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The sensitivities to input parameters of the (p,7*) observables calculated using a relativistic one-
nucleon distorted-wave Born approximation model are discussed. We investigate the effects of vari-
ations in bound state geometry and of ambiguities in the pion optical potential, as well as finite

range effects in the production vertex.

A Dirac single nucleon approach to the (p,7*) reac-
tions"»? has recently been studied in detail by the present
authors.>* The basic ingredient of the model is the use of
the Dirac equation to describe the nucleon motion with
appropriately chosen vector and scalar nuclear potentials.
The pion is described by a distorted wave generated from
a pion optical potential using the Klein-Gordon equation.
Both pseudovector and pseudoscalar forms of the 7NN
production vertex have been used and we have found
strong evidence in favor of the former. These vertex func-
tions were treated in a zero-range (ZR) approximation.

It is necessary in such models to make an assessment of
the sensitivity of the final results to the various types of
input parameters that enter these calculations. In this pa-
per we make an attempt to investigate some of these sensi-
tivities. We specifically discuss sensitivities to the bound
state potentials, to the pion distortions, and to the range
of the 7NN vertex form factor. For illustrative purposes,
we specialize throughout to the case of “Ca(p,m+)*'Ca,
with incident protons of energy 160 MeV, although the
conclusions apply more generally.

In the relativistic DWBA approach to (p,m ™) reactions,
the transition f-matrix element in the zero range approxi-
mation is given by! —*

T=iv2 [d* P (TITYS (T (F) , (1)

where ¥, is a Dirac spinor describing the final state bound
neutron and I' is the pion production vertex. The spinor
1, represents the incident proton and ¢, is the pion dis-
torted wave.

The potentials used to generate the bound state neutron
wave function i, are a combination of vector and scalar
interactions. Their radial forms are taken to be Woods-
Saxon functions. The geometry (radial and diffuseness)
parameters for the vector and scalar potentials are taken
to be the same, and are often based on geometries derived
from fitting the incident proton elastic scattering data.
The range of values found for the radial parameter is
(1.0—1.06) fm, the range of values for the diffuseness
(0.6—0.7) fm. In Fig. 1 we show the variations which take
place in the predicted cross sections upon varying these
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parameters. The variations in these parameters are made
larger than the numbers just quoted so as to illustrate the
trends. It can be seen that changing the radial parameter
leads to a shift in the position of the minimum as well as
a change of normalization, whereas changing the diffuse-
ness parameter mainly alters the overall magnitude. In ei-
ther case the curves retain their characteristic shapes. As
an independent check on our prescription, a neutron wave
function has been taken from Hartree calculations.’ The
resulting (p,m*) calculations do not differ appreciably
from those using the above prescription. The study done
by Miller® using a nonrelativistic DWBA approach shows
that for the case of 12C(p,77'+)13Cg,SA, a change in the
bound state radial parameter also produces angular as well
as normalization shifts in the angular distribution. How-
ever, it is interesting to note that the sense of the shifts is
opposite to that which we observe here. Moreover, the
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FIG. 1. The effect on the (p,7+) cross section of altering the
geometry parameters of the potentials used in calculating the
bound-state wave function. The parameters  and a are the ra-
dius and diffuseness parameters of Woods-Saxon potentials.
The calculations are carried out for the *Ca(p,m+)*'Ca, at
T, =160 MeV. The data are from Ref. 14.
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sensitivity we observe here to the radial parameter is
much less than that calculated in the nonrelativistic model
for the same reaction on '2C by Hoistad et al.” We have
also studied the effects of variations in the geometry pa-
rameters of the bound state potentials on the analyzing
power A,. The results are shown in Fig. 2, for the same
value of r and a as in Fig. 1. We find that a change in
diffuseness from 0.5 to 0.7 fm produces generally minor
changes in 4,, with the most noticeable effect being the
enhancement of the positive peak in 4, near 60°. On the
other hand, A4, shows more sensitivity to the radial pa-
rameter, as is shown in the bottom portion of Fig. 2. An
increase in r from 0.9 to 1.05 fm leads to a forward angu-
lar shift in A4, of about 10°. There is an upward shift in
the analyzing power at forward angles, while 4, becomes
slightly more negative at large angles.

We now turn to the more interesting question of the
pion distortion. It was shown in Ref. 4 that the distortion
of the pion wave function has drastic effects upon both
the cross section and analyzing power for the (p,m+) reac-
tion; it appears almost as if the shapes of the differential
cross section and analyzing power are governed by the
pion potentials. The question of how sensitive the calcu-
lations are to unknowns in these pion-nucleus optical po-
tentials is, therefore, a crucial one which we now address.
We have restricted ourselves to considering only pion op-
tical potentials which we feel have a reasonable (albeit
nonrelativistic) theoretical basis, and give a good account
of both pionic atom data and pion elastic scattering data.
We have selected ten potentials®~!° which we feel satisfy
these criteria. These potentials explicitly incorporate
many effects such as the angle transformation and the
Lorentz-Lorenz-Ericson-Ericson effect. Furthermore, be-
cause their parameters are adjusted to get a fit to the pion
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FIG. 2. The same as Fig. 1 but for the analyzing power.

100 —=— T T

50 —‘\\1 £

“Calp,m9 “ca |
Tp=160 MeV

do/dQ (nb/sr)

20° 60° 100° 140° 180°

FIG. 3. The effect on the (p,7*) cross section of using dif-
ferent pion potentials. The curves are produced using pion po-
tential sets I, II, and III described in the text. The calculations
are carried out for the reaction *Ca(p,7+)*'Ca,y, at T,=160
MeV. The data are from Ref. 14.

elastic scattering data, they include many other effects im-
plicitly. In Figs. 3 and 4 we show calculations for three
of these potentials. We have chosen these so as to provide
an approximate envelope to all ten curves, i.e., the varia-
tions between the three curves are typical of those seen
with all ten. The three potentials used here are the follow-
ing: set 1 from Ref. 8 (which is used in Figs. 1, 2, 5, and
6), extrapolated set 4 from Ref. 9, and set E from Ref.
10. In Figs. 3 and 4, these three sets of pion potentials are
referred to as set I, II, and III, respectively. These poten-
tials are discussed at length in the references, but we
would like to expound on one desirable feature not em-
phasized there. Pion potentials based on purely
Kisslinger-type terms exhibit a pathological behavior
known as a “P-wave catastrophe.” This happens because
the Kisslinger potentials contain a term which behaves
like the kinetic energy operator. When this term is added
to the ordinary kinetic energy term the equation behaves
like a Schrddinger equation with a position dependent
mass. At some value of the radial parameter this effective
mass can become infinite and cause kinks in the wave
functions.® All potentials we have used here are free of
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FIG. 4. The same as Fig. 3 but for the analyzing power.
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this undesirable feature and lead to smooth wave func-
tions.

The elastic scattering predictions from these pion po-
tentials are quite similar in shape, although they may
differ in magnitude by around a factor of 2. This can be
compared to the spread in (p,7*) predictions, based on
these potentials, as shown in Fig. 3. The main differences
between the curves are seen to be a shift in the position, as
well as a change in the depth, of the minimum. This
amount of sensitivity persists on other nuclei at other en-
ergies, the differences between the curves becoming slight-
ly larger with increasing energy. In Fig. 4 we show the
dependence of the analyzing power on the pion distortion
potentials. Here the peak and minimum of A4, show a
considerable smattering of values; however, the charac-
teristic shape of the analyzing power does not vary.

The remaining potentials which are used as input to the
calculations are the proton distorting potentials. The ef-
fect of taking different proton distorting potentials (sub-
ject to the constraint to fitting the elastic scattering data)
is shown in Refs. 4 and 11. Just as for the pion distor-
tions, there are small shifts in the normalizations and an-
gles but no qualitative changes, provided that good elastic
scattering data exist to constrain the distorting (optical)
potentials.

Inherent in the DWBA calculations reported so far is
the zero range approximation. This physically restricts
the pion to be created at the same point in space at which
the proton (in an elastic scattering state) turns into a neu-
tron (in a bound state). To fully take into account this
finite range of the NN vertex would entail evaluating a
six-dimensional integral. However, we can estimate the
effect quite easily by means of the following manipulation
which is similar in spirit to the local energy approxima-
tion. We write the finite range T matrix as

T=iV2 [ d% d¥rW(E )y sy" (T, 1(T,T )s(T) , ()

where the finite range in the vertex is chosen to be of the
form
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FIG. 5. Zero-range (A= ) and finite-range (A=3) calcula-
tions for the “*Ca(p,m*)*'Ca,, cross section at 7,,=160 MeV.
The finite range calculations are carried out using the approxi-
mation described in the text. The data are from Ref. 14.

From fitting pion nucleon elastic scattering data,'>!?

the parameter A is estimated to be 3 fm~!. To obtain the
expression for the finite range, we truncate the series in (3)
to two terms and substitute them into Eq. (2). Green’s
theorem may now be used to turn the V2 onto the pion
wave function, where it can be replaced by the pion poten-
tial by using the Klein-Gordon equation satisfied by the
pion wave function. Finally this process may be Padé ac-
celerated!® (it turns out that the Padé acceleration has lit-
tle effect).

Figure S illustrates the finite range effects on the calcu-
lated cross sections. We compare the ZR result (A=)
shown by the dashed curve to the finite range (FR) one
for the case A=3 (solid curve). It is seen that the main ef-
fect of taking the finite range into account is to cause a
downward shift in the calculated cross section. On the
other hand, we find very little effect on the calculated
analyzing powers. This is shown in Fig. 6.

In summary, we have investigated some of the sensitivi-
ties of the cross section and analyzing power for the
(p,m) reaction, in the framework of the relativistic one
nucleon DWBA model, to ambiguities in the input param-
eters as well as to finite range effects. We find that the
latter has little effect on the calculated analyzing power,
but leads to a decrease in the magnitude of the cross sec-
tion [~50% for “Ca(p,7+)*'Ca, at 160 MeV]. Both
observables also show some sensitivity to the bound state
geometry. We find that variations in the geometry can
produce normalization as well as angle shifts in the ob-
servables, but none can be regarded as drastic (with, say,
30% change in diffuseness or 15% change in the radial
parameter). We have looked at the impact of the ambi-
guity in the pion optical potentials on the calculated
(p,m*) observables. Comparison of three different realis-
tic potentials (which are free of the P-wave catastrophe)
show that in general one is left with uncertainties in cross
section normalization in addition to angular shifts in both
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FIG. 6. The same as Fig. 5 but for the analyzing power.
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cross section and analyzing power as a result of the ambi-
guities in the pion potentials. However, the overall shapes
are reasonably free from ambiguity.
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