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Absence of isotopic dependence in the sub-barrier fusion ofeTi+ 806N systems
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Fusion process in the near and sub-barrier region has been investigated for the §§Eiterrfs®*5Ni using
the heavy-ion reaction analyzéHIRA). Fusion excitation functions and the mean angular momenta are
obtained from the measured evaporation residue cross sections. Significant enhancements both in the cross
section and mean angular momentum data are seen with respect to the predictions of the one-dimensional
barrier penetration model. Simplified coupled channel calculations incorporating linear coupling to the inelastic
channels(lowest 2" and 3~ states of both the projectile and the tajgate not able to explain the observed
enhancements. A systematic analysis of the data indicates lack of isotopic dependence in the sub-barrier fusion
for these three systems.

PACS numbsds): 25.70.Jj, 24.10.Eq

I. INTRODUCTION mechanism underlying the observed enhancement of sub-
barrier fusion cross sections compared to the predictions of
The heavy-ion fusion in the energy region around thethe one-dimensional barrier penetration modeD BPM)
Coulomb barrier continues to be a topic of interest. The basif1-4]. Investigations of the role of multidimensional evolu-
motivation revolves around the question of understanding th&on of the fusion process in the barrier region indicate a rich

48Tj + 58Ni (160 MeV)

AE

FOCAL PLANE POSITION

FIG. 1. Two-dimensional plot of MWP@E vs focal plane position for particles detected at the focal plane of the HIRA, for the reaction
“8Ti + 58N at 160 MeV. The evaporation residues are in the upper half of the plot, while the scattered beamlike particles are in the lower half.

0556-2813/96/5@)/803(8)/$06.00 53 803 © 1996 The American Physical Society



804 A. M. VINODKUMAR et al. 53

2400 160

(a)Coincidence with

48 58 .
S5iv Ni 160 Mev A=102

-
~
o~
&
k=3

| 487, 58y;
5 160 Mev

157.4 (Ag,Cd)
2413 (Cd)
-

103/23+

269.2 {Cd)

1800

[
368.51(Cd)
397.7(Cd, Ag)
66.4 (Ag)
93.1(Cd)

4
5

g”sl((d)

300

1200 (b)Coincidence with

A =103

Counts
260.0 (Cd)
420.2(Ag)
639.9 {Ag}

W«w\’vww-.u

(c) Singles

100/21+

4000

r " L L ] n L h L
47 86 125 163 202
X~Position (in channels)

Energy LkeV)

FIG. 2. M/qg spectrum(position spectrumgenerated by putting

a gate on the evaporation residues in Fig. 1. ) ] ]
FIG. 3. y-ray spectra from the evaporation residues in the reac-

. . ._tion “*®Ti+58Ni at 160 MeV. (a) Gated by mass 102p) gated by
interplay of the nuclear structure and the reaction dynamlctﬂass 103{(0) singles spectrum. The well-identifieg lines of rel-

resulting in a revival of detailed experimental and theoretical, ¢ isotopes are indicated.
studies of various aspects of the heavy-ion reaction mecha-
nism near the Coulomb barrier. Several recipes and modeihows very little dependence, if any. The origin of these
have been proposed incorporating the multidimensional efeffects[16] has been investigated using the coupled channel
fects, though a comprehensive theory has yet to emerge. Tiaproach. A possible role of transfer couplings has been
theoretical approaches attempted so far consider the use @fentified, although a quantitative explanation has not been
energy and spin-dependent potential to account for th@ossible in most of the cases because of the nonavailability
energy-dependent path of evolution in the fusion proggks ~ ©f the data on transfer cross sections in the barrier region.
inclusion of effects of the zero-point motid6], the static  Further, an exhaustive test of the underlying channel cou-
deformation[7], the neck formatiorig], and the coupling of  Pling effects demands a measurement of other fusion observ-
important reaction channels to the entrance chafab. ables such as moments of the spin d|str|b_ut|on. A limited test
There have been several studies of the isotopic deper?—f the theoretical ideas has been possible so far because

dence of the fusion observablemainly the cross section mostly fusion excitation functions alone are available.
A program to measure fusion and transfer for the

the barrier region. Strong isotopic dependence is seen in gsg £8.60 64 1: ) :
few cases, whereas in other cases the dependence turns out td! * Ni systems has been undertaken with the objec-

be rather mild. In the case of** !%Sm isotopeg7], the tive of studying the isotopic dependence of the fusion cross
increase in thé static deformation with mass num,Aeis sections for the Ni isotopes in the barrier region. We report,
seen to relate well with the observed cross-section enhancg! this paper, tk;]e r;ea_surem_entsf of rt]hef CI’_OSS(@?QCUQI’I;] s and
ment. Excitation functiongin some cases also the spin dis- g%ggﬁp'”s In the barrier re.g;]on r?r the fusion 'IW't .
tributions have been measured for systems involving iso- i and comparison with other studies involving Ni

topes of Zr, Ni, Cu, Mo, Ru, Rh, and Sn with various isotopes as targets. Simplified coupled ghannel caICL_JIations
projectiles[1—4]. Nickel isotopeg58, 60, and 6have been have been performed and compared with the experimental
investigated thoroughly using a large number of projectileéjata'

[11-15. The observed behavior may be classified into two
groups. The first group, consisting of projectilési, %S,
35CI, and ®®Nii, shows isotopic dependence, while the second Experiments were carried out using®Ti beams
group, consisting of projectiles®si, *°s, ¥’Cl, and ®Ni,  (E,;,=126—168 MeV provided by the 15UD Pelletron ac-

Il. EXPERIMENTAL DETAILS AND DATA ANALYSIS

TABLE I. Comparison of detection efficienci€s percentagesas obtained by the coincidence method
with those obtained by a convolution of particle-parameter distributions with the HIRA transmission. Errors
are typically 10% of the values indicated faracez results. Errors for the experimental data are given in

parentheses.
3N 4N
58N i 6ON i 64Ni 58Ni GONi 64Ni
v coincidence 7.11.7) 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 10.9 131
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TABLE Il. Fusion cross sections for th&Ti+Ni systems.

“8Ti + 8N “8Ti + 50N “BTi + 5N
Ecm (MeV) a1ys (Mb) Ecm. (MeV) Trys (MD) Ecm. (MeV) arys (Mb)
72.73 0.140.01) 72.87 0.2%0.03 71.59 0.140.01)
73.83 0.5%0.04) 73.99 1.180.10 72.74 0.740.65
74.90 1.410.1) 75.01 3.540.30 73.89 2.680.20
76.01 4.870.3 76.11 9.670.55 75.01 14.%0.795
76.97 11.90.7) 77.16 27.21.5 75.96 30.61.5
77.93 22.51.0 78.14 48.%2.5 77.00 482.5
78.94 37.22.0 79.19 784) 78.17 623)
80.00 57.22.95 80.29 1096) 79.32 1186)
81.05 86.04.2 81.38 1669) 80.40 1439)
82.06 1285.5 82.42 20410 81.56 19%9.5
84.23 1889) 83.53 23210.5 82.69 24%12.5
86.38 263812 85.75 30815) 83.81 29817)
88.54 36919.5 87.97 37816) 84.95 32215.5
90.74 38419 90.19 41621.5 86.09 36117)
92.43 44623) 88.37 40621
90.68 40122.95
92.98 47326)
95.28 49%27.95

celerator at the Nuclear Science CenSC), New Delhi.  was used to check for any possible effects caused by the
Isotopically enriched targets ofNi (99.8%, 5Ni(99.83%  presence of isomeric states. The energy distribution was also
and ®*Ni (98%) of thicknesses 330, 273, and 248 cm 2,  derived from the mass gated time-of-flight spectra obtained
respectively, were used. The measurements were carried ooy y-residue coincidences. For angular distribution of the
using the heavy-ion reaction analyZefiRA) [17]. Two sili-  residues, a solid angle of 1 msr was used in HIRA, and
con surface barrier detectors, aB80° were used for beam measurements were done on both sides of the incident beam
flux normalization. A high purity germaniufHPGe detec-  direction to fix the true zero degree direction.
tor of 23% relative efficiency and resolution ef2 keV at The cross sections for ER’s were measurechwits msr
1.332 MeV, was placed at 90° to the beam direction for desolid angle in the HIRA in the energy range from 10% below
tection of y rays. The focal plane detector syst¢h8] con-  the nominal Coulomb barrier to about 15% above the barrier.
sisted of a 200 mm60 mm position-sensitive multiwire The HIRA fields were set to select the ER’s with the opti-
proportional countefMWPC) followed by a 180 mm deep mum charge state. The fusion cross sections were obtained
split-anode ionization chamber with an active area of 12(y summing up the contributions from the dominant chan-
mmx35 mm. nels, corresponding to evaporation of up to seven nucleons.
Several measurements were done at 160 MeV to obtaifihese channels exhaust almost the entire fusion-evaporation
the calibration of position at the focal plane, the HIRA de-cross section. A detailed comparison with the calculations
tection efficiency, charge state and recoil energy distribuemploying the codecAscADE [19] justified this assumption
tions, and the angular distribution of the evaporation residuesxcept for the’®Ni target at higher beam energies, where it is
(ER’s). The position calibration and the determination of thefound that a significant fraction of the evaporation cross sec-
dependence of detection efficiency on focal plane positiortion consists of the nine-nucleon and ten-nucleon evapora-
was done by varying the HIRA fields to sweep a particulartion channels. These particular channels, which involve the
mass peak across the focal plane. The charge state and recsihission of twow particles, have poor detection efficiencies
energy distribution measurements also involved appropriatbecause of rather broad energy and angular distribution of
variation of the HIRA fields. A charge resetting carbon foil residues. A correction up to a maximum of 20% is applied in

TABLE IlI. Barrier parameterd/,, and R, for the systems'®Ti+ 586%6qi. Errors for the experimental
values are given in parentheses.

Present Expt. AkyzrWinther Vaz systematics
System Vy, (MeV) Ry (fm) Vy, (MeV) Ry (fm) Vp (MeV) Ry (fm)
48Tj + SONjj 78.8(0.3 9.8(0.3 79.3 10.4 80.5 10.2
48T + 60N 77.3(0.3 10.0(0.3 78.8 10.5 80.1 10.3

48Ti+ ®Ni 76.7 (0.3 10.2(0.3 78.0 10.6 79.2 10.4
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FIG. 4. Fusion excitation functions for the systerf@ “°Ti Eem~Vp (MeV)

+58Ni, (b) “8Ti+ 5Ni, and(c) “®Ti+ %“Ni. The solid curves give the

results of the 1D BPM calculations, and the dashed curves are the FIG. 5. Reduced plots of fusion excitation functions for the
results of coupled channel calculations including couplings to thesystems48Ti+58Ni, 48T 1 60Ni, and “Ti+5Ni. The parameters
lowest 2" and 3~ states in the projectile and the target, using the R, andV, are calculated using the AkgWinther potential. The
ccmob code. The fusion barriers are shown by the arrows. Thesolid curve shows 1D BPM results.

statistical errors are within the size of the points.

1 Yi dO’R
order to account for these channels in the cas&Mf at high Ti=—C dq v (1)
energies. The fission contribution is expected to be small and :
has been neglected. whereY; is the yield of theith evaporation channeg; the

The fusion cross sectionr,s was obtained by summing 4yerage HIRA efficiencyC the monitor counts(,, the solid
the contributionso; from different evaporation channels angle subtended by the monitor, ashalg /d€) the Rutherford
specified by the mass of the residues. The cross seation differential cross section in the laboratory system.
for a given channel may be written as A typical two-dimensional plot of the energy loss signal
from MWPC vs the focal plane position is given in Fig. 1,
showing a clear separation of the residues from the scattered
beamlike particles. Thif/q spectrum, withM andq being
the mass and the charge state of the residues, is shown in Fig.

TABLE |V. Excitation energie€, and deformation parameters
B of the states included in the coupled channel calculations.

Nucleus State J™) E, (MeV) B 2. The mass assignment, done initially by usingeasource
o " [17], was confirmed by the coincidentray spectra. Figures
°Ti 2 0.98 0.269 3(a) and 3b) give they-ray spectra gated by masses 102 and
3 3.36 0.188 103, respectively, showing thelines for the low-lying tran-
sitions in the corresponding residues. The singleay spec-
i 27 1.45 0.183 trum is given in Fig. &). The ratio of the areas of the cor-
3" 4.48 0.175 respondingy peaks in the gated and the singles spectra give
the HIRA efficiency.
S\ 2+ 1.33 0.207 Absolute detection efficiency of the residues depends on
3 4.04 0.190 several factors(i) the distribution of various particle param-
eters such as their mass, energy, charge state, and angle and
64Nj 2+ 1.35 0.179 (ii) the energy, mass, and angular acceptances of the HIRA.
3~ 3.56 0.230 Of these, only the former vary for different reactions, while

the latter are purely instrument related. In the present mea-
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surements, absolute detection efficiencies for various evapo-
ration channels at different beam energies have been ob-
tained by a combination of theoretical estimates of the
energy and the angular distributions of residues, by experi- 3r .
mental determination of these distributions for certain se-
lected cases, and by direct determination usingoinci- - g
dences at the higher energies. Mutual consistency of these :

has been established for several cases. The HIRA detection  ,[ A a |
efficiencies for three-nucleofBN) and four-nucleon(4N)

evaporation channels at a beam energy of 160 MeV are listed ° A

in Table I. The theoretical estimates based on calculations 5 [ A, ) .x’ .
using the coderAce2 [20] agree reasonably well with the ¢ a " ' .

measured values of the efficiencies and have been used in they 1|~ -
case of remaining evaporation channels and at the other {*
beam energies. g"

Ill. RESULTS AND DISCUSSION o ° e S8y; -

The measured values of the fusion cross sections for alll *—a » 50N
the reactions studied are listed in Table Il. The errors are i a 54N §
about 15%, with predominant contributions caused by uncer- °
tainties in the HIRA efficiency determination. Correction for RS -
the beam energy loss in the target has been incorporated
following an iterative procedure. The values of the barrier ) \ . : . | .
heightV, and radiusR,, extracted from the above barrier 10 15 20 25 30
data by a least-squares fit using the expression based on clas- ZpZy (in units of Zy)
sical sharp cutoff model, are listed in Table Ill. It is seen that
the values of the parameters are lower than those obtained g, 6. Residual barrier shifts relative tacmop calculations
from the systematici21] as well as the ones calculated with jnciyding inelastic coupling to 2 and 3 states in the projectiles
the potential of that of Akym and Winthe{22]. Similar dis-  and the targets for various systems involving nickel targets. The
agreement was reported earlier for other systgtd$. The  arrows indicate the merging of data points. The data2f¥Si and
observed disagreement could be attributed, in part, to thé23%s are from Ref[14], for 3537CI from Refs.[12,13,2, and for
nuclear potential, which can be determined more precisely®5Ni from Ref.[15]. The present data fod®Ti projectile are also
from elastic scattering data in the Coulomb barrier regionincluded.

Also, the values of the parameters obtained by least-squares

fit may be in error if the measurements do not extend tacalculated between the coupled channels and the experimen-
sufficiently high energies or if account is not taken of anytal excitation functions at the 1 mb level. Figure 6 shows the
systematic energy dependence of the detection efficiency sesidual shifts plotted against the prodidgZ, of the nuclear
partial missing of the yields of some channels. charges, which is taken as a measure of the nuclear overlap

The fusion excitation functions, plotted in Fig. 4, show at the barrier. The data shown include measurements on Ni
large enhancements in the sub-barrier region as compared igotopes using thé®3%i, 32365 3537C| and 585Ni beams
the predictions of the one-dimensional barrier penetratiofil2—15,2 besides the*®Ti beam from the present experi-
model with the barrier parameters calculated using thement. TheAB,+3- values gradually increase with the mass
Akyliz and Winther parametrization of the ion-ion potential though sudden jumps are seen for a few beams orfiKe
[22]. The dashed curves show the results of a simplifiedarget. In order to investigate the possible systematics under-
coupled channel calculation using the codemoD [23] in-  lying the residual asymptotic shifts, we have extracted for
cluding the first-order coupling to the inelastic excitations ofeach beam, an “average value” taken over the Ni isotopes
the lowest 2 and 3~ states in the target and projectile. The and a “relative value” defined as the difference for the
values of the deformation parametgsand 35, taken from  5®Ni and ®Ni. The averageAB,+5-, plotted in Fig. 7a),
the literature[24,25, are listed in Table IV. The observed shows an almost linear rise with a value close to zero for Si
sub-barrier enhancements cannot be accounted for by theaad~ 2.5 MeV for Ni beams. Experimental value from our
calculations. measurements for th&Ti beam falls reasonably well on this

A comparison of the fusion data for the reactions studiedine. On the other hand, the relativB,+5- , plotted in Fig.
is made in Fig. 5, where purely geometrical effects are re7(b), is seen to divide the reactions under consideration into
moved by pIotting(rfus/Rf, vsS (Ecm—Vp). It is clear that two distinct sets. Se&, with large values around 1.4 MeV of
there is no significant isotopic dependence in the cross sethe relativeAB,+5-, consists of?8Si, 325, 3°Cl, and %®Ni
tions for the three Ni isotopes with the sub-barrier fusionbeams. SeB, of the remaining beams, shows small values
enhancements being more or less similar. At energies arourgtattered around zero. All the beams belonging tdAseave
the barrier, some variations are apparent with i data  positiveQ values for the two-neutron—pickup reaction to the
lying in between those foP®Ni and 5/Ni. ground state. Thé®Ti+ %Ni system also has a positiv@

The residual asymptotic barrier shiféB,+5- have been value for the 2-pickup reaction, and therefore should show
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FIG. 7. (a) The average residual barrier shifts fSNi and 8*Ni for given projectiles(b) The difference in the residual barrier shifts for
58Ni and ®Ni for given projectiles.

up with additional enhancement having large “relative MeV. Thus it is not possible to account for the average
AB,+3-". However, the present measurements indicate thal B, +5- with a single set of values of the parameters speci-
the “8Ti beam does not show the additional enhancement fofying the heavy-ion potential, and the observed trend may be
the ®Ni target, quite in contrast to the case of the fusion ofa manifestation of the increasing role of higher-order cou-
neighboring beams of sét. plings[27].

A guantitative explanation of the observed lack of the A statistical model analysis of the experimental evapora-
additional enhancement for th&Ti+ ®*Ni system may be tion residue cross sections for the three systems has been
searched through coupled channel calculations involvingarried out using the codeascAbe[19] following a method
transfer form factors obtained using the sub-barrier transfesimilar to that used by Dasguptt al. [23]. The analysis
data. However, in the absence of such a measurement, réquires the mean angular momentym)#z of the com-
would be worthwhile to speculate on any distinctive featurepound nucleus as a critical input for predicting the relative
of the “®Ti beamvis-avis beams of sef\. One such aspect yields of the various evaporation channels. A triangular
concerns a possible role of th&\fZ equilibration,” while the ~ shape was assumed for the spin distribution, and the value of
system is evolving towards fusion. It is interesting to notethe mean angular momentum was adjusted so as to reproduce
that for all the systems with positiv® values for the B-  the ratioR of the observed yields of the four- and three-
pickup channel orf“Ni, the N/Z values of the projectile-like nucleon evaporation channels. The derived mean spin values
and the target-like nuclei following then2pickup process are compared with the calculations in Fig. 8. Statistical
remain intermediate between théZ values of the fused sys- model parameters were varied over a reasonable range to
tem and the corresponding initial nuclei, with the sole excepestimate the error in the derivéd')% values. The estimated
tion of the *®Ti case. In the case df®Ti the 2n-pickup pro-  errors are found to be lowest for tH&Ti + /Ni system and
cess carries thi/Z values of the participants beyond that for highest for the*®Ti + ®°Ni system. For the lowest energies,
the fused system, and thus may not contribute towards thethere the ratioR becomes quite small, the inherent limita-
fusion enhancement. tions of the method give larger uncertainties in the derived

Besides the possible transfer-related additional enhancé)#. It is seen from the figure that all the three systems
ment for the beams of sét on ®*Ni target, the behavior of show deviations from the predictions of 1D BPM. The sim-
the average\B,+5- [Fig. 7(a)] relates well with the extent plified coupled channel calculations also do not reproduce
of the nuclear overlap at the barrier. A modification in thethe experimental mean spin values. This is evident in the
ion-ion potential was attempted by adjusting the parametetase of ®Ni and ®*Ni, although the errors do not permit a
dv [23] in order to understand this behavior. A valuedoaf, definite conclusion for the case 8Ni. The expected behav-
which reproduces the residual asymptotic barrier shift forior of saturation at energies well below the barrier is clearly
48Ti, was found to overpredict the value f8¥Si by about 1  seen in the case ofNi.
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results shown in Fig. 8 by the long-dashed curve, are found
to be consistent with the values derived using the experimen-
- tal ratioR.

40
301

20 e IV. SUMMARY

A The fusion process has been investigated at energies near
and below the Coulomb barrier region for the systems
48T + 58.60.64jj. The absolute fusion cross sections have been
derived from the yields of the various evaporation residues
(b} detected at the focal plane of the recoil mass separator, the
. HIRA. The fusion excitation functions for all the three sys-
tems show residual enhancements with respect to the results
- of simplified coupled channels calculations done by includ-
ing the effects of first-order couplings to the lowest and

37 inelastic excitations of the colliding nuclei. The experi-

" mental ratios of the yields of the four- and three-nucleon
T T evaporation channels were used to derive the mean angular
{a) - momentum of the compound nucleus, with the help of sta-
tistical model calculations based on the caesCADE. The

- derived mean spin values also show enhancements over
coupled channel calculations, around the barrier region.
. However, the experimental data fail to show any marked
isotopic dependence. A possible role of a few nucleon trans-
L L fer couplings as well as higher-order—multiphonon couplings

i | |
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