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Excitation functions of the (p, np) reaction on Zr, ~~eau, ~0 pb, aud ni are co~pared
with the predictions of exact solutions of the coupled Lane equations, and it is found that
the distorted-wave Born-approximation and coupled-channel predictions have essentially
the same overall shape if the same optical and symmetry potentials are used. A linear
energy dependence of the complex symmetry potential, suggested earlier from distorted-
wave Born-approximation analyses, as well as modification of the neutron optical poten-
tial are required to describe the available data from threshold to -45 Mev if global opti-
cal parameters are used.

Excitation functions of the (p, np) reaction [a (p, n) charge-exchange reaction followed by proton (p)
emission] for a wide range of target masses from threshold to 45 MeV have been reported' to show
a, characteristic energy dependence that cannot be described with conventional distorted-wave Born-
approximation (DWBA) calculations unless the symmetry potential itself is given a complicated energy
dependence. That is, it was found necessary, if the global optical-model parameters of Becchetti and
Greenleess (BG) were used to describe elastic scattering in proton and neutron channels, to adopt an
energy dependence for the symmetry potential E TV,/A (as a function of in'cident proton energy E~) of
the form

V, (r) cc$1.0+ (1.0+ 0.2) exp[(- 0.25+ 0.05) ~E~ —E,[ ]] [(120—E~ )f(r) + i(60 —0.7 5E~)g(r)] Me V,

where f(r) is a Woods-Saxon form factor with
the same geometry as the real part of the proton
optical potential, and g(r) is a Woods-Saxon de-
rivative form factor with the same geometry as
the surface imaginary part of the proton optical
potential. The quantity E, is given by Eo E
+ 1.5 MeV, where E,„ is the (p, n) charge-ex-
change threshold energy.

In the energy region 10 MeV and greater above
threshold the potential strengths of relation (1)
become more realistic in that they become mere-
ly linearly dependent on the energy. From the
fact that such a consistent, nucleus-independent
functional form for V, (r) is required in DWBA,
one might conclude that the DWBA is failing to
account for a general energy dependence charac-
teristic of the (p, np) reaction mechanism, par-
ticularly near threshold, where there occurs a
relatively rapid buildup of Qux in the neutron
channel. These observations suggest that exact
solutions of the coupled Lane equations might
be necessary to account satisfactorily for the
observed (p, np) excitation functions near thresh-
old.

In this Letter we report the results of such
coupled-channel (CC) calculations. We have
found that DWBA and CC methods predict essen-
tially the same overall shapes for the (p, np) ex-

citation functions when the same optical and sym-
metry potentials are used. Further, if one has
confidence in the BG neutron optical potential
for E„&10MeV, one again concludes that the
complex symmetry potential does have an energy
dependence given roughly by the asymptotic form
of Eq. (1):

V, (r) cc(120 -Ep)f (r)+ i(60 —0.75E&)g(r) MeV, (2)

where f(r) and g(r) have been previously defined
It is also found that a neutron surface imaginary
potential given (in the notation of BG) by Wsz"
=3.1+0.575E„—(60 —0.75E~)(N —Z)/4A MeV, for
E„&12 MeV, rather than that obtained from the
BG analysis, can account satisfactorily for the
detailed shape of the (p, np) excitation function
when the energy-dependent potentials of Eq. (2)
are used as well.

The (p, np) excitation function data, from thresh-
old to about 45 MeV, for target nuclei "Zr, '"Sn,
'"Pb, and "'Bi are shown in the Fig. 1. The
coupled-channel program JUPITOR II, ' which pro-
vides the exact solution of the coupled Lane equa-
tions, was modified to allow for differing neutron
and proton optical parameters and a complex
symmetry potential. The initial coupled-channel
calculations, like the DWBA calculations pre-
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viously reported, ' were performed using the BG
neutron and proton optical parameters and the
complex symmetry strengths 96 MeV (real vol-
ume) and 48 MeV (imaginary surface). The BG
neutron and proton potentials differ slightly other
than through the symmetry terms, and thus are
not strictly in the spirit of the Lane equations.
However, (1) the BG parameters are the only
global set of parameters, known to the authors,
adequate for the wide range of nuclei and ener-
gies under investigation; (2) all recent surveys"
of (p, n) charge-exchange reactions, whether
they emp1oy DKBA or CC ana1yses, have in fact
used these parameters and obtained good overall
fits to the shapes of the (p, n) angular distribu-
tions; (3) no completely charge-independent nu-
clear potential parameters are available; and
(4) we wish to make a comparison with previous
DWBA calculations, ' which used the BG param-
eters.

The results of the CC calculations using the
unmodified BG parameters are shown as the dot-
dashed lines in the figure. Note that the predic-
tions are for the (p, n) charge-exchange cross

sections, not the (p, np) cross sections. How-
ever these two excitation functions, both theo-
retically and experimentally, have the same
shapes, since the proton decay (p) of the isobaric
analog state (IAS) populated by the (p, n) reac-
tion is independent of the incident proton energy.
The magnitude difference between the two ex-
citation functions is then presumably accounted
for by the fact that the (p, np) cross sections are
reduced by the factor 8» where R~ is the prob-
ability of proton (P) decay of the IAS. Since here
we are mainly interested in the shapes of these
excitation functions, the predictions are arbitrar-
ily normalized to the data. The normalization
factors are shown in the figure. It is by no means
clear that the factors are closely related to R~,
since for "Pb and '"Bi, these factors are great-
er than 1. However, one must not exclude the
possibility that the rather wide P peaks observed
for 2 'Pb and ' Bi may themselves sit on struc-
tures of comparable widths. Hence, background
subtraction cou1d overestimate the area under
the p peaks for ~Pb and ' 'Bi by a factor of 1.5
to 2.0. This would not affect the conclusions of
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the present study.
The next set of CC calculations considered

were those for the asymptotic, linearly energy-
dependent complex symmetry potential given by
Eq. (2). The BG neutron and proton optical po-
tentials were used, except that the BG symmetry
potentials were replaced by those derived from
Eq. (2). These predictions are shown as the
dashed lines in the figure. As was the case for
the DWBA, the energy dependence of the (P, nP)
excitation functions is well reproduced for en-
ergies 10 MeV and greater above threshold. The
DWBA predictions are not shown because they
are essentially identical to the CC results. The
cross sections were normalized to fit the data;
the factors used are shown in the figure. The
rapid rise and broad maximum near threshold
is no better reproduced with these CC calcula-
tions than with D%BA, which suggests that charge
exchange coupling is not responsible for the dis-
crepancy.

There are a number of experiments, including
measurements of the neutron strength function, 6

as well as earlier (p', nP) studies rather near
threshold, ' which suggest that near zero neutron
energy an imaginary surface strength 8'~~" of
between 3 and 5 MeV and an imaginary volume
strength 8'~"' of 0 are needed to describe the
available strength function and total neutron
cross-section data. However, the BG neutron
parameters give S'»." -10-12 MeV at E„=0
over the same mass range. Clearly, the smaller
strength for 8'»" would cause a much more
rapid rise at threshold for the predictions for
the (p, m) charge-exchange reaction, since the
total cross section is roughly proportional to
1/W»". Although the BG proton optical param-
eters may be very reliable, the neutron param-
eters were derived from data substantially in-
ferior to the proton data. Further, at neutron
energies below 10 MeV, important compound
elastic corrections of considerable ambiguity had
to be included in the BG analysis. Hence, it is
now entirely unexpected that the neutron param-
eters below E„=10 MeV may require modifica-
tion. By extrapolating the neutron imaginary sur-
face strength between values of 3-4 MeV for
E„=0 and the BG value for E„&10MeV, fits for
the (p, nP) excitation function data were obtained,

us.ing the BG optical potentials, except that 8'»."
= 3.1+0.575E„-(60 —0.75E~ )(N —Z)/4A for E„
& 12 MeV, when the energy-dependent complex
symmetry potential of Eq. (2) was used as well.
The results of these CC calculations are shown
as the solid lines in the figure. It is seen for
all four nuclei that the predictions reproduce
the shape of the experimental (p, nP) excitation
functions.

In conclusion we submit that, if the BG optical-
model parameters are adequate for E„&12MeV,
the experimental data for the (P, nP) excitation
functions for a variety of nuclei from threshold
to 45 MeV strongly support a linearly energy-
dependent complex symmetry potential, as in
Eq. (2). Our analysis also suggests that for E„
&12 MeV the BG neutron optical potentials re-
quire modification and that a new study of the
neutron parameters in this energy region needs
to be considered.

Since this paper was written, results of a very
extensive analysis of cross sections for neutron-
induced reactions and scattering on lead isotopes
have become available. ' In their detailed analy-
sis of the data, Fu and Percy' obtain an optical
potential almost identical, except for choice of
geometry, to that used here. Their potential fits
neutron data from threshold to 14 MeV.
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