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16, 18 580 elastic scattering from Ni'
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The elastic scattering of 0+ Ni at 63.4 MeV and 0+ Ni at 63, 71.5, and 81 MeV has
been studied and optical model fits have been obtained. The data indicate that weakly ab-
sorbing optical potentials of the type used in some recent distorted wave Born approxima-
tion calculations are inconsistent with back angle elastic scattering. A five-parameter sur-
face transparent optical potential. with a& & az has been found which reproduces the elastic
scattering over this energy range and appears to be capable of qualitatively reproducing
the observed forward peaked and oscillatory transfer reaction angular distributions in this
mass region.

NUCLEAR REACTIONS Ni( 0, 0), E =63.4 MeV, Ni( 0, 60), E= 63, 71.5,
81 MeV; measured 0(0); deduced optical model parameters.

There has been much interest recently in the
so-called "anomalous" angular distributions which
sometimes occur in heavy ion transfer reaction
data. ' ' These anomalous angular distributions
are oscillatory and forward peaked, as opposed
to the relatively structureless bell-shaped angu-
lar distributions reported in early heavy ion stud-
ies even at energies well above the Coulomb bar-
rier. ' It has been demonstrated in the case of the
"Ca{"N, "C) reaction" that the forward peaking
and oscillatory behavior can be reproduced by
means of distorted wave Born approximation
(DWBA) calculations in which a weakly absorbing
optical potential is employed. Since such weakly
absorbing optical potentials were consistent with
the measured elastic scattering, the explanation
seemed reasonable.

However, in previous studies of heavy ion elas-
tic scattering on sd-shell nuclei undertaken at
Seattle, 7 it was found that a weakly absorbing op-
tical potential tends to predict too much structure
in the back angle elastic cross sections. (By back
angles we mean those where a/c~& 10 '.) For this
reason it seemed worthwhile to carefully study
the elastic scattering for another system which
appears to show anomalous angular distributions,
namely the '6'"0+'8Ni system. [The '8Ni("0, ' 0)
reaction studied by Auerbach et pl. ' Bt 63.4 MeV
was an early example of a forward-peaked trans-
fer reaction angular distribution. ] By extending
the elastic scattering measurements to more back-
ward angles than were studied previously, ' we expec t
to be able to distinguish experimentally between
strongly and weakly absorbing potentials. It was
also felt worthwhile to examine the behavior of
the optical potentials found here in transfer reac-

tion DWBA calculations, to see whether the addi-
tion31 "restriction" of fitting the back angle elastic
data would automatically eliminate potentials which
{incorrectly) predict structureless bell-shaped
transfer reaction angular distributions. These
DWBA calculations will be discussed below.

The experiment consisted of measurement of
the elastic scattering of "0+' Ni at 63.4 Mev
and "0+"Ni at 63, 71.5, and 81 MeV. The data
were taken with an array of large area Si(Li) de-
tectors, spaced 1.1' apart in the lab, to scatter-
ing angles such that c/v~ & 10 '. Figure 1 shows
the observed angular distributions for all four
data sets.

Optical model fits to the data have been obtained
with a heavy ion version of the optical model code
GENOA'; the parameters are listed in Table I.
Two different types of potentials were found:
conventional strongly absorbing (SA) potentials
and five-parameter "surface transparent" (ST)
potentials. For purposes of comparison, the
weakly absorbing (WA) "Brookhaven" potential,
obtained by Auerbach et al'. ' from fitting the for-
ward-angle "0+"Ni elastic scattering at 63.4
MeV, is included in Table I. In all cases the
"0 angular distributions were fitted simultaneous-
ly with a single optical potential. Furthermore,
the real well depth was arbitrarily fixed at 70
MeV in all parameter searches. [In what follows
we will refer to the surface transparent "0+"Ni
potential as ST18, and similarly for the other sets.
The DWBA calculations described below are la-
beled in the same manner, e.g. , potential set
ST18-ST16 refers to a DWBA calculation employ-
ing potential ST18 in the ("0+"Ni) entrance chan-
nel and ST16 in the ('60+ QNi) exit channel. ]
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TABLE I. Optical potentials for 6 0+ Ni elastic
scattering.
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FIG. 2. Geometry for optical potential Sets WA18 and
ST18 from Table E. The real geometry is nearly identi-
cal for the two cases and is only shown once.

F&G. 1. Angular distributions for ' O+~ gi elastic
scattering at 63.4 MeV and 60+ Ni elastic scattering
at 63, 71.5, and 81 MeV. The solid curves are optical
model fits to the data and the dashed curves are predic-
tions of the weakly absorbing Brookhaven potential from
Ref. 1.

The solid curves in Fig. 1 represent fits to the
data using the five-parameter potential sets ST18
and ST16. For these potentials the real and imag-
inary radii were kept the same and the real and

imaginary diffuseness were allowed to vary inde-
pendently. To emphasize the somewhat unusual
geometry of these potentials, Fig. 2 shows a com-
parison of the Brookhaven "O+"Ni potential
(WA18) with that obtained here (ST18). The geom-
etry of the real well is almost the same for the
two potentials and is only shown once. As can be
seen, Set ST18 is strongly absorbing compared
to the Brookhaven potential except at large radii,
around 10 fm, where the two potentials are rough-
ly comparable. Thus, at least in the surface re-
gion, five-parameter potentials such as Sets ST18
and ST16 are indeed weakly absorbing.

The dashed curves in Fig. 1 refer to predictions
of the weakly absorbing Brookhaven potentials
WA18 and WA16. As can be seen, these potentials
do a reasonable job of fitting the forward angle
elastic scattering data at all energies, although
they fail rather badly at back angles. This is
most obvious at 81 MeV where the predicted os-
cillations are clearly not present in the experi-
mental data.

In order to investigate differences between these
various parameter sets we have repeated some of
the DWBA calculations for the '~Ni("0, "0) reac-
tion at 63.4 MeV using the exact finite-range code

The calculations were performed with
cluster wave functions (2S and SS for "~O and ' Ni,
respectively) bound at the appropriate two-neutron
separation energies. Some of the results are
shown in Fig. 3. We find, in agreement with the
Brookhaven results, ' that strongly absorbing opti-
cal potentials of the usual four-parameter type
do not predict the transfer reaction correctly,
giving a bell-shaped angular distribution as op-
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match indicated for this choice of potentials. In
Fig. 5 the reflection coefficients for the various
optical potentials are plotted. As can be seen,
for any optical potential which does a reasonable
job of predicting the entrance channel elastic scat-
tering the critical angular momentum (where q,
=0.5) is L,= 33. Using potential WA16 in the exit
channel, however, gives I,= 37, as opposed to
L,= 35 for potentials obtained by actually fitting
the elastic scattering of ' 0+' ¹iat about the cor-
rect center of mass energy for the "Ni("0, "0)
reaction (8„„='ll. 5 MeV).

As has been pointed out in the case of light ion
reactions, "the effect of a. momentum mismatch
is to broaden the DWBA reaction amplitudes in
L, space. That this occurs in the case of potential
Set ST18-%A16 can be seen by looking at the mag-
nitudes of the reaction amplitudes obtained in the
present DWBA calculations. These are plotted in
Fig. 6 for the various optical potential sets con-
sidered here. The reaction amplitudes for the
Set ST18-WA16, i.e., for the DWBA calculation
using Set ST18 in the entrance channel and Set
%A16 in the exit channel, are reduced in magni-
tude and considerably broader in I space, in
agreement with the light ion predictions of Ref.
10. The effect of such a, change in width on the
predicted angular distribution is illustrated in
Fig. 7, where we have parametrized the reaction
amplitudes by a Gaussian in I- space centered at
I.=35 (with phases similar to those obtained from

the actual DWBA calculations). As the full width

at half-maximum of the Gaussian is changed from
I'=10 to I'=4, the character of the predicted an-
gular distribution changes from semiclassical to
"a,nomalous. "

As is obvious from a consideration of Fig. 5, a
momentum mismatch and hence a smooth angular
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FIG. 6. DWBA reaction amplitudes ior the
" Ni(~80, 60)8 Ni(g. s.) reaction at 63.4 MeV for various
optical potentials.



'' 0 ELASTIC SCATTERING FROM ' Ni 813

lO i

I I I I

"Ni(I'O. I'0) 60NI (g.s.)
65.4 MeV

Gaussian Parometrizotion
of Reaction Amplitudes

O~

-l

L
& lo-'—

C$z:
I- l' I

iu
UJ I I

~
i)/']/

N Io 'V/

0 4
4

o+~
0

~ ~

lO

I'=IO .. '
~~~o~ g ~~' I" 8~

I

20
I I

40
8, (deg)

I

60

0
0

0

4
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tudes. The full width at half-maximum of the Gaussian,
I', is indicated for each curve.

distribution would also seem necessary in the case
of potential Set WA18-WA16. However, as Fig. 6
shows, the reaction amplitudes in this case are
very irregular in L space. Thus, while there are
in fact contributions from a wide range of L values,
a few particular ones dominate the cross section,
namely L = 34-36 and L = 27-29. The dominance
of the L = 34-36 contribution is the reason for the
continued "wiggles" in the predicted angular dis-
tributions of Ref. 1, since we approach an angular
distribution of the type Zo'(LO) when only a few L
values are involved. The contribution from the
lower partial waves near I.=28 (which is well be-
low the grazing angular momentum) is actually
important to the cross section. From Fig. 3 or
4 one can see a shift in phase at forward angles
between the predictions of the Brookhaven poten-
tial (WA18-WA16) and those from potentials which
are strongly absorbing in the nuclear interior
(ST18-ST16 or WA18-ST16). Using a lower L
cutoff for the various cases at L = 30 gives no
major changes except for the WA18-WA16 case,
where eliminating the L =27-29 contribution shifts
the forward-angle phase into agreement with the
strong absorption predictions.

Aside from the momentum mismatch aspects of
these various potential sets, there remain the ap-
preciable differences between DWBA calculations
using strongly absorbing potentials and those using

five-parameter surface transparent or four-param-
eter weakly absorbing potentials. We have shown
that these differences are related to the narrow
region in L space which contributes to the DWBA
reaction amplitudes in the case of weak surface
absorption such as given by potentials WA18, ST18,
and ST16. This sharpness in L space (or lack
thereof) can also be seen directly in the elastic
scattering reflection coefficients shown in Fig. 5.
The strongly absorbing potential SA18, for exam-
ple, is very broad in L space compared to the
other ' 0 potentials and allows a number of L val-
ues to make nonnegligible contributions to the
DWBA cross sections. This would lead to the
prediction that those DWBA calculations done
using potential SA18 in the entrance channel will
always result in a bell-shaped angular distribu-
tion, as is indeed correct. On the other hand, one
can see in Fig. 5 that all of the "0potentials, in-
cluding the strongly absorbing potential SA16,
have a similar width in L space. Thus, we would
not expect that the DWBA calculations would be
so sensitive to the use of potential SA16 rather
than ST16 in the exit channel. This is borne out
by a comparison of calculations using potential
sets ST18-SA16 and ST18-ST16, both of which
give very similar results.

In conclusion, our study of "'"0elastic scatter-
ing on "Ni indicates that a weakly absorbing poten-
tial of the type used in some recent DWBA calcu-
lations' is not consistent with the back angle elas-
tic data. However, a "five-parameter" surface
transparent potential with a rather sharp imagi-
nary diffuseness is capable of reproducing the
elastic scattering over a, wide energy range and
appears to be capable of reproducing (qualitative-
ly) the observed forward peaking and oscillatory
nature of the transfer reaction angular distribu-
tions in this mass region. Furthermore, the five-
parameter potentials found in this study are able
to explain forward-peaked angular distributions
without requiring important (and possibly unreal-
istic) contributions from the nuclear interior. It
has been shown that the angular distribution pre-
dicted for the "¹("0,"0)' Ni(g. s.) reaction does
depend strongly on the optical potentials used,
even though the parameters studied give identical
fits to measured elastic scattering data, down to
&x/&x„=10 ' or below. The type of angular distri-
bution one gets depends on the width of the DWBA
reaction amplitudes in L space. This width can
in turn be correlated to the elastic scattering re-
sults in terms of momentum mismatch (in some
cases), and also in terms of the width in L space
of the elastic reflection coefficients. We should
emphasize that the back angle elastic data investi-
gated here are sensitive to the sa,me range of L
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values as are the transfer reaction data and are
therefore very useful in resolving many (but not
all) of the optical model ambiguities found when

only forward-angle elastic scattering data are
considered. It has sometimes been argued that
it is incorrect to use back angle elastic scatter-
ing data in obtaining optical parameters for use
in DWBA calculations. However, we feel that the
svhole angular range should be util. ized. Light ion
reactions have defined the rules of the DWBA
game, namely to generate the distorted waves
from potentials which fit the elastic scattering.
Insofar as one can obtain (as was done here) a
good fit to the back angle elastic data without
sacrificing a fit to the forward angle region, this
should give a "better" i.e., less ambiguous, poten-
tial than one obtained from forward angle data only.
Even if the back angles do contain contributions
from other processes, it may still be preferable

to "renormalize" the optical potential to account
implicitly for these effects, which are also pre-
sumably occurring (and being ignored) in the re-
action calculations. Since the optical model des-
cription of elastic scattering is a better theory
(having fewer assumptions) than DWBA, the latter
should be used to distinguish optical potentials
only when they do equally well at predicting all
available elastic data. It is generally believed"
that reducing the imaginary diffuseness compared
to the real diffuseness is probably mocking up
some other effect, such as I. dependence in the
imaginary potential. However, we do not feel that
the present data are capable of resolving this point
unambiguously.
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