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Absence of isotopic dependence in the sub-barrier fusion of48Ti1 58,60,64Ni systems
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Fusion process in the near and sub-barrier region has been investigated for the systems48Ti158,60,64Ni using
the heavy-ion reaction analyzer~HIRA!. Fusion excitation functions and the mean angular momenta are
obtained from the measured evaporation residue cross sections. Significant enhancements both in the cr
section and mean angular momentum data are seen with respect to the predictions of the one-dimensio
barrier penetration model. Simplified coupled channel calculations incorporating linear coupling to the inelasti
channels~lowest 21 and 32 states of both the projectile and the target! are not able to explain the observed
enhancements. A systematic analysis of the data indicates lack of isotopic dependence in the sub-barrier fus
for these three systems.

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

The heavy-ion fusion in the energy region around th
Coulomb barrier continues to be a topic of interest. The ba
motivation revolves around the question of understanding
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mechanism underlying the observed enhancement of s
barrier fusion cross sections compared to the predictions
the one-dimensional barrier penetration model~1D BPM!
@1–4#. Investigations of the role of multidimensional evolu
tion of the fusion process in the barrier region indicate a ric
tion
er half.
FIG. 1. Two-dimensional plot of MWPCDE vs focal plane position for particles detected at the focal plane of the HIRA, for the reac
48Ti158Ni at 160 MeV. The evaporation residues are in the upper half of the plot, while the scattered beamlike particles are in the low
803 © 1996 The American Physical Society
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interplay of the nuclear structure and the reaction dynam
resulting in a revival of detailed experimental and theoretic
studies of various aspects of the heavy-ion reaction mec
nism near the Coulomb barrier. Several recipes and mod
have been proposed incorporating the multidimensional
fects, though a comprehensive theory has yet to emerge.
theoretical approaches attempted so far consider the us
energy and spin-dependent potential to account for
energy-dependent path of evolution in the fusion process@5#,
inclusion of effects of the zero-point motion@6#, the static
deformation@7#, the neck formation@8#, and the coupling of
important reaction channels to the entrance channel@9,10#.

There have been several studies of the isotopic dep
dence of the fusion observables~mainly the cross sections! in
the barrier region. Strong isotopic dependence is seen i
few cases, whereas in other cases the dependence turns o
be rather mild. In the case of1442154Sm isotopes@7#, the
increase in the static deformation with mass numberA is
seen to relate well with the observed cross-section enhan
ment. Excitation functions~in some cases also the spin dis
tributions! have been measured for systems involving is
topes of Zr, Ni, Cu, Mo, Ru, Rh, and Sn with variou
projectiles@1–4#. Nickel isotopes~58, 60, and 64! have been
investigated thoroughly using a large number of projectil
@11–15#. The observed behavior may be classified into tw
groups. The first group, consisting of projectiles28Si, 32S,
35Cl, and 58Ni, shows isotopic dependence, while the seco
group, consisting of projectiles30Si, 36S, 37Cl, and 64Ni,

FIG. 2. M /q spectrum~position spectrum! generated by putting
a gate on the evaporation residues in Fig. 1.
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shows very little dependence, if any. The origin of thes
effects@16# has been investigated using the coupled chann
approach. A possible role of transfer couplings has be
identified, although a quantitative explanation has not be
possible in most of the cases because of the nonavailabil
of the data on transfer cross sections in the barrier regio
Further, an exhaustive test of the underlying channel co
pling effects demands a measurement of other fusion obse
ables such as moments of the spin distribution. A limited te
of the theoretical ideas has been possible so far becau
mostly fusion excitation functions alone are available.

A program to measure fusion and transfer for th
48Ti158,60,64Ni systems has been undertaken with the obje
tive of studying the isotopic dependence of the fusion cro
sections for the Ni isotopes in the barrier region. We repor
in this paper, the measurements of the cross sections a
mean spins in the barrier region for the fusion of48Ti with
58,60,64Ni and comparison with other studies involving Ni
isotopes as targets. Simplified coupled channel calculatio
have been performed and compared with the experimen
data.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Experiments were carried out using48Ti beams
(Elab5126–168 MeV! provided by the 15UD Pelletron ac-

FIG. 3. g-ray spectra from the evaporation residues in the rea
tion 48Ti158Ni at 160 MeV. ~a! Gated by mass 102;~b! gated by
mass 103;~c! singles spectrum. The well-identifiedg lines of rel-
evant isotopes are indicated.
ors

TABLE I. Comparison of detection efficiencies~in percentages! as obtained by theg coincidence method

with those obtained by a convolution of particle-parameter distributions with the HIRA transmission. Err
are typically 10% of the values indicated forPACE2 results. Errors for the experimental data are given in
parentheses.

3N 4N
58Ni 60Ni 64Ni 58Ni 60Ni 64Ni

g coincidence 7.7~1.7! 7.1 ~1.5! 9.3 ~2.6! 4.6 ~2.1! 6.1 ~0.6! 11.7 ~1.0!
method

PACE2 6.8 8.0 11.3 6.0 10.9 13.1
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TABLE II. Fusion cross sections for the48Ti1Ni systems.

48Ti158Ni 48Ti160Ni 48Ti164Ni
Ec.m. ~MeV! s fus ~mb! Ec.m. ~MeV! s fus ~mb! Ec.m. ~MeV! s fus ~mb!

72.73 0.14~0.01! 72.87 0.25~0.03! 71.59 0.14~0.01!
73.83 0.55~0.04! 73.99 1.18~0.10! 72.74 0.74~0.65!
74.90 1.41~0.1! 75.01 3.54~0.30! 73.89 2.68~0.20!
76.01 4.87~0.3! 76.11 9.67~0.55! 75.01 14.5~0.75!
76.97 11.9~0.7! 77.16 27.2~1.5! 75.96 30.6~1.5!
77.93 22.5~1.0! 78.14 48.5~2.5! 77.00 48~2.5!
78.94 37.2~2.0! 79.19 78~4! 78.17 62~3!

80.00 57.2~2.95! 80.29 109~6! 79.32 118~6!

81.05 86.0~4.2! 81.38 166~9! 80.40 143~9!

82.06 123~5.5! 82.42 204~10! 81.56 193~9.5!
84.23 188~9! 83.53 232~10.5! 82.69 245~12.5!
86.38 263~12! 85.75 308~15! 83.81 293~17!
88.54 369~19.5! 87.97 373~16! 84.95 322~15.5!
90.74 384~19! 90.19 416~21.5! 86.09 361~17!

92.43 446~23! 88.37 406~21!
90.68 401~22.5!
92.98 473~26!
95.28 495~27.5!
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celerator at the Nuclear Science Centre~NSC!, New Delhi.
Isotopically enriched targets of58Ni ~99.8%!, 60Ni~99.83%!
and 64Ni ~98%! of thicknesses 330, 273, and 242mg cm22,
respectively, were used. The measurements were carried
using the heavy-ion reaction analyzer~HIRA! @17#. Two sili-
con surface barrier detectors, at630° were used for beam
flux normalization. A high purity germanium~HPGe! detec-
tor of 23% relative efficiency and resolution of;2 keV at
1.332 MeV, was placed at 90° to the beam direction for d
tection ofg rays. The focal plane detector system@18# con-
sisted of a 200 mm360 mm position-sensitive multiwire
proportional counter~MWPC! followed by a 180 mm deep
split-anode ionization chamber with an active area of 1
mm335 mm.

Several measurements were done at 160 MeV to obt
the calibration of position at the focal plane, the HIRA de
tection efficiency, charge state and recoil energy distrib
tions, and the angular distribution of the evaporation residu
~ER’s!. The position calibration and the determination of th
dependence of detection efficiency on focal plane posit
was done by varying the HIRA fields to sweep a particul
mass peak across the focal plane. The charge state and r
energy distribution measurements also involved appropri
variation of the HIRA fields. A charge resetting carbon fo
out
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was used to check for any possible effects caused by t
presence of isomeric states. The energy distribution was a
derived from the mass gated time-of-flight spectra obtaine
by g-residue coincidences. For angular distribution of th
residues, a solid angle of 1 msr was used in HIRA, an
measurements were done on both sides of the incident be
direction to fix the true zero degree direction.

The cross sections for ER’s were measured with a 5 msr
solid angle in the HIRA in the energy range from 10% below
the nominal Coulomb barrier to about 15% above the barrie
The HIRA fields were set to select the ER’s with the opti
mum charge state. The fusion cross sections were obtain
by summing up the contributions from the dominant chan
nels, corresponding to evaporation of up to seven nucleon
These channels exhaust almost the entire fusion-evaporat
cross section. A detailed comparison with the calculation
employing the codeCASCADE @19# justified this assumption
except for the58Ni target at higher beam energies, where it i
found that a significant fraction of the evaporation cross se
tion consists of the nine-nucleon and ten-nucleon evapor
tion channels. These particular channels, which involve th
emission of twoa particles, have poor detection efficiencies
because of rather broad energy and angular distribution
residues. A correction up to a maximum of 20% is applied i
TABLE III. Barrier parametersVb andRb for the systems48Ti158,60,64Ni. Errors for the experimental
values are given in parentheses.

Present Expt. Akyu¨z-Winther Vaz systematics
System Vb ~MeV! Rb ~fm! Vb ~MeV! Rb ~fm! Vb ~MeV! Rb ~fm!

48Ti158Ni 78.8 ~0.3! 9.8 ~0.3! 79.3 10.4 80.5 10.2

48Ti160Ni 77.3 ~0.3! 10.0 ~0.3! 78.8 10.5 80.1 10.3

48Ti164Ni 76.7 ~0.3! 10.2 ~0.3! 78.0 10.6 79.2 10.4



l
,
red

Fig.

d

ve

on

and
A.
e
a-

e

806 53A. M. VINODKUMAR et al.
order to account for these channels in the case of58Ni at high
energies. The fission contribution is expected to be small a
has been neglected.

The fusion cross sections fus was obtained by summing
the contributionss i from different evaporation channels
specified by the mass of the residues. The cross sections i

for a given channel may be written as

FIG. 4. Fusion excitation functions for the systems~a! 48Ti
158Ni, ~b! 48Ti160Ni, and~c! 48Ti164Ni. The solid curves give the
results of the 1D BPM calculations, and the dashed curves are
results of coupled channel calculations including couplings to t
lowest 21 and 32 states in the projectile and the target, using th
CCMOD code. The fusion barriers are shown by the arrows. T
statistical errors are within the size of the points.

TABLE IV. Excitation energiesEx and deformation parameters
b of the states included in the coupled channel calculations.

Nucleus State (Jp) Ex ~MeV! b

48Ti 21 0.98 0.269
32 3.36 0.188

58Ni 21 1.45 0.183
32 4.48 0.175

60Ni 21 1.33 0.207
32 4.04 0.190

64Ni 21 1.35 0.179
32 3.56 0.230
nd
s i5

1

e i

Yi

C

dsR

dV
VM , ~1!

whereYi is the yield of thei th evaporation channel,e i the
average HIRA efficiency,C the monitor counts,VM the solid
angle subtended by the monitor, anddsR /dV the Rutherford
differential cross section in the laboratory system.

A typical two-dimensional plot of the energy loss signa
from MWPC vs the focal plane position is given in Fig. 1
showing a clear separation of the residues from the scatte
beamlike particles. TheM /q spectrum, withM andq being
the mass and the charge state of the residues, is shown in
2. The mass assignment, done initially by using ana source
@17#, was confirmed by the coincidentg-ray spectra. Figures
3~a! and 3~b! give theg-ray spectra gated by masses 102 an
103, respectively, showing theg lines for the low-lying tran-
sitions in the corresponding residues. The singlesg-ray spec-
trum is given in Fig. 3~c!. The ratio of the areas of the cor-
respondingg peaks in the gated and the singles spectra gi
the HIRA efficiency.

Absolute detection efficiency of the residues depends
several factors:~i! the distribution of various particle param-
eters such as their mass, energy, charge state, and angle
~ii ! the energy, mass, and angular acceptances of the HIR
Of these, only the former vary for different reactions, whil
the latter are purely instrument related. In the present me

the
he
e
he

FIG. 5. Reduced plots of fusion excitation functions for th
systems48Ti158Ni, 48Ti160Ni, and 48Ti164Ni. The parameters
Rb andVb are calculated using the Akyu¨z-Winther potential. The
solid curve shows 1D BPM results.
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53 807ABSENCE OF ISOTOPIC DEPENDENCE IN THE SUB- . . .
surements, absolute detection efficiencies for various eva
ration channels at different beam energies have been
tained by a combination of theoretical estimates of t
energy and the angular distributions of residues, by expe
mental determination of these distributions for certain s
lected cases, and by direct determination usingg coinci-
dences at the higher energies. Mutual consistency of th
has been established for several cases. The HIRA detec
efficiencies for three-nucleon~3N! and four-nucleon~4N!
evaporation channels at a beam energy of 160 MeV are lis
in Table I. The theoretical estimates based on calculatio
using the codePACE2 @20# agree reasonably well with the
measured values of the efficiencies and have been used in
case of remaining evaporation channels and at the ot
beam energies.

III. RESULTS AND DISCUSSION

The measured values of the fusion cross sections for
the reactions studied are listed in Table II. The errors a
about 15%, with predominant contributions caused by unc
tainties in the HIRA efficiency determination. Correction fo
the beam energy loss in the target has been incorpora
following an iterative procedure. The values of the barri
heightVb and radiusRb , extracted from the above barrie
data by a least-squares fit using the expression based on
sical sharp cutoff model, are listed in Table III. It is seen th
the values of the parameters are lower than those obtai
from the systematics@21# as well as the ones calculated wit
the potential of that of Akyu¨z and Winther@22#. Similar dis-
agreement was reported earlier for other systems@14#. The
observed disagreement could be attributed, in part, to
nuclear potential, which can be determined more precis
from elastic scattering data in the Coulomb barrier regio
Also, the values of the parameters obtained by least-squa
fit may be in error if the measurements do not extend
sufficiently high energies or if account is not taken of an
systematic energy dependence of the detection efficiency
partial missing of the yields of some channels.

The fusion excitation functions, plotted in Fig. 4, sho
large enhancements in the sub-barrier region as compare
the predictions of the one-dimensional barrier penetrat
model with the barrier parameters calculated using t
Akyüz and Winther parametrization of the ion-ion potenti
@22#. The dashed curves show the results of a simplifi
coupled channel calculation using the codeCCMOD @23# in-
cluding the first-order coupling to the inelastic excitations
the lowest 21 and 32 states in the target and projectile. Th
values of the deformation parametersb2 andb3 , taken from
the literature@24,25#, are listed in Table IV. The observed
sub-barrier enhancements cannot be accounted for by th
calculations.

A comparison of the fusion data for the reactions studi
is made in Fig. 5, where purely geometrical effects are
moved by plottings fus/Rb

2 vs (Ec.m.2Vb). It is clear that
there is no significant isotopic dependence in the cross s
tions for the three Ni isotopes with the sub-barrier fusio
enhancements being more or less similar. At energies aro
the barrier, some variations are apparent with the60Ni data
lying in between those for58Ni and 64Ni.

The residual asymptotic barrier shiftsDB2132 have been
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calculated between the coupled channels and the experim
tal excitation functions at the 1 mb level. Figure 6 shows th
residual shifts plotted against the productZpZt of the nuclear
charges, which is taken as a measure of the nuclear ove
at the barrier. The data shown include measurements on
isotopes using the28,30Si, 32,36S, 35,37Cl, and 58,64Ni beams
@12–15,26# besides the48Ti beam from the present experi-
ment. TheDB2132 values gradually increase with the mas
though sudden jumps are seen for a few beams on the64Ni
target. In order to investigate the possible systematics und
lying the residual asymptotic shifts, we have extracted f
each beam, an ‘‘average value’’ taken over the Ni isotop
and a ‘‘relative value’’ defined as the difference for th
58Ni and 64Ni. The averageDB2132, plotted in Fig. 7~a!,
shows an almost linear rise with a value close to zero for
and; 2.5 MeV for Ni beams. Experimental value from ou
measurements for the48Ti beam falls reasonably well on this
line. On the other hand, the relativeDB2132 , plotted in Fig.
7~b!, is seen to divide the reactions under consideration in
two distinct sets. SetA, with large values around 1.4 MeV of
the relativeDB2132, consists of28Si, 32S, 35Cl, and 58Ni
beams. SetB, of the remaining beams, shows small value
scattered around zero. All the beams belonging to setA have
positiveQ values for the two-neutron–pickup reaction to th
ground state. The48Ti1 64Ni system also has a positiveQ
value for the 2n-pickup reaction, and therefore should show

FIG. 6. Residual barrier shifts relative toCCMOD calculations
including inelastic coupling to 21 and 32 states in the projectiles
and the targets for various systems involving nickel targets. T
arrows indicate the merging of data points. The data for28,30Si and
32,36S are from Ref.@14#, for 35,37Cl from Refs.@12,13,26#, and for
58,64Ni from Ref. @15#. The present data for48Ti projectile are also
included.
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FIG. 7. ~a! The average residual barrier shifts for58Ni and 64Ni for given projectiles.~b! The difference in the residual barrier shifts fo
58Ni and 64Ni for given projectiles.
o

t

ge
ci-
be
u-

ra-
een

ve
lar
e of
duce
e-
lues
al
e to

,
-
ed
s
-
ce
the
a

rly
up with additional enhancement having large ‘‘relativ
DB2132’’. However, the present measurements indicate th
the 48Ti beam does not show the additional enhancement
the 64Ni target, quite in contrast to the case of the fusion
neighboring beams of setA.

A quantitative explanation of the observed lack of th
additional enhancement for the48Ti1 64Ni system may be
searched through coupled channel calculations involvi
transfer form factors obtained using the sub-barrier trans
data. However, in the absence of such a measuremen
would be worthwhile to speculate on any distinctive featu
of the 48Ti beamvis-á-vis beams of setA. One such aspect
concerns a possible role of the ‘‘N/Zequilibration,’’ while the
system is evolving towards fusion. It is interesting to no
that for all the systems with positiveQ values for the 2n-
pickup channel on64Ni, theN/Z values of the projectile-like
and the target-like nuclei following the 2n-pickup process
remain intermediate between theN/Z values of the fused sys-
tem and the corresponding initial nuclei, with the sole exce
tion of the 48Ti case. In the case of48Ti the 2n-pickup pro-
cess carries theN/Z values of the participants beyond that fo
the fused system, and thus may not contribute towards
fusion enhancement.

Besides the possible transfer-related additional enhan
ment for the beams of setA on 64Ni target, the behavior of
the averageDB2132 @Fig. 7~a!# relates well with the extent
of the nuclear overlap at the barrier. A modification in th
ion-ion potential was attempted by adjusting the parame
dv @23# in order to understand this behavior. A value ofdv,
which reproduces the residual asymptotic barrier shift f
48Ti, was found to overpredict the value for28Si by about 1
e
at
for
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e

ng
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t, it
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e

p-

r
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MeV. Thus it is not possible to account for the avera
DB2132 with a single set of values of the parameters spe
fying the heavy-ion potential, and the observed trend may
a manifestation of the increasing role of higher-order co
plings @27#.

A statistical model analysis of the experimental evapo
tion residue cross sections for the three systems has b
carried out using the codeCASCADE @19# following a method
similar to that used by Dasguptaet al. @23#. The analysis
requires the mean angular momentum^l &\ of the com-
pound nucleus as a critical input for predicting the relati
yields of the various evaporation channels. A triangu
shape was assumed for the spin distribution, and the valu
the mean angular momentum was adjusted so as to repro
the ratioR of the observed yields of the four- and thre
nucleon evaporation channels. The derived mean spin va
are compared with the calculations in Fig. 8. Statistic
model parameters were varied over a reasonable rang
estimate the error in the derived^l &\ values. The estimated
errors are found to be lowest for the48Ti 1 64Ni system and
highest for the48Ti 1 60Ni system. For the lowest energies
where the ratioR becomes quite small, the inherent limita
tions of the method give larger uncertainties in the deriv
^l &\. It is seen from the figure that all the three system
show deviations from the predictions of 1D BPM. The sim
plified coupled channel calculations also do not reprodu
the experimental mean spin values. This is evident in
case of 60Ni and 64Ni, although the errors do not permit
definite conclusion for the case of58Ni. The expected behav-
ior of saturation at energies well below the barrier is clea
seen in the case of58Ni.
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Under certain reasonable assumptions, the spin distri
tion in the compound nucleus may be obtained from t
shape of the excitation function@28#. We have extracted the
mean spin values from the experimental excitation functio
following the procedure used by Ackermannet al. @29#. The

FIG. 8. Angular momentum distributions in the compoun
nucleus for the fusion of48Ti with 58,60,64Ni targets. The filled
circles are the experimental values derived from observed ratio
yields of evaporation residues for 4N and 3N channels. Lon
dashed curves show the values derived from the fusion excita
function, whereas solid curves are the results ofCCMOD calculations
including the lowest inelastic excitations. The short-dashed cur
represent 1D BPM results. The arrows indicate the fusion barrie
bu-
he

ns,

results shown in Fig. 8 by the long-dashed curve, are fou
to be consistent with the values derived using the experim
tal ratioR.

IV. SUMMARY

The fusion process has been investigated at energies n
and below the Coulomb barrier region for the system
48Ti1 58,60,64Ni. The absolute fusion cross sections have be
derived from the yields of the various evaporation residu
detected at the focal plane of the recoil mass separator,
HIRA. The fusion excitation functions for all the three sys
tems show residual enhancements with respect to the res
of simplified coupled channels calculations done by inclu
ing the effects of first-order couplings to the lowest 21 and
32 inelastic excitations of the colliding nuclei. The exper
mental ratios of the yields of the four- and three-nucleo
evaporation channels were used to derive the mean ang
momentum of the compound nucleus, with the help of s
tistical model calculations based on the codeCASCADE. The
derived mean spin values also show enhancements o
coupled channel calculations, around the barrier regio
However, the experimental data fail to show any mark
isotopic dependence. A possible role of a few nucleon tra
fer couplings as well as higher-order–multiphonon couplin
needs to be investigated.
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