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Inelastic scattering of ' 0 by even mass nickel isotopes*
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The angular distributions of ' 0 inelastically scattered from enriched targets of even mass nickel isotopes
measured over the angular range 8, —50 to 170' are presented. The measured cross sections are compared
with the results of distorted-wave Born approximation calculations for inelastic scattering which employ the
conventional four parameter optical potential or a folded excitation potential. The folded method improves the
description of the data in some cases but does not provide a consistent improvement for all energies and

isotopes.

NUCLEAR REACTIONS 58,60t62 64Ni~i6Q i6Qr )Ni+(2 ), measured o.(Q) at El@ = 42
and 48 MeV. Calculated o(8) by DWBA using conventional and folded potentials.

Deduced deformation lengths.

I. INTRODUCTION II. DWBA FORMALISM FOR INELASTIC SCATTERING

Although heavy ion scattering and reactions have
been studied for some time, it is only relatively
recent that the interference effect between the Cou-
lomb and nuclear contribution to the inelastic scat-
tering process has been reported. ' Shortly after
the initial report, the interference was described
through the use of distorted-wave Born approxima-
tion (DWBA) codes which had been extended to in-
corporate contributions from high angular momen-
ta and very large radii. ' ' It was shown in one ex-
ample' that the results of a DWBA calcula-
tion did not provide a good description of the
"Ni("0, "0'}"Ni*(2'} inelastic scattering even
when the Coulomb and nuclear deformations were
allowed to have different values. In an attempt to
correct this situation a folded potential approach
to heavy ion inelastic scattering was developed. '
More recent calculations for inelastic heavy ion
scattering have included coupled channels and nu-
clear reorientation effects" in an effort to explain
the inadequacies of the collective model DWBA' ap-
proach when applied to heavy ion inelastic scat-
tering.

The present work reports on measurements of
the inelastic scattering of "0 ions from the even
mass stable Ni isotopes, leaving the target nucleus
in the first excited (J'=2') state. In addition a
comparison is made between the collective model
DWBA approach to explaining the results and that
using a folded potential. ' The deformation lengths
obtained for different isotopes and bombarding en-
ergies are found to lie within the limits set by
other inelastic scattering results. The experimen-
tal procedures have been reported in an earlier
publication of the elastic scattering results. '

The DWBA formalism for inelastic scattering as
used in this work has been outlined in an earlier
report. ' The transition amplitude is largely de-
termined by a sum over values of orbital angular
momenta of the radial integrals which have the
form,

I». = U, r V, r U, . r dr.
r=o

The inelastic scattering interaction potential Vg

consists of Coulomb and nuclear parts as

v, (r) = v;(r)+v", (r),
and for single excitation to the low lying J'=2'
state the value of l is limited to 2.

In the collective model DWBA' these potentials
for target excitation are written as

V, ,(r) = -P,"—(U+iW)
( „),,

where

x-
a

and

V, ,(r) =2I I p, Rcr'ZrZ~e'
r /Rc', r&Rc

I/r', r —R

The nuclear deformation parameter P,"describes
the magnitude of the quadrupole deformation of the
nuclear potential (in both vibrational and rotational
models) resulting from the nuclear interaction be-
tween the projectile and the target. The Coulomb
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deformation parameter P, describes the corre-
sponding quantity in the Coulomb interaction of the
two nuclei. For the model of a uniform charge
distribution of sharp radius R~T, the value of p, is
related to the reduced transition probability value
by the expression

C 2B(E24}= eZ—rP2cRcr'
4w

The above form for VN is a four parameter po-
tential. Although six pa, rameter studies of "Q+Ni
have been done, an extensive investigation' of the
elastic scattering potential parameters has indica-
ted that in actual fact as few as two parameters
are sufficient to describe the "Q+Ni potential-
the Igo parameters C~ and C~.' " It is therefore
felt that the parametrization here in terms of the
real and imaginary well depths U and W (with the
radius parameter r, and the diffuseness a having
assigned values} should be adequate. The radius
of the nuclear potential is parametrized in this
study as

with the radius parameter fixed at r, = 1.22 fm
throughout this work. The Coulomb radius of the
target, R~T, is assumed equal to the nuclear radius
of the target, i.e. , R~T=RT, and the total Coulomb
radius is assumed to be R~=R. The nuclear poten-
tial diffuseness is assigned the value a =0.50 fm.

In an alternative approach for description of the
inelastic scattering, a folded potential was de-
veloped' in an effort to account for effects of the fi-
nite size of the projectile. The folding procedure
used provides a consistent treatment of both elas-
tic and inelastic scattering. Starting from the sin-
gle-fold nucleon plus nucleus potential of Eq. (3),
Ref. 9,

V(r) = V„(r —r ) p (r }dr
T

we use the deformed density prescription" to form
the transition density given by

in Ref. 9. The single folded integral is then evalu-
ated by making a numerical Legendre expansion of
a Woods-Saxon form of V» written as

V»(r '}= (U»-+i W») 1+exp
NP

where U» is the effective real well depth of the
nucleon plus projectile nuclear potential interac-
tion. The imaginary well depth remained that de-
rived from the Woods-Saxon form. For the inelas-
tic folded calculation, the folded Coulomb potential
contribution to V, was used rathe r than the conven-
tional form.

Assuming that the potential parameters can be
reasonably well determined from parametrization
of the elastic scattering cross section and that P,
is determined by the B(E2}value, then one might
be able to determine if the nuclear quadrupole de-
formation length 5"=p,"RT differs significantly
from the corresponding electromagnetic quantity.
Section IV contains a comparison of the extracted
nuclear deformation lengths to the Coulomb de-
formation lengths for the targets ' Ni, 6oNi, ' Ni,
and "Ni.

DWBA calculations were performed on the Flori-
da State University CDC 6600 computer with the
computer code KULNUC, a hybrid DWBA program
based upon Kunz's code DWUCK and Samuel and
Smilansky's code ITER." The code KULNUC was
written to calculate the differential cross section
for heavy ion inelastic excitation of the target nu-
nucleus (J'=0'-2') where large values of angular
momentum and interaction radius are involved.
The Samuel and Smilansky technique" circumvents
the integration problem by making use of the fact
that for large partial wave numbers l& the nuclear
contributions to the inelastic scattering interaction
potential and the radial wave function, and hence to
t e integral I. .., become insignificant. The code
KULNUC was compared to both the DWBA code
DWUCK and the classical Coulomb excitation code
COULEX" in the limits where these programs are
valid.

pr(rr, 8) = par P", rF, (rr) —P(cos8) . III. ANALYSIS OF DATA

The derivative form factor F,(rr) is given for a
Woods-Saxon matter distribution as

F,(e )=e p(
*

) 1 ~ eep( )
The parameters RT and aT are estimated by as-
suming the matter distribution is identical to the
charge distribution and then using radius and dif-
fuseness parameters as determined by electron
scattering. " The constant pT, is determined by the
target geometric parameters and mass number as

Angular distributions for 58Ni("0, "0}-
"Nip'(2', 1.45 MeV} are illustrated in Fig. 1
at the laboratory energies of 36, 42, and 48
MeV. The solid line of Fig. 1(a) is the cross sec-
tion ca,lculated with the conventional potential ap-
proach using potential parameters which describe
the elastic scattering differential cross section at
36 MeV. The calculated cross section is within 2%
of that for pure Coulomb excitation, as is expected
since the well depths were extracted' from an elas-
tic scattering cross section that is almost a Ru-
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prominent minimum in the ealeulated inelastic
scattering and, consequently, better agreement
with the data. Also for this calculation P, =1.2P, .
The optical parameters of Set 2 were obtained by
performing a least squares minimization having
truncated the elastic data at 8, =125'. The pro-
cedure produces a small absorption (WjU-0. 03)
similar to an earlier investigation at 44 MeV. '

The angular distribution for "Ni("0, "0)"Ni* at
a laboratory energy of 48 MeV is shown in Fig.
l(c). The potential parameters of Set 4, which de-
scribe the complete elastic scattering angular dis-
tribution, produce good agreement with the data.
Again, the use of a small imaginary well depth
(Set 6) produces better agreement. Parameter set
5 was generated by fixing the value of the imagin-
ary well depth at 10 MeV and then searching for the
real well depth which best reproduced the elastic
scattering data in the angular range 8, ~ 125'. In
the elastic channel, data forward of 125' are re-
produced better with Set 5, especially near the
grazing maximum, but the predicted cross section
at 176' is an order of magnitude lower than the ex-
perimental cross section. For these inelastic cal-
culations at 48 MeV we hold p,"=p2~. Increasing the
parameter P," relative to P, merely multiplies the

I I I I I I I i I I I I I I I
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FIG. 1. Measured and calculated cross sections for
~8¹i(60, 60)~8Ni*(2' ). The cross sections were cal-
culated using the potential parameter sets of Table I. Set Nuclides

TABI E I. Optical model parameter sets used in in-
elastic scattering calculations. Unless otherwise noted
the real and imaginary well depths, U and W, were
varied to provide the best description of the entire mea-
sured elastic angular distributions (Ref. 9) with x0 ——1.22
fm and a = 0.50 fm in a four parameter optical model.

therford cross section. The magnitude is repro-
duced by use of the known quadrupole electromag-
netic transition probability value B(E2)
=0.0726e'b'. " Videbaek et al. ' reported a smaller
value of B(E2}=0.066 e'b' which was extracted
from analysis of "0+"Ni inelastic scattering at
similar energies. The experimental data here are
not adequate to distinguish between the two values.

Figure 1(b) indicates that the angular distribution
for 58Ni("(), "Q)"Ni* at a bombarding energy of 42
MeV is reproduced qualitatively with the optical
model potential parameters, Set 1 of Table I,
which fit the elastic scattering angular distribution.
Results of another calculation based on optical pa-
rameters (Set 2, Table I), which provide a better
description of the 42 Me V elastic scattering data
in the neighborhood of grazing where the Coulomb
nuclear interference is strongest, are also shown
in Fig. 1(b}. The parameter set 2 has a very small
absorptive term and its use results in a more

cI

31
4

R

6b

7
8'
9

io

12
13
14~
15

16O+ 58Ni

16O+ 60Ni

16O 62@.

"O+"Ni

42
42
42
48
48
48
42
42
48
42
42

42
48

87.5
96.6
19.6
93.1
92.8
19.5
96.6

100.0
107.7
100.1
107.o
102.6
114.5
131.2
129.4

21.1
3.0

21.1
34 4
10.0
34.4
30.5
13.9
38.4
37.2
24.2
19.5
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Optical parameters obtained by describing the elastic
data limited to 8~m ~ 125 .

Folded potential calculations where only the real
nucleon plus projectile potential is varied while the
imaginary potential remains at the value determined in
a conventional treatment of elastic scattering. Geometry
parameters are r&J,——1.24 fm, a&& ——0.64 fm, x& ——1.06 fm,
and a& ——0.57 fm.
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FIG. 2. Cross sections calculated with the folded
potentials (Set 3, Table I) are compared with data and
a cross section calculated with the conventional poten-
tials (Set 1, Table I). The relative values of the nuclear
and Coulomb deformation parameters are indicated.

calculated cross section by an approximate amount

(P,"/P, )' over the back angles, resulting in even
poorer agreement with the data in this angular
range. Slight improvement of the fit does occur
in the angular region of the interference minimum
when a larger value of P", /P~c is used.

Because of the obvious difficulties in paramet-
rizing the measured inelastic cross section of 42
and 48 MeV, the folded potential approach was
tried. The folded potential parameters which de-
scribe the 42 MeV elastic scattering data, Set 3,
Table I, are used to produce the dashed and solid
curves of Fig. 2. The use of p", =1.3p, greatly im-
proves the fit. For comparison, the dot-dash
curve of Fig. 2 corresponds to the conventional set
1, with p,"=1.3p, . At 48 MeV the best results are
obtained from folded potential set 6 and when P,
=P~c, it produces the dot-dash curve of Fig. 1(c).
The calculated cross sections near the interfer-
ence minimum more closely reproduce the data
than do the conventional calculations; however, it
is still necessary to allow the ratio P", /P~c to vary.

The inelastic scattering from "Ni at 42 and 48
Me& is shown in Fig. 3. The larger known B(E2)
value' of 0.097 e b for Nj js evident at forward
angles where the dominant Coulomb excitation pro-
duces larger cross sections than for "Ni. The re-
sults of calculations based on parameter sets 7 and
9 which best reproduce the elastic scattering data
are shown as the solid curves. Both of these sets
have large imaginary well depths but reproduce the
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FIG. 3. Measured and calculated cross sections for
Ni( ~0, ~0) Ni*(2' ). The potential parameter sets

are those of Table I.

inelastic data fa.irly well. The interference mini-
mum is better reproduced again by using optical
parameters, Set 8, which fit the elastic scattering
data truncated to 8, ~ 125'. 'The imaginary well
depth of Set 8 is approximately one-third that of
Sets 7 and 9 and it provides a small improvement
in the fit. In all curves of Fig. 3, P,"=IS,. When
the ratio P,"/P~c is increased, the calculated inelas-
tic cross section has the desired more prominent
minimum but it is larger than the measured cross
section for 8, ~ 130'.

The inelastic scattering data of 42 and 48 MeV
from targets of "Ni and "Ni are presented in Figs.
4 and 5 along with some curves representing cal-
culated cross sections. The solid curves are re-
sults of inelastic scattering calculations based on
optical parameter sets which have been used to
reproduce elastic scattering over the entire angu-
lar range, whereas the dashed curves are based on
truncated elastic scattering data which yield a
smaller imaginary well depth. The use of parame-
ters with a smaller imaginary well depth produces
a modest improvement to the fit at 42 MeV for "Ni
but not for "Ni. At 48 MeV the measured angular
distributions are reproduced very well by calcula-
tions based on the parameters which also describe
the elastic scattering; however, slight deviations
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FIG. 4. Measured and calculated cross sections for
6 Ni( 0, ' O)6 Ni*(2'). The potential parameter sets
are those of Table I.

from units in the ratio $2~/P2c are required. In all
cases in- Figs. 4 and 5, the use of the folded poten-
tial does not appreciably improve the agreement.

IV. DISCUSSION AND CONCLUSIONS

As has been confirmed by this investigation and a
number of other studies, the DWBA approach can
be used to describe the inelastic scattering of hea-
vy ions. In contrast to the elastic scattering re-
sults, the four-parameter optical model potential,
which is favored by a DWBA parametrization of the
inelastic scattering cross section, has a small
imaginary well depth (W/U = 0.1-0.2). Larger
imaginary well depths in the four-parameter opti-
cal model, which are necessary to reproduce the
elastic scattering data over the entire angular
range, do not reproduce the interference structure
in the inelastic scattering cross section. The use
of a folded potential as the nuclear inelastic scat-
tering interaction potential resulted in considerable
improvement in the prediction of the angular dis-
tribution for the inelastic scattering of "0 from
"Ni at a bombarding energy of 42 MeV, but only
limited improvement for differential cross sections
measured at other bombarding energies or for oth-

-IIO—

lo' ' ' I ' 'I ' ' ' ' I' ' I

0 30 60 90 120 150 180

e (deg)

FIG. 5. Measured and calculated cross sections for
Ni( 0, '60)6 Ni*(2'). The potential parameter sets are

those of Table I.

er Ni isotope targets. The use of a folded Coulomb
potential in both the elastic and inelastic channels
produced little change in the scattering cross sec-
tions. This apparently occurs because the conven-
t.ional and folded forms are identical for radii grea-
ter than 8 fm for the case of "0+Ni while the in-
terior region is obscured by nuclear absorption ef-
fects.

Generalizations drawn from the conventional po-
tential parametrization of the inelastic scattering
data, are as follows. (1) As the imaginary well
depth is increased the interference structure be-
comes less prominent and the cross section at back
angles increases. (2) As the real well depth is in-
creased, the interference structure becomes more
prominent and the cross section at back angles de-
creases. (2) As the nuclear deformation parameter
is increased relative to the Coulomb deformation
parameter, the interference becomes more promi-
nent and the back angle cross section increases ap-
proximately proportional to (P"/Pc)'.

The various nuclear deformation lengths which
have been extracted from the analysis of the in-
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TABLE II. Deformation lengths (6 =PR).

Nuclide

58N.

Ni

~4Ni

B(E2)
(~2 b2)

0.0728

0.084'

t5 (fm) (Other work)
(p, p') (Elec. )

0.94 +0.21 1.03 +0.18 0.83+0.15

1.56 +0.40 1.28 +0.32 0.98 + 0.15

0.88 + 0.17 1.70 +0.34 0.83 + 0.12

1.10 +0.25 1.19 +0.18 0.84 +0.17 3h 0.87 '

("O, "O')

0 94" 0.76 42

48
42
48
42
48
42
48

1.2
1 ~ 0
1.0
1.0
1.0
1.1
1.0
0.95

1.1
1.0
0.85
0.98
0.98
0.90
0.99
0.90
0.86

Present work

E&~ (MeV) 6 /5 6 (fm)

~Reference 19.
"(e,e') and Coulomb excitation results of Ref. 19.
'Reference 17.
"Reference 3.
'Reference 20.

Folded potential
IReference 21.
"Reference 22.
' Reference 23.

elastic scattering of "0 from """'"Niare tabu-
lated in Table II. Since the Coulomb deformation
length and the Coulomb deformation parameter, as
determined from the quadrupole electromagnetic
transition probability, depend upon the Coulomb
radius used, the Coulomb radius of the target was
chosen to be equal to the nuclear radius. Even
though the Coulomb radius is that of a uniform
charge distribution and the nuclear radius is the
half radius of a diffuse distribution, for compari-
son purposes the Coulomb radius can be set equal
to the nuclear radius since neither the elastic nor
the inelastic scattering cross section is sensitive
to the value of the Coulomb radius. This equality
allows direct comparison between the Coulomb and
nuclear deformation lengths and the deformation
parameters. Since the values of deformation length
sometimes differed at the two energies investiga-
ted, results for each energy are included in Table
II. The B(E2) values from which the Coulomb de-
formation length is calculated are also included.
Finally, deformation lengths which represent an
average of individual values deduced from inelastic
scattering of n particles and protons and from
electromagnetic excitations (inelastic electron
scattering and Coulomb excitation) are included for
comparison. The electromagnetic results also are
Coulomb radius dependent, and unless the average
radius used in the extraction happens to be equal
to the radius used in this work, these deformation
lengths will be different even if the same transition
probability value is used to find the deformation
length. Other recent reported results for the in-
elastic scattering of "0 from "Ni are also inclu-
ded. To within the probable accuracy of the re-

suits, the table indicates the nuclear deformation
length is equal to the Coulomb deformation length.

The data and the conventional analysis presented
herein do not reveal any significant systematic
trend in the inelastic scattering from different
nickel isotopes. This is likely due to a combina-
tion of insensitivity of the analysis, statistical er-
ror in the data, and contributions from other me-
chanisms. The data for both the elastic and inelas-
tic scattering are available'4 for reanalyses to in-
clude additional effects.

Further investigations of inelastic scattering of
heavy ions will be fruitful for a number of reasons.
One important feature is that the prominent struc-
ture in the inelastic scattering cross section allows
the direct determination of the nuclear deforma-
tion length relative to the Coulomb deformation
length. More experimental and computational in-
formation in this area is needed to determine if
there is indeed a difference in the deformation
lengths. Extensive studies to include coupled-
channels calculations and multistep processes may
be necessary to provide an adequate description of
the inela. stic process. It is noted, however (see
Table II), that the results of two recent coupled
channel analyses"" differ greatly in the values of
deformation length obtained.

The authors wish to acknowledge Dr. Steve Co-
tanch who derived the folded Coulomb expressions,
Dr. Don Robson and Dr. Fred Petrovich for nu-
merous discussion concerning the use of folded po-
tentials, and Dr. Kirby Kemper, Dr. Gordon Mor-
gan, and Dr. Jerry Artz, and Mr. Don James for
their assistance in the data accumulation.
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