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An optical model for the scattering of nucleons by nuclei has been investigated. The model is one in
which the interaction is described by a complex square well potential V(r) = —V0 —iS'o, r &Eo. Comparison
with experiment indicates that for the scattering of 18-Mev protons by Al, reasonable agreement is obtained
using well parameters which are consistent with the requirement of the transparency model and of low
energy neutron scattering. The boundary condition model of Feshbach and Weisskopf has also been exam-
ined and a region of quasi-equivalence indicated for the two models.

L DESCRIPTION OF THE MODEL

'HERE is an energy range for which the problem
of nucleon-nuclei interaction is somewhat analo-

gous to the scattering of light by a conducting glass
sphere, e.g., a colloidal suspension of gold particles in a
glass bead. Such a medium is conventionally described

by introducing a complex index of refraction,

s = t+1(47I0/cd). ''

The dielectric constant e and the conductivity 0. are
clearly macroscopic parameters which describe the
average eGects of a multitude of microscopic events.
Although a rigorous treatment would require a detailed
examination of the individual scattering processes tak-
ing place at each metallic particle, the use of macro-
scopic parameters is quite sufhcient if only such features
as the distribution of the scattered intensity and the
total energy absorbed are desired. Similarly, it might
be expected that the elastic scattering of nucleons by
nuclei and the total absorption cross section could be
described approximately by assigning macroscopic pa-
rameters to nuclear matter —at least at energies su%-
ciently great that many levels contribute. Consequently,
we have investigated an optical model for nucleon-
nuclei scattering in which a complex square well

potential is used, this being equivalent to a complex
index of refraction. ' A similar model was used by
Pasternack and Snyder' to discuss neutron scattering
at 90 Mev.

The introduction of a non-Hermitian potential into
the Hamiltonian means that the probability density is
no longer conserved. If the potential is

y(&) = y, i W—„r—R(, o
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then the continuity equation reads

8p/at+ div j= —2pWO/h,

where p=P*f and

j= (k/M) Im(y+qy).

Thus, per unit of its volume, the nucleus appears to
absorb incident nucleons at the rate 2pg, /g. Th;s
absorption corresponds, of course, to the over-all egect
of any inelastic processes that can occur, and it is just
the point of the model that these processes are taken
into account through the macroscopic parameter g,

The actual calculation of cross sections proceeds as
usual, using a partial wave analysis and the tables of
Coulomb wave functions published recently by Breit
and co-workers at Yale University' and the tables
issued by the National Bureau of Standards. Before
discussing the results, however, it is of some interest to
compare the features of this model with a boundary
condition model, proposed by Feshbach and YVeisskopf, '
in which the complicated phenomena occurring inside
the nucleus are described in terms of surface values of
the. wave function. Speci6cally, the logarithmic deriva-
tive of the wave function at the surface of the nucleus
is required to satisfy the boundary condition

where

~(r4)
Rp

& =Bp
Exp

K= k(1+ Uo/&)', k= (2mE/k') &

and Ep is the radius of the nucleus. Since the logarithmic
derivative is taken to be independent of angle this
model cannot be regarded as exactly equivalent to the
optical approximation. Indeed, for a complex well, the
logarithmic derivative for the L,th partial wave, which
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we denote by I'L, , is given by /oo i
0 (9) &/0 cM

where
r,= 1+sj,'(s)/i (s)

s= N+is =kRo[1+ (Vo+iWo)/~]*,

and j~ is the regular spherical Bessel function of order
L However, in the limit ~s~))L we note, on using
asymptotic forms for the Bessel functions, that

FL,~V—ZN ) N, V))I..

Since I'L, is essentially independent of J., we see that in
this limit the optical model leads to a value for the
-logarithmic derivative of the entire wave function
which is at least approximately independent of angle,
as was assumed in the boundary condition model, and
accordingly the cross sections can turn out to be quite
similar for the two cases at appropriate energies.

/0

II. COMPARISON FOR ALUMINUM

Experimental results for the elastic scattering of
protons by Al, Ni, Pd, and W at 18.6 Mev have recently
been published. ' Relative angular distributions were
obtained from 26' to 106' at 15' intervals. An attempt
has been made to 6t these data for Al' using both the
optical model and the boundary condition model. In
making this 6t, the parameters of the well have not
been permitted unrestricted variation since some infor-
mation exists which serves to limit them. The radius
Ro was not regarded as adjustable at all, but chosen
according to the accepted relation

RO=1.42X10 "A~ cm.

With respect to the well depth Vo, only two values were
considered in any detail. One was the Fermi gas value
of 30 Mev which has been found to be consistent with
the requirements of the transparency model for high
energy scattering. ' The second was the value of 45 Mev
obtained by Bohm and Ford in their study of slow
neutron resonances. ' With respect to 8'o, its range of
values was determined as follows. The transparency
model gives a value of absorption coe%cient X=2.4
)&10"cm ' at 90 Mev. Assuming a gross 1/E depend-
ence in the eGective collision cross sections, this would
indicate an absorption coefficient of about 5 or 6X10"
cm ' at 18-Mev depending on the assumed well depth.
Hence, only values of 8'o corresponding to absorption
coe%cients of this magnitude were used. It was then
found a better 6t could be made with the 45-Mev Bohm

5 J. W. Burkig and B. T. Wright, Phys. Rev. 82, 451 (1951).' Because of limitations in the tables of Coulomb wave functions
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aluminum, kR=4.00. Phase shifts in this case for L=6 and 7
were estimated by means of a Born approximation. For tungsten,
kR= 7.60 and phase shifts up to L=9 or 10 are important.
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FIG. 1. Differential cross section vs angle of scattering. The
solid curve is the optical model result, the dashed curve the
boundary condition model result. The experimental points are
from reference 5.

well than with a Fermi well. The best absorption depth
was found to be lVo=20 Mev corresponding to an
absorption coefficient %=6.2X10" cm ' in reasonable
agreement with the value extrapolated from the high
energy transparency data. It was similarly found that
the boundary condition model fit the data better with
a Bohm rather than a Fermi well. In Fig. 1 the diA'er-

ential cross sections which give the best Gt are shown.
The experimental points have been normalized to give
agreement with the optical model at 26'.

The reaction cross section predicted by each of the
models is 0.60 barn (orRo'= 0.57 barn) but unfortunately
no experimental results are available as yet.

An examination of the curve seems to indicate that
the optical model is in slightly better agreement with
the experimental results than is the boundary condition
model. This is rather pleasing, since the former seems
to o8er a more fundamental description than the latter
and since the well parameters are reasonably-consistent
with those fitting other results at other energies as
previously mentioned.

It is hoped that additional tables of Coulomb wave
functions will become available in the near future so
that comparisons can be made with experiment for the
other elements. However, until experimental values for
the absolute diGerential scattering cross sections and
the reaction cross sections are determined, the success
of this model is difFicult to estimate.


