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Fusion of 46Ti¿46Ti near the Coulomb barrier
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Fusion cross sections have been measured for the symmetric system46Ti146Ti in the energy range encom-
passing the Coulomb barrier. A representation of the fusion barrier distribution has been obtained from the
second energy derivative of the excitation function. The data are well described by coupled-channels calcula-
tions including two quadrupole phonons and one octupole phonon of both colliding nuclei. The comparison
with previous data for40Ca146Ti and 40Ca140Ca clarifies the relative importance of various low-lying inelas-
tic exitations of46Ti and of 40Ca in the subbarrier fusion yields. Similarities with the case of58Ni160Ni are
pointed out.
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I. INTRODUCTION

Heavy-ion fusion near and below the Coulomb barrier
strongly influenced by the nuclear structure of the collidi
ions ~see, e.g., Refs.@1,2#!. The study of fusion barrier dis
tributions, extracted as the second energy derivative of
sion excitation functions@3#, has been a breakthrough in e
lightening the role played by couplings to collective degre
of freedom. Early experiments@4,5# concerned reaction
where heavy deformed targets (154Sm, 186W) were bom-
barded by16O; subsequently, the use of a40Ca beam allowed
us to observe@6# the different effects caused by the prola
and oblate deformation of192Os and194Pt. Very recently, the
influence of higher-order deformations in the fusion of168Er
with 34S has been shown@7#. In parallel, detailed investiga
tions of systems such as16,17O1144Sm @8#, 58Ni160Ni @9#,
and 40Ca190,96Zr @10# were carried out, where the promine
influence of low-lying inelastic excitations was clear
shown, along with the possible role played by neutron tra
fer channels. Recently, the detailed study of36S190,96Zr @11#
has allowed us to single out the effect introduced by
strong octupole vibration in96Zr.

In particular, the characteristic structures produced in
barrier distribution by multiphonon excitations was fir
shown by the study of the ‘‘quasisymmetric’’ system58Ni
160Ni @9#. Hence the investigation of fusion between ide
tical nuclei with well-known collective excitations at low
energies is interesting in order to further clarify the influen
of such inelastic states on fusion. The symmetry of the s
tem allows one to deduce the effect of the quadrupole~or
octupole! phonon that is present in the projectile as well as
the target nucleus, in a favorable condition. We chose
case of46Ti146Ti, since this nuclide has a low-energy stru
ture with collective excitations among the strongest o
known in the mass regionA'40–60, and the 21 state lies at
889 keV only. The octupole vibration is weak and above
MeV, hence its effect on fusion should be less important

Further interest in the study of46Ti146Ti arises from the
possibility of a comparative analysis with the two syste
40Ca140Ca and 40Ca146Ti. The fusion excitation function
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of 40Ca140Ca was measured a long time ago@12#, and pro-
vides a reference case with a barrier distribution showin
single peak characteristic of the collision between t
spherical rigid nuclei. The intermediate case40Ca146Ti is
also known@13# and its barrier distribution has two peak
This will help to clarify the transition from the spherical ca
to the strongly collective46Ti146Ti system.

Transfer couplings are not expected to be important in
of the three combinations involving46Ti and 40Ca, since
neutron and proton transferQ values are largely negative i
all cases.

Section II of this paper presents the experimental se
and the measurements, together with the experimental d
in Sec. III a full comparison is done with the previous da
for 40Ca140Ca and 40Ca146Ti; Sec. IV reports about the
data analysis within the coupled-channels model, and
analogies with the case of58Ni160Ni are pointed out. The
most relevant conclusions are summarized in Sec. V.

II. EXPERIMENT

The experiment has been performed using the46Ti beam
of the XTU Tandem accelerator of the Laboratori Nazion
di Legnaro of Istituto Nazionale di Fı´sica Nucleare. A TiH
sample enriched to around 77% in mass 46 was introdu
in the sputter ion source. The accelerated beams had typ
intensities 5–10 pnA and energies in the range 116.0 to 14
MeV, and the targets were evaporations of46Ti
(50 mg/cm2) on carbon backings (15mg/cm2) facing the
beam. The target isotopic enrichment was 96.84%; the p
ence of small amounts of heavier titanium isotopes int
duced small corrections to the measured evaporation res
yields. The beam energy loss across the carbon backing
half of the 46Ti target was.900 keV, depending on the
energy, and it was taken into account in the data reducti

The fusion-evaporation residues~ER! were detected at 0°
and at small angles by using an electrostatic deflector@14#
that separated out the beam and beamlike particles. The
were then identified by a time-of-flight energy~E! telescope
consisting of a microchannel plate detector and~40 cm
©2002 The American Physical Society09-1
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A. M. STEFANINI et al. PHYSICAL REVIEW C 65 034609
downstream! of a 300 mm2 silicon surface-barrier detecto
The transmission of the electrostatic deflector was estim
to be 0.6760.07 by Monte Carlo calculations~see Refs.
@11,15#!. Four monitor detectors were placed atu.16°,
symmetrically around the beam direction. More details of
setup and of the experimental procedure can be found in
recent paper@11# reporting on the study of36S190,96Zr.

The zero degree excitation function was measured i
single sequence of runs with energy stepDElab51.0 MeV,
starting from the highest energy 142 MeV. The ER angu
distribution was measured atElab5130 MeV in the range
26° to 14° with steps of one degree. The energy dep
dence of the width and shape of the angular distribution
expected to be very small in the energy range of the exc
tion function, as actually observed in our previous expe
ments on near-barrier fusion~see Refs.@10,11#!. The mea-
sured angular distribution for46Ti146Ti is symmetrical
around the nominal 0° and drops by a factor'30 at 6°.

Since fusion-fission is negligible, total fusion cross se
tions were obtained by integrating the angular distribution
130 MeV and by the 0° yields normalized to the elas
counts into the monitors, and the~small! correction for Mott
scattering was included. The accuracy of the absolute c
section scale is estimated to be614% ~see Refs.@9,11# for
more details!, where the errors on the transmission of t
deflector, on the angular distribution measurement, and
the detectors solid angles are taken into account. Statis
uncertainties~determining relative errors! are much smaller,
i.e., around 1% above or around the barrier, increasing u
'20% at the lowest energies.

Table I reports the cross sections measured in this w
and Fig. 1 is the corresponding plot. The fusion barrier d
tribution of 46Ti146Ti was extracted as the second ener
derivative of the excitation function@3#, approximated by the
three-point difference formula@10# with a step DElab
52 MeV ~using DElab51 MeV leads to very large erro
bars!. The barrier distribution is shown in Fig. 2 where th

TABLE I. Fusion cross sections of46Ti146Ti measured in this
work. Energies are in the center of mass system; quoted error
pure statistical uncertainties.

E ~MeV! sER ~mb! E ~MeV! sER ~mb!

58.0 0.4560.15 65.0 113.562.1
58.5 0.5660.14 65.5 141.462.4
59.0 1.7760.27 66.0 159.562.3
59.5 3.2460.27 66.5 171.863.5
60.0 5.3360.45 67.0 216.064.4
60.5 9.0660.49 67.5 227.963.0
61.0 12.7460.52 68.0 273.663.2
61.5 21.2260.65 68.5 297.063.3
62.0 29.2561.06 69.0 329.063.6
62.5 39.961.2 69.5 338.663.8
63.0 43.662.1 70.0 342.664.3
63.5 62.761.6 70.5 383.564.4
64.0 80.762.1 71.0 372.465.7
64.5 93.362.1
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ordinateB is normalized topRb
2 , andRb is the barrier radius

obtained from the Akyu¨z-Winther potential@16#. We observe
two peaks,'2.2–2.4 MeV wide~full width at half maxi-
mum!, at approximately 61 MeV and 64 MeV; points abov
68 MeV are not reported because of the very large uncert
ties.

III. COMPARING WITH NEARBY SYSTEMS

The fusion cross sections of46Ti146Ti measured in this
work are plotted in Fig. 3 together with the previous data
40Ca140Ca @12# and for the intermediate system40Ca
146Ti @13#, in a reduced energy scale that takes into acco
the different Coulomb barriers calculated from the Akyu¨z-
Winther potential@16#. We point out that the excitation func

re

FIG. 1. The excitation function of46Ti146Ti, as measured in
this work ~dots!, is compared with the results of coupled-chann
calculations; see text for more details.

FIG. 2. The fusion barrier distribution extracted from the ex
tation function of46Ti146Ti ~dots!, and the distributions calculate
by the CC model; the legend is the same as for Fig. 1.
9-2



d-
a

o
gy
fo

iv

s
ith

a
t

nc
no
ec

f
tu
ei

a

c

th

t
r-
e
.
t

ta

-

e

of

is
is

nd
-
ed
-

ou-
ifi-
en
ve

e

data
s

ap-

r ffer-

FUSION OF 46Ti146Ti NEAR THE COULOMB BARRIER PHYSICAL REVIEW C 65 034609
tions of 40Ca140Ca and that of40Ca146Ti were successfully
reproduced@17,13# by coupled-channels calculations inclu
ing low-lying inelastic excitations and transfer couplings
well, although much less important.

At a first glance~Fig. 3!, the three excitation functions d
not look very different from each other in the whole ener
range, apart from a small relative enhancement visible
46Ti146Ti at subbarrier energies, at variance with the na
expectation that the strong low-lying (Ex50.889 MeV) 21

state of 46Ti would imply much larger fusion cross section
below the barrier for systems involving that nucleus, w
respect to the fusion of two magic40Ca nuclei. Actually,
although having a rigid, double closed-shell structure,40Ca
shows a very strong octupole vibration at 3.737 MeV th
greatly increases the subbarrier fusion yields compared to
one-dimensional penetration of the Coulomb barrier, si
the main consequence of that high-energy excitation is re
malizing the bare ion-ion potential. Similar fusion cross s
tions are observed in the reduced energy scale of Fig. 3
40Ca146Ti, where one has the concurring effect of the oc
pole and quadrupole excitations of the two colliding nucl
Replacing, further,40Ca with a second46Ti does not bring
large additional effects, at the level of comparing the ne
barrier and subbarrier excitation functions.

Actually, differences between the three excitation fun
tions are present. The data for40Ca140Ca fall down more
steeply with energy between 100 mb and 1 mb, while
cross sections for46Ti146Ti are lower than for the other two
cases at energies around the Coulomb barrier. By using
‘‘enlarging lens’’ offered by the technique of extracting ba
rier distributions, those and other significant differenc
show up. The three barrier distributions are shown in Fig
in the same reduced energy scale of Fig. 3. One sees tha
distribution for 40Ca140Ca ~crosses! is the prototype of a
single-barrier structure produced by the magic nature of

FIG. 3. Fusion cross sections of46Ti146Ti ~dots!, 40Ca146Ti
~open dots! @13#, and 40Ca140Ca ~crosses! @12# in a reduced energy
scale. The excitation functions of the three systems are simila
each other in this representation.
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get and projectile, although the position of the barrier~see
Ref. @2#! is shifted'2.5 MeV downwards in energy com
pared with the standard Akyu¨z-Winther value. The barrier
distribution of 40Ca146Ti ~open dots, see Ref.@6#! has a
main peak~whose position is also'2.5 MeV lower than the
Akyüz-Winther value! and a smaller, but clearly visible
bump .3 MeV higher in energy, due to coupling to th
low-lying 21 excitation of 46Ti.

The distribution for 46Ti146Ti ~full dots! shows a more
complex situation, as commented above, with two peaks
similar strength at approximately 61 MeV and 64 MeV~the
Akyüz-Winther barrier is at 64.2 MeV! where the combined
effect of the quadrupole excitations in the two nuclei
dominant, possibly including two-phonon excitations. Th
barrier distribution is similar in nature to the case of58Ni
160Ni @9# where two-phonon excitations in both target a
projectile~four phonons overall! were identified as being re
sponsible for the observed structure with two well resolv
peaks of comparable intensity~and a smaller one at low en
ergy, in that case!.

Going from 40Ca140Ca to 40Ca146Ti and to 46Ti146Ti
one observes a transition where the various relevant c
plings do not change the subbarrier fusion yields sign
cantly, and differences can be noticed clearly only wh
comparing the fusion barrier distributions. A less qualitati
interpretation of the evidences for46Ti146Ti is mandatory at
this point, in view of the hints for effects of complex surfac
vibrations on subbarrier cross sections.

IV. COUPLED-CHANNELS CALCULATIONS

The coupled-channels~CC! program CCFULL @18# has
been employed for the theoretical analysis of the present
on 46Ti146Ti, in a modified version that allows calculation
for fusion of identical nuclei@19#. In CCFULL the number of
CC equations is reduced by means of the isocentrifugal

to

FIG. 4. Barrier distributions of46Ti146Ti ~dots!, 40Ca146Ti
~open dots! @13#, and 40Ca140Ca ~crosses, taken from Ref.@2#! in a
reduced energy scale. The three barrier distributions are very di
ent from each other.
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proximation, and an incoming-wave boundary condition
placed inside the barrier. Since simple linear couplings
the adiabatic approximation fail to describe the dynamics
heavy-ion subbarrier fusion@20–22#, CCFULL includes the
effects of inelastic nonlinear couplings to all orders, and
takes full account of the finite excitation energies of t
coupled modes. Vibrational couplings are treated in the h
monic limit. The Akyüz-Winther potential parameters a
V0566.07 MeV, r 051.175 fm, anda50.66 fm. The cor-
responding potential barrier hasVb564.2 MeV, Rb
510.09 fm, and\v53.69 MeV. With respect to this, the
bare potential used in the present CC calculations has un
gone a few modifications, i.e., the potential well has be
chosen to be deeper (V05110 MeV), but only in order to
minimize oscillations in the trasmission coefficients of hi
partial waves, especially at high energies, so that
ingoing-wave boundary condition is correctly applied.

The radius parameter has been reduced accordinglyr 0
51.144 fm), in order to fit the high-energy cross sectio
the diffuseness ‘‘a’’ has not been varied. The resulting barri
(Vb563.3 MeV, Rb510.27 fm, and\v53.77 MeV) is
slightly ~0.9 MeV! lower than the Akyu¨z-Winther value.

The lowest 21 state of 46Ti lies at 0.889 MeV@23#; the
deformation parameter for this state was chosen to bb
50.256@24#, i.e., .20% lower than the value derived from
the B(E2) strength adopted in Ref.@23#. Using this last
value brings to serious overestimations of the subbarrier
sion cross sections even considering one-phonon excita
only. The octupole vibration is at 3.058 MeV@23#, with b
50.142. Q values for all transfer channels are all negat
and lower than22.2 MeV, hence transfer couplings are n
expected to be important and have not been considered in
CC calculations.

The results ofCCFULL for the cross sections are shown
Fig. 1; the no-coupling limit is also shown for reference. O
sees immediately that the effect of the octupole vibration
predicted to be relatively small~short-dashed line!, and,
since the excitation energy of the 32 state is large~but not
larger than\v53.77 MeV), one almost obtains only
‘‘rigid’’ shift of the excitation function towards lower ener
gies ~by '0.6 MeV). Indeed, in Fig. 2 the correspondin
barrier distribution~short-dashed line! has a main peak tha
is shifted with respect to the no-coupling case~dots!, and a
small second peak appears around 66 MeV.

Structural changes in the barrier distribution are caused
the lower-lying quadrupole excitations, along with larger e
hancements of the subbarrier cross sections. Figure 1 sh
that the calculation~long-dashed line! considering two-
phonon excitations only~i.e., the lowest 21 state inboth
colliding nuclei! does not reproduce correctly the low-ener
cross sections that are slightly underestimated forE
<61 MeV; the calculated excitation function appears to f
down too sharply with decreasing energy in that range. T
corresponding barrier distribution~Fig. 2! has two peaks like
the ‘‘experimental’’ one but the overall fit is not very goo
Better agreement is found, both for cross sections and
barrier distribution, when the calculation includes fo
quadrupole-phonon states~two in the projectile and two in
the target!, as shown by the full lines in Figs. 1 and 2.
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particular, the shape of the excitation function at low en
gies is nicely reproduced, and the~more complex! barrier
distribution is very near to the experimental evidences. T
larger subbarrier cross sections in the four-phonon calc
tion are generated by the small bump in the barrier distri
tion visible at.59 MeV.

Overall, the situation is similar to that found for58Ni
160Ni @9#, where the target and projectile double-phon
excitations were shown to be essential ingredients of sub
rier fusion yields. The barrier distribution of46Ti146Ti is
'8 MeV wide, a value very much close to the case of
1Ni ( .13 MeV) when one takes into account the differe
Z1Z2 product. The large and clearly resolved peaks~see
again Fig. 2! are characteristic of strong phonon coupling

However, the two-phonon calculation for58Ni160Ni
manifestly failed even at the qualitative level, while it is st
acceptable for the present46Ti146Ti data. Here it seems tha
the role of double-phonon excitations in both projectile a
target ~four phonons! is less essential. The difference b
tween full and long-dashed lines in Fig. 1 is not at all lar
and its significance is unclear, also in view of the uncertai
in the choice of the deformation parameter for the 21 state
~see above!. This state is anyway more collective than th
corresponding one in58,60Ni, and no loss of collectivity can
be claimed for the 41 state of46Ti @23,24#, hence we tend to
attribute the less important role of double phonons in46Ti
146Ti to the smallerZ1Z2 product in this system, which
scales down the coupling strengths.

V. SUMMARY AND CONCLUSIONS

Fusion-evaporation cross sections have been measure
the symmetric system46Ti146Ti near and below the Cou
lomb barrier. The ‘‘fusion barrier distribution,’’ i.e., the sec
ond energy derivative of the excitation function, has be
extracted from the data. It has a structure with two resolv
peaks of comparable intensity, thus indicating couplings
strong surface vibrations.

The comparison of the present data with the correspo
ing ones for40Ca140Ca and40Ca146Ti shows that subbar-
rier fusion yields are not very different for the three syste
in spite of the well-known differences of nuclear structu
between40Ca and46Ti. On the other hand, more subtle in
formation is hidden in the curvatures of the excitation fun
tions, and shows up clearly in the barrier distributions th
are very different in the three cases.

The present data for46Ti146Ti have been analyzed
within the coupled-channels model, by the codeCCFULL that
treats the excitation energies of the coupled modes corre
and with full-order couplings. While the octupole vibration
not negligible, the strong quadrupole excitation of46Ti is
dominating. Good agreement is found, both for the cr
sections and for the barrier distribution, with the calculati
including two quadrupole phonon states in both collidi
nuclei, besides the octupole modes, though there is relati
little change with respect to the results obtained with o
quadrupole-phonon in each46Ti. The experimental data an
the indications coming from the CC model give a significa
degree of similarity between the present system and the
vious case of58Ni160Ni.
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