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Dif'ferential cross sections for the elastic scattering of n particles by 2Pb have been mea-
sured over the laboratory energy rar~'e 16.0 to 25.5 MeV in 0.5-MeV steps and over the lab-
oratory angle range of 30 to 170 in 5' steps. A unique real potential of 35+3 MeV is found

in an optical-model analysis with r0=1.22 fm in R = ro(A& +A2 ) and a =0.57 fm. Unique-

ness is expected for scattering in the vicinity of the Coulomb barrier once size parameters
are fixed. No discrete ambiguities are found over the energy range investigated consistent
with a square-well R-matrix model, but they may exist at higher energies.

NUCLEAR REACTIONS 2Pb(+, 0.), E = 16 to 25.5 MeV, 4E = 0.5 MeV; mea-
sured 0(0), &=30 to 170'; extracted optical model U and W.

I. INTRODUCTION

Eck, LaSalle, and Robson' proposed scattering
near the Coulomb barrier as a means of resolving
discrete ambiguities in optical-model potential
well depths and applied the technique to the scat-
tering of "Q. Mo and Davis' successfully used
the procedure to choose one of several discrete
ambiguities in the scattering of protons by ~pb.
However, the technique proved to be inapplicable
in the study of a particles by medium-weight nu-
clei by Watson et al.' simply because the discrete
ambiguities did not exist. An R-matrix model
with a square well explained the absence of the
discrete ambiguities as a result of mixing of sin-
gle o-particle states due to a large absorption.

The scattering of a particles by ~pb has been
studied to first determine whether the various op-
tical-model parameter sets' ' reported for the en-
ergy range here are the result of discrete or con-
tinuous ambiguities. Second, the measurement of
the energy dependencies of the optical-model pa-
rameters, insofar as the trends may be extrapo-
lated, indicate whether or not discrete ambiguities
should be found outside the energy range of the
measurements. Finally, the analysis provides a
set of parameters for the geometry given, and the
data is available for calculations with other geom-
etries without resort to use of empirical continu-
ous ambiguity relations.

Several properties of the target nucleus ~'Pb
favor the existence of discrete ambiguities not far
above the barrier. It is a 4n, doubly magic nuclide
with a relatively high first excited state (3 state
at 2.615 MeV). Further, the (o., n) reaction thresh-
old is not too different from the Coulomb barrier.
Thus the reaction cross section (the absorption)
should be small enough to augur minimal mixing

of o,-particle states and yet large enough to reduce
or eliminate the complication of compound elastic
scattering.

II. EXPERIMENTAL METHOD

o.-particle beams were produced by the Super
FN tandem Van de Graaff accelerator using a duo-
plasmatron ion source. Cross sections were mea-
sured in a 46-cm reaction chamber' fitted with a
ring carrying 16 surface barrier detectors spaced
at 10 intervals in two opposing quadrants.

30 point angular distributions from 30 to 170
were measured at energies separated by 0.5 MeV
from 14 to 25.5 MeV. Absolute cross sections
were obtained by normalization to Rutherford scat-
tering. The over-all energy resolution estimate
is 300-500 keV full width at half maximum (FWHM).
Errors in the c.m. differential cross section varied
continuously from 5% at forward angles and low

energies to 9% at the back angles and high ener-
gies.

III. ANALYSIS AND RESULTS

As shown in Figs. 1 and 2, the cross sections
vary smoothly with energy and angle except for
possible structure at large angles at the highest
energies which is not: statistically significant with-
in the precision of this experiment. The optical-
model code JIB-3' was used to analyze the data.
Four parameters adequately described the data.
The imaginary geometrical parameters were set
equal to the real geometrical parameters &, = 1.22
fm and & =0.57 fm which are the same for the Cou-
lomb part of the potential in agreement with elec-
tron scattering from a uniformly charged sphere. '
The nuclear and Coulomb radii were defined: R„
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The nuclear optical-model potential has the usual
form

V„(r) = Uf(r)+iWg(r) . (1)

lt was sufficient in this work to set g(r) f(r) where
f(r) is written

tion was the calculation of X' contours over the
U, W surface with U the real-well depth and W the
imaginary-well depth in Eq. (1}. The y' funct' is
given by the equation

1 ~ o, (8,) —v (8)
(3)

f(r) = 1 —exp
&-R

a

the Woods-Saxon function. With the choice of g(r},
a volume absorption is selected. Many other vari-
ations of the optical model were tried such as a
six-parameter model, the inclusion of compound
elastic scattering cross sections, different form
factors for the imaginary part of the potential, and
different real geometrical parameters without pro-
ducing a significant improvement in the fit. Nor
did these extensions of the optical model yield a
change in the parameters which might provide a
better understanding of the mechanism.

The first step in the optical-model parametriza-

where c,(8,) and c,(8,}are the measured and calcu-
lated cross sections at 8, and ac,(8,) is the error
in the measurement. The well depth U was varied
in steps of 5 MeV from 10 to 225 MeV and W was
varied in steps of 2 MeV from 1 to 21 MeV. The
values of U and W corresponding to the y' minimum
were used as starting values for searches on U and
W. The resultant values of U and W are plotted in

Fig. 3. The rise in W and the decrease in U below
21 MeV incident n-particle energy is not statisti-
cally significant as indicated by the error bars.

The error bars are determined by the (y'~+ 1)
contours. Over most of the energy rangege, g mba 1S
one or less for the parameters of Fig. 3. It does
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FIG. 1. Excitation curves for Pb(0. a) Pb scatter-
ing at laboratory angles 135 and 170 . The solid curves
are optical-model fits for U = 35 and S' = g.0 .MeV.

FIG. 2. Angular distributions at various laboratory en-
ergies. Lines connecting the points are optical-model
fits to the data.
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70—
Pb+ a

rise monotonically for the highest few energies
and reaches a value of -8 at 25.5 MeV.

Even though W, the critical parameter in the dis-
creteness condition of the R-function model, ' de-
creases as the energy increases, the computed
total reaction cross section increases with bom-
barding energy. At 18.5 MeV, the computed total
reaction cross section is -50 mb and it smoothly
increases to -700 mb at 25.5 Me&.'

The averages of the U and W values extracted at
each energy are U = 35 + 3 MeV and W = 6 + 3 Me V.
As seen in Fig. 4, the values of X' increase mono-
tonically from the minimum in the U, W plane ex-
cept for local minima at low W.

No discrete ambiguity is found in the energy
range studied here, i.e., only a set of U, W values
fits the data for the geometry parameters given.
The unanswered question is whether the absence
of discrete ambiguities is due to the near-barrier
scattering technique or due to the properties of the
colliding nuclei. An insight is provided by the R-
function application to a square well by Watson et
&l.' Except at the highest energies, the conditions
for the existence of discrete ambiguities are not
satisfied by the extracted optical-model parame-
ters, principally because W is too large. If the
downward trend of W continues (see Fig. 3) for en-
ergies above the range investigated here, a dis-
crete ambiguity should occur in an energy region
above the barrier.

Both Satchler, Brock, and Yntema" at 43 MeV
and Goldberg et al."at 139 MeV have reported dis-
crete ambiguities. However, since their angular
distributions extended to only 60 and 90' (c.m. ),
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respectively, spurious discrete ambiguities may
be present in the results.

The continuous relationship between U and +p
was studied. It was found the expressions

FIG. 4. Contour plot of /=log&OX on the U, W plane at
bombarding energy 25 MeV. The minimum is marked by
g.
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FIG. 3. Best-fit values of U and W as functions of the
bombarding energy. The error bars represent the span
of the (X ~@+1)contour.

FIG. 5. The continuous ambiguity between U and R
(or &0). The data are fitted values for U arith W and
a held constant. Error bars shower the span of I for
(x'~+~)
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U exp(R/a) = const, (5)

IV. DISCUSSION

Only one real-well depth U = 35 MeV yields a
good fit to the data for r, =1.22 fm and a =0.57 fm
over the energy range 16 to 25.5 MeV (lab). Fur-

where Eq. (5) is the continuous ambiguity form
proposed by Igo,"both fit the experimentally de-
rived curve (see Fig. 5) equally well. The value
of n in Eq. (4) is 16+ 1 which suggests that the vol-
ume integral used, for example, by Cage, Cole,
and Pyle' for comparison of similar work is not
applicable here.

thermore, a strong dependence on A is found for
the continuous ambiguity relating U and R (see
Fig. 5). Consequently the wide spread in the val-
ues of V (values range from 30 to 180 MeV) which
have been reported in previous studies in this en-
ergy range is understood as a consequence of one
or more continuous ambiguities.

While discrete ambiguities are not expected from
the R-function model' over most of the energy
range, the condition for discrete ambiguities is
marginally satisfied by the optical-model parame-
ters at the highest energy. If the decrease of W
with energy continues above the range studied here,
discrete ambiguities should be observed. The on-
set has not been observed, but there is some evi-
dence for discrete ambiguities at considerably
higher energies. "'
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