected number of energies. Then a fun@ifn
couplings(TC’s) in the nuclear fusion dynamics. Our data ally a double Gaussiaris fitted to match the data and then
were measured with high enough precision so that barrieintegrated to obtain the total fusion cross section. The ratio
distributions could be extracted. In addition, an experimenbetween the differential cross section at a given angle to the
to measure the elastic-quasielastic excitation function watptal cross section is obtained as a function of the beam en-

performed in order to obtain the elastic-quasielastic barrieergy- Finally, only differential cross sections are measured
distributions. for the remaining energies, which are thereafter converted to

a total cross section.

Il. EXPERIMENTS Evaporation residue ang_ular distributions were m_eaSL_Jred
for angles larger than 4° with respect to the beam direction,
The experiments were performed using 97-150 MeVat “°Ca laboratory energies of 110, 120, 130, and 150 MeV.
40Ca beams from the University of Washington’s Tandem-The total cross section was obtained after fitting and integrat-
Linac accelerator facility. The rf of the Linac was used foring a double Gaussian. For example, the ER angular distri-

precise timing measurements. The Ti targets were selfputions for “°Ca+ “°Ti are shown in Fig. 2. For a larger set
supported, had areal densities of around 2@0n/cn?, and  of energy, only differential cross sections were measured at
isotopic purities of 90%, 99%, and 90% f6fTi, *®Ti, and  5°, and from them, the total ER cross sections were ob-
50Ti, respectively. tained. The resulting fusion excitation functions are plotted
in Fig. 3, where the points are plotted at an energy which

A. Fusion experiments corresponds to the energy at the middle of the target.

500

Fusion

100

Energy (arb. units)
9

<——ToF (arb. units)

At the bombarding energies of interest, fusion B€a
with the Ti targets leads to heavy evaporation residues
(ER’s), which were detected with a set of two Si detectors Experiments performed to measure the elastic differential
mounted in tandem. The thickness of the first eleme&r)  cross section at large angles are not easy for systems with a
was adjusted to optimize the distinction between ER’s andigh degree of mass symmetf§4,15. To understand the
scattered beamlike particles. Th& thickness was around 8 reason, it has to be remembered that for symmetric systems
um and ER’s could punch through it. The second detectothe projectile can transfer a large amount of kinetic energy to
was used to veto out projectilelike events. The identificatiorthe target, and therefore near-grazing-angle events have quite
of ER’s was performed with the help of energy and time-of-small values of energies. As an example, Fig. 4 shows the
flight information. A typical plot of the energy deposited in energy of both the elastically scattered projectile and the tar-
the AE detector vs time of flight can be seen in Fig. 1. Two get recoil as a function of the laboratory detection angle for
Si detectors were placed symmetricallyza®7° with respect  “°Ca at 114 MeV. When this kinematical effect is combined
to the beam line for normalization purposes. with the finite value of the target thickness, the events to be

The total fusion cross sections were obtained from thealetected have an energy distribution with a low mean value
differential cross sections in a way similar to the one de-and a large dispersion.

B. Elastic-quasielastic experiment
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FIG. 2. Angular distributions of evaporation residues for the ... -« 2 function 0, for 40Ca+ 464850,

4OCat “6Ti system. The solid curves are the fits used to obtain the
angle-integrated cross sections. 2
orus(E)=7Riy(1=Vy, /E), Y
The experimental setup consisted of two 1@8+-thick
movable Si detectors placed at angles close to the grazinghich is valid for energiega) larger than the Coulomb bar-
angle, plus a Si monitor fixed at 15.5°. All the detectors gaveier (V,,) and(b) small enough so that preequilibrium and/or
both energy and time-of-flight information, which was very friction processes are not taking place. This equation can be
useful in distinguishing between elastically scattered projecrearranged to give
tiles and target recoils. A typical two-dimensional plot of
energy versus time of flight is shown in Fig. 5. EoE)=mR2(E—V,) )
Data were taken at four different laboratory angles 56°, fus fus o
65°, 66°, and 75°. Since we were interested in scatterin _ : ,
events at near grazing angles, only the projectile events iHO™ Wh'ch it can be Seen that a linear fit of the _product
Fig. 5 were used to deduce fusion information. As an ex=0ws(E) in the region where quantum tunneling or

ample, the resulting projectile excitation functions fica preequilibrium/friction effects are not important should pro-
+4Ti can be seen in Fig. 6. duce values oRs,s andVy, . _Once o_bta_lned, they can be qsed

to correct the corresponding excitation functions for differ-
L. INTERPRETATION OF THE RESULTS ences in barrier heights and fusion radii.

A. Comparison of the fusion excitation functions

250
When the fusion excitation function is measured for a " 400,
number of systems, a useful and model-independent con
parison between them can be made by using the expressi
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FIG. 5. Energy versus time-of-flight spectraét 56° for 107
MeV “°Cat+*eTi. Elastically scattered projectiles and recoils are
FIG. 3. ER excitation functions fof°Ca-+ 46485, indicated.
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FIG. 6. Elastic scattering excitation functions normalized to Ru-
therford scattering cross section at four different detection angles B. Fusion barrier distributions

40, 4871
for “Car+ *Ti. The fusion barrier distribution is defined Fk7]

In the present case, the results of the fit procedure are Dius(E) =d?[Eoyo E)]/dE?. ()
listed in Table I, while th lues fq,s/ TR lotted i . I L
istedin Tau’e |, While T VAIUES @fs/ mHiys are Potted In Since a second derivative of a rather smooth function is in-
Fig. 7 as a function oE/V,. In this way, the high energy

art of the data is scaled to be the same. with the purpose v€lved, high precision in the determination of the fusion
b : : ) ! . burp Foss section and the energy of the beam is required. In the
revealing differences in the quantum tunneling. The mos

ing f i this f is th itude of the red resent case, systematic uncertainties in the cross sections
striking feature In this figure is the magnitude of the reducedy,,y he present since the ER detector did not take data for

cross section at subba_rrier energi_es, pqrticulgrly the t_argekngles smaller than 4°. Although this systematic error may
mass dependance. As it was mentioned in the introduction, hange slightly the magnitude of the barrier distribution, it
SVC's dominate over TC’s, the subbarrier reduced cross seggjj| not change its shape. On the positive side, the relative

tions for **Ca+®Ti cannot be larger than those fdPCa efficiency of the detectors was precisely determined by using
+4°Ti. Thus, we have demonstrated in a model-independer§n alpha source.
way that TC's dominate over SVC's in tHféCa+°Ti sys- Two different methods were used to extract the fusion
tem. barrier distributions. One of them involves the use of the
Similar results for the role of the neutron-trans@@value  so-called “point difference procedurd13], which has been
on subbarrier fusion enhancement have also been found feitensively used. The other obtains the derivatives through a
“Ca+19%Ca [16] and *°Cat**%Zr [10]. The design of straight line fit to each set of three adjacent points. The slope
these experiments was similar to ours, taking a neutronobtained from the fit was assumed to be a good estimate of
deficient projectile and two targets, one of which is neutronthe first derivative around the middle point. In both cases, the
poor while the other is neutron rich. The Zr measurementgenter-of-mass energy interval between the points was about
are of special interest because of the high precision and qual-1 MeV and barrier distributions were extracted &y,

ity of the data. In addition, the differences in neutron-transfer<67 MeV. The two methods agreed well as can be seen in
Q values between the two Zr isotopes is much larger tharFig. 8.

between the Ti ones, which in turn makes the influence of As was mentioned at the beginning of this section, barrier
the neutron transfer far more evident. On the other hand, thgistributions require very precise measurements. Regarding
lighter of the Zr isotopes has a neutron closed shell, anghe results from the present experiment, whose emphasis was
therefore some of the subbarrier enhancement ®a  on comparison of cross sections for different systems rather
+9%Zr can be due to SVC's rather than to TC's. than on extracting detailed information from barrier distribu-
tions, one should look for trends rather than for details. From

. . . . 5 .
TABLE I. Fusion radius and Coulomb barrier values extractedFig- 8 it is clear that as one moves frotfi to °°Ti, Dy,o(E)

from the fusion excitation functions. becomes sho'rter and broader. This trend will be_compared
with expectations from coupled-channel calculations in a

System R; (fm) VE™ (MeV) later section.

40, 46T +

402:: 4:: 2:3528:83 g::gig:;i C. Elastic-quasielastic barrier distributions

40Cat 5OT] 10.05+0.07 58.71-0.61 As mentioned in the Introduction, it has been suggested

that barrier distributions can be obtained from both elastic
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FIG. 8. Fusion barrier distributions fof°Ca+ #6485 as a
function of the center-of-mass energy.
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FIG. 9. Comparison between quasielastic barrier distributions
and fusion barrier distributions fdt°Ca+ 46-48:5¢;,

Dge(E) obtained from Eq.4) is shown in Fig. 9 and
D.(E) using Eq.(5) can be seen in Fig. 10, together with the

. . . ) . . . fusion results. The fusion radii used to scale dd)s are
and quasielastic data. Briefly, if the experimental informationthose obtained in Sec. Il A. It should be remembered that the

consists of a quasielastic scattering excitation function, the,

equation

dO'qe|) (4)

d
qul(E): - d_E( dor

qelel Values are more precise than tbg, ones for two
basic reasonga) They involve a first derivative, angd) the
experiment is far easier to perform and therefore a higher
precision can be achieved.

The agreement between the two sets of data in Fig. 9 is

is used to obtairD(E) [11]. Here the ratiodoge/dog
corresponds to

For elastic scatterind) o(E) is given by[12]

doRutherford

dQ

dO'qe|
dQ

d

De(E)= ©)

d(Td)lm

~ dE\dog

remarkably good; the shapes are quite well reproduced but
the fusion data give slightly narrower and more strongly
peaked barrier distributions than the quasielastic. Similar re-
sults were obtained in Ref11].

The elastic barrier distributions in Fig. 10 are shorter and
broader than the fusion ones. This disagreement cannot be
due to normalization problems in the definitions of the elastic
barrier distributions since the shapes do not look alike.
Again, similar results were found by the Canberra group
[12], when supposedly only elastic scattering data were used.

It is then concluded thaD.(E) given by Eq. (4)

The relation between these barrier distributions and that fo§trongly resemble®,(E) and therefore seems to be the

fusion is taker{11,12 as

(6)

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

Dius(E) = TRED gel o E).
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FIG. 10. Comparison between elastic barrier distributions and

fusion barrier distributions fof°Ca+ 46:48:5erj,
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TABLE IlI. Surface vibration coupling parameters for Caand Ti  TABLE Ill. Neutron transferQ values(MeV) for the 1n, 2n,

nuclei. 3n, and 4 projectile pickup reactions fof%Cart+ 46:48:5erj,
Nucleus /32 EZJr (MeV) B3 E3* (MeV) SyStem an Q2n Q3n Q4n
50T 0.166 1.555 0.156 4.410 OCa + 5Tj -2.6 0.8 -29 -0.7
48T 0.269 0.983 0.147 3.358 40Cat*8Tj -33 -0.7 -5.9 -43
46T 0.317 0.889 0.122 3.059 40Ca+*5Tj -48 -2.9 -11.2 -12.4
“Cca 0.122 3.904 0.330 3.736

) ) . therefore the coupled and uncoupled solutions give similar
most suitable representation for unresolved elastic plugesyits. Once the nuclear potential strength is adjusted to
quasielastic data. The first work to report this kind of re-match the high energy part of the data, SVC'’s can be incor-
searcl{11] was done for very asymmetric systems. Recentlyyorated. Those considered here are one-phonon couplings to
the technique has been successfully used for more symmetrjfe |owest 2 and 3~ states of both target and projectile.
systemg18]. We have tested the technique for very symmet-gqth coupled and uncoupled calculations can be seen in Fig.
ric systems and obtained very satisfactory results. One conry  cClearly, the measured fusion cross sections fga
cludes that this could be a very important tool in fusion | 467j gre ‘well reproduced. The low energy cross sections
research. As mentioned before, the experiments to be carrigd, 40ca4 48Tj are underestimated slightly, and those for
out, though challenging, are not as difficult as the fusionaocgy 50T gre grossly underestimated if only SVC'’s are in-
ones. An immediate application could appear when investis| ded.
gating the fusion properties of unstable nuclei. Because of The next step is to include transfer couplings. Here we

the low beam currents, a fusion experiment might not b&nake use of the benefit of choosing systems for which
practical. However, explo_ratory elas'glc—qyaslelastlc rUNSsy/C's and TC's have the opposite target-mass dependence;
could be performed to see if these barrier distributions showy o target SVC's have to be more important f6Fi than for
special features that would make it worth spending a largesor; However, by invoking SVC's the cross sections for

amount of time on a full scale fusion experiment. “5Tj can be reproduced but not ti&Ti ones; therefore, the
excess in cross section for the latter target should not origi-
D. Coupled-channel calculations nate from SVC's but rather from TC’s. As mentioned before,
Simplified coupled-channel calculations similar to thosethe issue of how TC’s affect the subbarrier fusion cross sec-
produced by the codecmop [19,20 can be performed to 1ONS IS not completely understood. There is clear ev_ldence
account quantitatively for the contributions of SVC's and indicating that neutron-transfer reactions play a very impor-
TC's. Briefly, under a number of approximations, it can betant role[7,10], particularly those with positiveQ values.
shown that the result of coupling to a numibénf phonon-  Our way of dealing with this subject was to couple to the
transfer channels is to split the original uncoupled barrier iféutron-transfer channel with the most positie value,
N+ 1 different barriers. Then, the fusion cross section can bavhich in this case corresponds to the projectile pickup of two

expressed as neutrons. The transfer strengths were varied to produce a
N+1
ol E)= 2 Wo0o(EVptNa), (7) 103
a=1 102
whereV,, is the uncoupled barriek, , are the eigenvalues of 10!
the coupling matrix, and the weight factons, are directly 100

related to its eigenvectorg20]. The off-diagonal phonon

coupling elements involve complicated integrals and only

linear terms inB, will be considered21]. In this model, 2

there is no reliabla priori estimate for the magnitude of the \E, 101
&

J ||||||||| xnuml TR IHHIII! ||||||||| llllII|I| TR

off-diagonal transfer coupling terms. They will eventually be

. . ) 100 L .
varied to match the data. Transfers to excited states, whick . E A [ | |
all have negativeQ values, are not considered. In addition, 107" E 4I°Ci'a+5°T‘1 bt
the positions and curvatures of the new barriers are obtainec 102 [ £~  — — — - Uncoupled

by finding the maxima o¥y(r)+\ ,(r).

1 :_ _ = svVC q:

The coupling parameters used for the+Ja systems are 10 2 SVC + TC E
listed in Tables Il and Il and were obtained from R¢2— 100 g -
24]. The Christensen-Winther parametrization of the nuclear 10-1 b IR B R
potential was used; however, its strength was adjusted tc 50 60 70 80
match the data. Eepp (MeV)

The most basic calculation is the uncoupled one. Calcula-
tions involving couplings will mostly differ from the un- FIG. 11. Fusion excitation functions fol®Ca+ 46485, The

coupled one in the near-barrier regiosy(<150 mh. For  dashed curve is from a no-coupling calculation, and the dot-dashed
higher energies, coupling effects are not very important an@dnd solid lines show the results of coupled-channel calculations.
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FIG. 12. lllustration of the individual contributions of the sur- FIG. 13. Comparison of the experimental fusion barrier distri-
face vibration channels and of the transfer channel to the fusiomutions for*°Ca+ #64%%°to the results of coupled-channel calcula-
excitation functions for*®Ca+ 464859 at near-barrier energies. tions.

satisfactory match between calculated and measured fusiqlin assumptions. Sahet al. [25] first suggested that one

cross sections. The results can be seen in Fig. 11. The trangoy|d deduce the mean value of thedistribution({/) at a

were equal to 1.5 Mev for*®Ca+*°Ti and 1.0 MeV for  section at energies less th&n This problem has been ex-
Cat“°Ti. Since phonon couplings give a good account ofpjored more recently by Balantekt al. [26]. The starting

the 40Ca+ 46T| eXCitation function, Obtaining an Optimum point of the model is the fo”owing expression:

value of the transfer strength for this system is not meaning-

ful. For comparison purposes, a strength of 1.0 MeV was “ rh2 ,

used for this latter system, resulting in little deviation from ons(E)= Z ﬁ(Z/”r 1TAE). (8)

the SVC calculations, due to the negative nature of the 2 /=0 oK

pickup channel value (—2.9 MeV). To make apparent the o .

individual contributions of SVC's and TC's to the fusion 'N€ ke_y hypothesis is th&, is independent of” so that one

cross section, the calculated fusion excitation functions ar&3" write

plotted on an expanded energy scale in Fig. 12. Although we

have demonstrated in a model-independent way that TC's

dominate over SVC’s fof°%Ca+ °°Ti, these coupled-channel T/(E):TO( E-

calculations indicate that for the other two systems, SVC's

are mainly responsible for the subbarrier fusion enhance-

ment. S Y R AR ARE) AR RRARY RAAR) AARMI KA REARN AN MAA
The barrier distributions from these calculations are com-  40ga s 7,

pared with the experimental results in Fig. 13. Because of th pooer

difficulties in extracting fusion barrier distributions, it is not 06

our intention to use this figure to demonstrate the presenc

and effect of TC’s. However, it can be seen that the agree

ment between data and model calculations is good. The ok

servation that the peak in the experimental fusion and quasi

elastic barrier distributions get shorter and wider as one’

moves from “6Ti to °°Ti is reproduced in the simplified

coupled-channel calculations as a result of the transfer cot 02

plings. The positions of the individual barriers resulting from

the couplings are also of interest. These barrier positions an

thelr COI’reSpOﬂdIng Welght factowa II’] Eq. (7), are d|S' 0.0 |||‘|5|5|||161|||5||||5||||||||‘ IRENE RRWA ||11I i ﬂlIJIII P10
played |n F|g 14. 50 0 6 0 65 60 65 50 55 60 65 70
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E. Deduction of the(/)(E) FIG. 14. Barrier strengthsa(,) for the different barriers result-

Finally, we would like to mention one other quantity that ing from the coupled-channel calculations that includes SVC’s and
can be derived from the fusion excitation function with cer-TC's.
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For spherical targets and projectiles it is safe to assume that 40
R2(E)=RZ. An expression for the first moment can be ob-
tained after a change of variables:

/)NE)= i JTdEE’ E’
() )—th%S(E) . o(E')

2/.LR§ -1/2
hZ

X (10

(E-E")+7

<l>

Clearly this model relies on the validity of E(B). However,
recent experimental studies indicate the presence of a set o

. . " 30
barriers rather than a single one. Under these conditions, the

II!I|I|II|ILII||III |||||||||||1||||||| IIII|II|I|IIII|I||I

; o is i 20 o2
fusion cross section is written as £ T T Uncoupled
105— | ——l SVC + TC
(TfUS( E) = ; Wa'(TfUS( E,Vba , Rba ,ﬁwa) (11) 05(_) P T T o R T - L) ” \
E,_  (MeV)

or c.m.

ah? , FIG. 15. Mean compound nucleus angular momentum as ex-
T E) =2 W, 2 ﬁ(Z/’F 1)T,,(E), (12) tracted from the experimental fusion excitation functions using Eq.
« oeH (10) (open symbolsand as given by coupled-channel calculations

. L. - . solid curve$ as a function of the center-of-mass energy.
an effective transmission coefficient can be defined as ( 3 oy

off get and projectile selection has enabled us to highlight the

T, (E)=§ W, T o(E), 13 relative effect of neutron-transfer reactions and surface vi-

bration couplings on the magnitude of the near-barrier fusion

and it will be very difficult to expres3¢(E) as in Eq.(9).  Cross sections. A comparative analysis of the fusion excita-
We have tested the possibilities of this method by using th&ion functions for the three systems shows tf3fii has the
result of a coupled-channel calculation as an input to Eqlargest subbarrier enhancement whifdi has the smallest.

(10). We have concluded that the method works quite well,Because of the isotopic dependence of the collectivities and
even for strong couplings. transferQ values, this can only happen under the presence of
Clearly, the extraction of/') values involves several as- Strong transfer couplings. The effects of surface vibration
sumptions and therefore these values should be consider€@uplings alone would give the opposite result. This inter-
an estimate of the compound nucleus mean angular momeR!etation is additionally supported by the fact that i
tum, rather than a measurement of it. However, in the abtarget also exhibits the broadest barrier distribution.
sence of the latter, these estimates can be useful when, for We have obtained barrier distributions from both fusion
instance, performing statistical model calculations. and quasielastic excitation functions, this being the first time
The extraction of /') values for the systems under study that such comparisons have been published for very symmet-
is of interest because a previous study %8+ Mo and ~ 'ic systems. The similarity between these barrier distribu-
365+ 9)\|o [27] showed that a result of transfer channel cou-tions is remarkable. _ _
pling is to make the compound nucleus spin distribution Coupled-channel calculations were performed assuming
broader. Our results can be seen in Fig. 15, where the opdffSt order surface vibration coupling terms and constant
symbols come from using Eq10) and the solid line is the neutron-transfer couplings. The former mclude_d cpuplmg to
result of the coupled-channel calculation that gives a goodhe lowest 2 and 3~ of both target and projectile. The
account of the fusion cross section, while the dotted |inetran_sfe_r Couplmg Stre_ngths were varied to match the fusion
comes from the uncoupled one. It is reassuring to obsery@Xcitation function, Wl_th s!m|lar values being obtained for_all
that the results in Fig. 15 indicate a broader spin distributiorihrée systems. The differing effects of the transfer couplings
for 5°Ti than for %éTi. The agreement between the coupled-aré explained by the change of neutron-trangjevalues as
channel calculations and the values derived from the fusiof® mass of the target varies. Despite the simplicity of these
excitation function using Eq10) is to be expected since the calculations, we were able to reproduce the experimental re-
centrifugal potential in the coupled-channel calculations jsults.

treated in a similar way to Eq9) for each individual barrier. ~ The results of this work, together to those frém16,10,
clearly point out the importance of coupling to transfer chan-

nels with positiveQ values. We would like to suggest two
additional experiments that we think are of interest. The first
In summary, experiments to measure the fusion excitatioproposed experiment would be to measure the fusion excita-
functions as well as quasielastic angular distributions andion functions for “°Ca+2%Pb. Both target and projectile
excitation functions were performed for the systef€a  have double closed shells, but the neutron richnes¥%f
+46.48.56rj at energies close to the Coulomb barrier. Our tar-together with the relative neutron deficiency #fCa gives

IV. CONCLUSIONS AND OUTLOOK
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rise to very positiveQ values. In addition, recent measure- neutrons goes in the opposite direction, i.e., from lighter
ments were reported fot’Cat 1°20s and %Pt [3], and an  partner to heavier one, fusion would be further helped since
interesting comparison could be made between deformed Othe system would evolve toward a more asymmetric entrance
Pt, and sphericaf%Pb. channel configuration. In other words, assuming that the
To motivate the projectile and target selection for the sectighter partner is the projectile, only projectile neutron
ond proposed experiment, let us first assume that under thsickup has been investigated. Perhaps target pickup has an
right circumstance—positiv® values—a flow of neutrons even stronger influence. Unfortunately, there are not many
can effectively take place and enhance the fusion cross segsrget-projectile combinations that can be used. The most
tion. One realizes then that all the studies done so far inpromising one seems to BECa+ 5Ni.
volved a flow of neutrons from the heavier partner to the
lighter one, and the system evolves to a more symmetric This work was supported by the U.S. Department of En-
shape before fusioning. It can be argued that if the flow ofergy.
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