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Abstract. Pure elastic and inelastic scattering cross sections have been measured for the systems °®Ni
+ 909471 at energies near the Coulomb barrier where not only quasi-elastic and fusion but also deep-
inelastic process come into play. Coupled channels calculations including both projectile and target inelastic
excitations can successfully explain the elastic and inelastic scattering angular distributions with an energy-
independent semi-empirical bare potential. The calculation reproduces also the sum of the total quasi-

elastic, fusion and deep-inelastic cross sections.

PACS. 25.70.Bc Elastic and quasielastic scattering

1 Introduction

It is known that couplings between reaction channels be-
come prominent at energies around the Coulomb bar-
rier in heavy-ion induced reactions [1,2]. Large enhance-
ments of subbarrier fusion cross section and the so called
threshold anomaly in elastic scattering are typical conse-
quences of the coupling effects. The coupled-channels(CC)
approach to heavy-ion collisions provides therefore a con-
sistent framework for simultaneously calculating elastic
and inelastic scattering, transfer reactions and fusion cross
sections. The essential inputs required for the CC calcula-
tions are the energy-independent ion-ion potential for de-
scribing elastic scattering and the couplings which cause
transitions into dominant reaction channels. Then the
energy-dependent polarization potential is generated im-
plicitly from the couplings. This approach has an advan-
tage that it can display explicitly the interplay between
various couplings, and it allows one to incorporate directly
nuclear information which may be available from indepen-
dent sources. Successful results has been obtained for e.g.
the 28Si+ %864Ni systems where quasi-elastic scattering
[3] and the fusion cross sections [4] have been measured
at energies near the Coulomb barrier. The CC calcula-
tions including inelastic excitations and neutron transfers
have explained well the energy dependence of the quasi-
elastic scattering and fusion cross sections with a single
energy-independent bare potential [3].

Systematic measurements of pure elastic scattering up
to heavier systems are indispensable for obtaining a uni-
fied description of ion-ion potentials. However pure elas-
tic scattering date are scarce especially in medium heavy
systems, since measurement of pure elastic scattering be-
comes very difficult because of the severe limit one has
on the energy resolution. At the same time CC calcula-
tions become more complicated in medium heavy systems
because the number of open channels increases and com-
plicated processes like e.g. deep inelastic scattering come
into play at energies around the Coulomb barrier. It is
not practical to take into account all of the open chan-
nels. Instead it is important to know the most dominant
reaction channels which determine the energy-dependent
polarization potential. This leads to obtaining the energy-
independent bare potential whose imaginary part is in-
terpreted as describing the depopulation of the entrance
channel due to the channels not included explicitly in the
calculations.

We present in this work an accurate measurement of
the °®Ni + 9994Zr pure elastic and inelastic scattering
cross sections to the low lying levels, at Nickel energies of
Eiap = 230.2 and 245 MeV. In a previous experiment [5]
at the same energies not only fusion evaporation residue
and transfer cross sections but also deep-inelastic scatter-
ing with large cross sections were measured. It is impor-
tant to study how the elastic scattering is described in the
presence of a strong deep-inelastic process.
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Fig. 1. Position (momentum) spectra from the **Ni4-°Zr reaction at Ei.p = 230.2 MeV, a for *®Ni at 6,5 = 37.5°, b for *°Zr
at 0.5 = 32.5°, ¢ position spectra from the 58Ni + %4Zr reaction are shown for >®Ni at E;.p = 245.0 MeV and at 0145 = 31°,d
for °*Zr at Ejup = 230.2 MeV and at ;45 = 30°. The solid line in d is a gaussian fit to the elastic peak. The bulk of low-lying
inelastic excitations was obtained by subtracting the gaussian from the data. Q-values of elastic and inelastic peaks are indicated

with arrows

2 Experiment and results

The measurements of pure elastic scattering are not an
easy task for heavy systems where one needs good mass,
nuclear charge and energy resolutions with a good statis-
tic as well as very thin and homogeneous target to avoid
strong energy spreads. In addition, large kinematic mo-
mentum shifts k£ complicate the situation. Conventional
time-of-flight systems have limited energy resolutions;
kinematic coincidence setups also do not always meet the
requirements necessary to separate the elastic events from
the inelastic excitations of the lowest levels. In the present
experiment, the lowest excited states are situated at 1.45
MeV for the 2%+ of ®*Ni and at 0.92 MeV (1.76 MeV) for
the 27 of 9Zr (%°Zr). To solve this point we have used the
heavy-ion magnetic spectrograph ENMA [6] at JAERI. It
has a characteristic feature that the kinematic momentum
shift is well compensated, so that a high energy resolution
is achieved over a wide range of k. A detailed description
of the features and performance of ENMA can be found
in [6].

The °®Ni beam with typical intensities of 10 pnA was
obtained from the JAERI tandem accelerator at ener-

gies of 230.2 and 245.0 MeV. These energies were cho-
sen to match the existing data on fusion, deep-inelastic
and transfer reactions of Scarlassara et al. [5] and are al-
ready corrected for the target thickness. We used targets
of 20947r of 10ug/cm? evaporated on 10ug/cm? carbon
backing. The target enrichments were 97.65% and 91.2%
for 99:94Zr, respectively. Proper normalization between the
different runs was insured by two monitor detectors placed
at forward angles. The outgoing particles were momen-
tum analyzed in the magnetic spectrograph ENMA and
detected in the focal plane with a 40cm long hybrid focal
plane detector [7]. Its entrance slits define the maximum
integration angle for the angular distribution Af,, = +
1.65° (horizontal plane) and A¢y,p = & 1° (vertical plane)
which correspond to a solid angle of 1.44 msr. The com-
bined effect of the magnetic elements effectively corrects
for the kinematic energy spreads which typically are ~
2-3 MeV /deg. From a measurement of total energy E, en-
ergy loss (0E) and position (Bp) we could identify Ni and
Zr particles. The data at backward angles ( 6, > 90° )
were obtained by detecting the forward recoiling Zr ions.
In Fig. 1 momentum spectra of °®Ni and °%94Zr from the
58Ni + 99947 reactions are shown. Q-values of elastic and
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Fig. 2. The most probable charge state, q,,, and the width,
wg, of the charge state distributions for Ni (filled circles) and Zr
(open circles) isotopes as a functions of v/c, b qm/Z (see text).
Solid curves are the results obtained by the semi-empirical for-
mula

inelastic peaks are indicated with arrows in the figures. A
combined analysis of E, dE and focal plane position al-
lows to separate out the charged particle transfer for Ni
but not for Zr; on the other hand, it is also known [5]
that such channels have rather small transfer cross sec-
tions at backward angles. For the Ni outgoing particles an
energy resolution of about 700 keV was obtained, which
was enough to have a clear separation between the elastic
peak and the low-lying inelastic excitations. For the re-
coiling Zr particles the resolution of about 1 MeV was not
enough for the clear separation berween elastic and inelas-
tic peaks in the *Zr nucleus. We made then a gaussian fit
to extract a pure elastic scattering peak that is shown by
the solid line in the spectrum of the ®®Ni 4 ?4Zr system.
The bulk of low-lying inelastic excitations up to ~2 MeV
was obtained by subtracting the gaussian from the data
as shown in the figure.

Charge state distributions of outgoing Ni and Zr prod-
ucts were measured at several angles for each target.
These were fitted with a gaussian. The obtained peaks
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and widths are shown in Fig. 2 as functions of v/c and
dm/Z, where v is the ion velocity; ¢, the speed of light in
vacuum; q,,, the most probable charge state and Z, the
ion atomic number. Filled and open circles correspond to
Ni and Zr data, respectively. It should be stressed that the
charge state distribution was obtained in the target con-
figuration where the outgoing Ni and Zr products passed
through the carbon backing. In this way, the charge state
distribution of the outgoing particle depends only on its
velocity and atomic number. The target angle has been
maintained as perpendicular as possible to the ENMA en-
trance. We have used this data to obtain the adjustable
parameters of the Sayer’s semi-empirical formula [8] to
interpolate the charge state distribution for the other ion
velocities. The semi-empirical formula predicts the most
probable charge state (qm,) and the width (w,) of the
charge state distribution in a carbon foil as

am/Z =1— A eXp[AgZ_O'gs(v/c)Aﬂ

and
Wq = A4ZO'45[Qm/Z(1 - qm/Z)]A5

where A;...A5 are adjustable parameters.The fitted curves
are shown in Fig. 2 by solid lines. The maximum errors
of the cross sections due to the charge state distributions
are estimated as 5%.

The angular distributions for elastic and inelastic scat-
tering at the indicated energies are shown in Table 1 and
Fig. 3 for the ?°Zr case and in Table 2 and Fig. 4 for
the 94Zr. With the energy resolution of our apparatus we
have been able to extract good elastic scattering angular
distribution for both ?°Zr and %*Zr while inelastic scat-
tering has been extracted only for the lowest 2% states of
%8Ni and ?°Zr in the case of 9Zr. For the **Zr target the
inelastic angular distributions include all the states with
excitation energies up to ~2 MeV. The errors shown in
Tables 1 and 2 include statistics, monitor normalization,
beam alignment, fit to the momentum spectra and charge
state distributions.

Total inelastic scattering cross sections were obtained
by integration of the measured angular distributions of
Figs. 3 and 4. The data outside the measured angle range
were extrapolated from the fitted curves by the CC cal-
culations (see next section). The cross section to other
states is negligibly small, as seen in Fig. 1. The errors
quoted come from the difference between extreme extrap-
olations in addition to the ones listed in Tables 1 and 2.
The results are listed in Table 3.

3 Analysis

An empirical ion-ion potential at large distances , which
governs elastic scattering and surface reactions of heavy
ions, has been derived in terms of the folding potential by
Broglia and Winther [9]. A Wood-Saxon parametrization,
which is adjusted to fit the tail of the empirical potential,
have been successfully used in CC analyses of elastic and



160

Table 1. Elastic and inelastic scattering cross sections for a
58Ni + 9°Zr at Eiqp = 230.2 MeV, b at Ejqp = 245.0 MeV

a

Ocm  oe(0)/or  Aoal(d)/or) doin/d2 A(dom/dS)
(mb/sr) (mb/sr)

13.2  1.00 0.003

29.5 0.99 0.01

40.8 0.97 0.05

44.8  0.98 0.01 93. 9.
48.8 0.95 0.01 98. 10.
50.4 0.92 0.04

52.8 0.95 0.02 83. 12.
56.7  0.95 0.03 94. 15.
59.8 0.87 0.04

60.6 0.85 0.02 93. 11.
64.5 0.83 0.03 96. 13.
67.5 0.88 0.03 89. 26.
68.3 0.91 0.04 76. 10.
72.1 0.85 0.04

75.1 0.79 0.04

759 0.81 0.05 46. 10.
78.1 0.77 0.04

82.0 0.88 0.04

90.0 0.76 0.05 52. 8.
100.0 0.82 0.06 44. 7.
105.0 0.65 0.04 30. 4.
106.0 0.67 0.02 22. 15.
110.0 0.63 0.05 22. 4.
115.0 0.49 0.03 15. 2.
120.0 0.29 0.02 18. 1.
125.0 0.19 0.01 15. 1.
130.0 0.11 0.007 7.6 0.7
b

001\/[ 0'61(0)/0'}{ A(O’el(e)/O’R) dom/dQ A(daln/d())

(mb/sr) (mb/sr)

13.2  1.00 0.02

19.7  0.96 0.02

295 1.01 0.03

40.8 1.04 0.03 192. 27.
50.4 0.89 0.03 136. 16.
59.8 0.87 0.03 132. 11.
64.5 0.86 0.06

67.5 0.85 0.03 108. 8.
72.1  0.85 0.03 80. 7.
75.1 0.84 0.03 88. 6.
78.1 0.84 0.03 80. 6.
82.0 0.81 0.04 81. 8.
86.0 0.86 0.04 67. 12.
90.0 0.83 0.05 43. 8.
95.0 0.63 0.05 35. 4.
100.0 0.33 0.03 22. 3.
106.0 0.11 0.01 19. 14.
109.0 0.08 0.08
115.0  0.003 0.003
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Table 2. Elastic and inelastic scattering cross sections for ®®Ni
+ %7r at a Ejp = 230.2 MeV, b at Ejqp = 245.0 MeV. The
inelastic cross sections get contributions from all the states up
to an excitation energy of 2 MeV

bom  oe(0))  Aoe(0)/0rutn)  doin/d2  A(doin/dS2)
O Ruth (mb/sr) (mb/sr)
12.9  1.00 0.02
19.4  1.00 0.03
29.0  1.00 0.03 212. 30.
40.1  0.87 0.03 209. 28.
495  0.89 0.03 185. 20.
58.8  0.91 0.03 144. 16.
66.4 0.77 0.03 112. 9.
72.3  0.78 0.04 143. 13.
76.8  0.85 0.06 114. 16.
82.0 0.83 0.08 66. 35.
90.0  0.79 0.05 77. 25.
96.0 0.76 0.04 76. 15.
102.0 0.63 0.04 44, 12.
108.0 0.35 0.03 51. 6.
114.0  0.19 0.03 34. 7.
120.0 0.11 0.01 23. 3.
126.0 0.052  0.007 10. 1.
b
bom  oa(0)) Aloa(d)/or) doin/d2  A(dow/dS)
OR (mb/sr) (mb/sr)
129  1.10 0.02
19.4  1.00 0.02
29.0 1.02 0.03 225. 33.
40.1  0.99 0.02 285. 18.
495 0.88 0.03 250. 22.
58.8  0.79 0.03 191. 14.
66.4 0.77 0.03 191. 10.
70.9  0.79 0.03 166. 10.
73.8  0.89 0.03 170. 9.
76.8  0.78 0.03 158. 7.
82.0 0.74 0.09 7. 33.
86.0 0.59 0.05 99. 18.
90.0 0.44 0.03 85. 10.
96.0 0.21 0.02 56. 6.
102.0  0.08 0.02 25. 5.
114.0  0.030  0.009 5. 2.

inelastic scattering data [10]. We used the empirical po-
tential of Wood-Saxon type expressed as
Ry Ro
R+ Ry
x {14 exp[(r — Ry — Ry — AR)/a]}*,

Un(r) = =31.67TMeV fm™!

where R; = 1.23341/% —0.984;"/*fm and a=0.63fm. AR
was adjusted in order to improve the fits. We used the
same geometry for the imaginary part and adjusted the
strength W. It should be mentioned that the computer
code CCFUS [11],which is successfully used for the CC
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analysis to fusion data, employs the same empirical real
potential. The fusion cross sections for these systems were
also analyzed [5]with the code CCFUS. Our elastic scat-
tering data shows that the coupling to Coulomb excitation
of surface vibrations plays important roles at forward an-
gles around 6., ~ 60°, since the cross section is clearly
reduced compared with the Rutherford one. This reduc-
tion can not be reproduced by standard Optical Model
calculations. The total cross sections for fusion evapora-
tion processes, transfer reactions and deep inelastic scat-
tering were measured at the same energies in a previous
experiment [5]. In the present one we obtained the to-
tal inelastic scattering cross section. All these results are
summarized in Table 3. We notice that inelastic scattering
is the most dominant reaction channel. Therefore we took
into account couplings to inelastic excitations of the col-
lective states as the most dominant reaction channels in
the CC analysis. Hence, the imaginary part of the nuclear
interaction we are thus obtaining, has to be interpreted as

describing the depopulation of the entrance channel due
to the channels that have not been explicitly included. In
Fig. 5 we show the low energy level schemes of projectile
and targets and the transitions included in the calcula-
tions are indicated by vertical arrows. The deformation
parameters of the collective states of Ni and Zr have been
extracted from the compilation of [12] and are listed in
the captions of Figs. 3 and 6.

We used the computer code PTOLEMY [13] for the
CC calculations. For the ?°Zr case a nuclear potential with
AR = 0.28fm and Wy = —15 MeV was obtained at both
incident energies by a best-fit procedure starting from the
real empirical potential of [10], keeping for the imaginary
part the same geometry and searching for AR and W.
The angular distribution for inelastic scattering is repro-
duced well with the energy-independent optical potential.
The obtained angular distributions at the two energies are
shown with solid lines in Fig. 3. To stress the good fit to
the data we also display the elastic scattering angular dis-
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Table 3. Angle and energy integrated cross sections(mb) obtained from the present and the previous measurements. The sum
includes the inelastic, fusion-evapolation, transfer and deep-inelastic cross sections. The total rection cross sections or obtained

from the CC calculation is listed in the last column

Target Eiap Inelastic Fusion-

Transfer [5]

Deep- Sum

OR
(MeV) evapolation [5] inelastic [5]
907r 230.2 641.3+49.7 115.2£17.6 120.14£87.1 59.4439.5 936.5+109.2 1042.7
245.0 T777.8+44.1 178.1£22.1 180.0£10.4 290.2483.6 1426.1+97.6 1352.3
M7y 230.2 1097.5+58.0 189.6£28.8 285.9+49.6 109.7£61 .5  1682.7£102.2  1780.3
245.0 1227.7+46.4 194.4+27.0 447.5+£150.7  422.24131.8 2291 .84+207.9 2097.1

tribution in a linear scale. It should be mentioned that
our inelastic scattering data are reproduced well by using
a deformed optical model potential, since the transitions
are dominated by Coulomb potential at these incident en-
ergies.

We followed the same procedure for **Zr. The real part
of the nuclear potential turns out to be the same while
we had to use a stronger absorption (W = —25 MeV) in

agreement with observation that the fusion, deep-inelastic
and transfer cross sections are much larger in *4Zr than in
90Zr. The results of the calculations for the two energies
are shown in Fig. 4 with solid lines. The experimental data
are well reproduced by the energy-independent optical po-
tential also for °®Ni + 94Zr . The right-hand side of Fig. 4
shows our results for the inclusive inelastic cross section,
where we have summed the calculated cross section for
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Fig. 5. Schematic representation of the excitation energy level
schemes of ®®Ni, 2°Zr and **Zr to show the different transitions
(vertical arrows) included in our calculations. The reorienta-
tion terms are not included in the figure but we have checked
that their influences in the calculation are negligible

the 2% of 5¥Ni and the first two 2+ and 4% states of *4Zr.
In Fig. 6 we show the different calculated contributions to
the total inelastic cross section.

The present results indicate that couplings to the in-
elastic excitations of both projectile and targets are suf-
ficient to reproduce elastic and inelastic data with an
energy-independent optical potential. Total reaction cross

. 94
BN+ zr
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sections or were obtained from the present CC calcula-
tions with the code Ptolemy. Then we compared or with
the sum of the measured fusion, deep-inelastic, transfer
reaction and inelastic scattering yields in Table 3. o co-
incides with the sum of the measured cross sections within
error bars. Therefore the imaginary part of the optical
potential describes well the depopulation of the entrance
channels due to fusion, transfer and deep inelastic chan-
nels that have not been explicitly included in the CC cal-
culations.

4 Conclusion

We have reported here of pure elastic and inelastic scat-
tering measurements of the systems *®Ni + %947y at two
energies near the Coulomb barrier in order to obtain a
unified description of ion-ion potentials. Angular distri-
butions over a wide range of angles have been obtained.
For these systems fusion, deep-inelastic and transfer cross
sections had already been measured at the same energies
in a previous experiment [5]. The present data have been
analyzed in the coupled channels approach including the
low-lying excitations of both projectile and targets which
are the most dominant reaction channels. We have used
the semi-empirical potential [9] which has been derived
in terms of a folding potential, and which has been suc-
cessfully used in the CC analysis of many sets of elastic
scattering and fusion data. The agreement between ex-
periment and theory is rather good using a nuclear real
potential which is essentially target- and energy- indepen-
dent. However, a stronger absorption is required for °®Ni
+ 94Zr than for ¥Ni + 99Zr, in agreement of observation
that the reaction cross section is much larger in the first
system than in the second one. The total reaction cross
section has been obtained by the CC calculation and has
been compared with the sum of the measured cross sec-

10° g e

L E =230.2MeV
:9421’(21*) lab

10° L

do/ dQ (mb/sr)

)
A T P BETR N - L

RS L AL AL ELALL AL
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Fig. 6. Angular distributions for in-
elastic scattering of **Ni + %4Zr at
Eiap = 230.2 and 245.0 MeV where
3 we show the different contributions
3 to the inclusive cross section. The
deformation parameters for the %Zr
states are 3(2%, 0.92 MeV)= 0.095,

v B4, 1.45 MeV)= 0.065, 5(2", 1.67
. MeV)= 0.06 and 3(37, 2.06 MeV)=

107 L
0o 30 60 90
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120

cm(

150 30 60

150 0.14. Not shown are the contribu-
tions from the 4T and 3~ states in
947r, since they are negligible

80 120
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tions of the quasi-elastic, fusion and deep-inelastic pro-
cesses. The agreement is good within the experimental
errors. Therefore the CC calculation including both pro-
jectile and target inelastic excitations gives a good account
not only of the elastic and inelastic scattering angular dis-
tributions but also of the cross sections for other types of
reactions. The present results support the idea that the
semi-empirical bare potential of the semi-empirical for-
mula [9] is a good approximation to a unified ion-ion
potential.
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