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Parametrization of pion-nucleon phase shifts and effects
upon pion-nucleus scattering calculations
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Pi meson interactions with free nucleons as known from recent experiments have been fit by Arndtet al. in
the form of phase shifts. In the present work these phase shifts are fit by a simple parametrization,
observables computed from the resulting parametrized phase shifts are compared successfully to imp
examples of recent measurements. The parameters of this work are readily suited to pion-nucleus optical m
codes built upon the impulse approximation. Some examples of the effect of the new pion-nucleon data u
these pion-nucleus calculations are shown, relative to older results based upon far fewer pion-nucleon
@S0556-2813~96!00211-7#
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I. INTRODUCTION

Many pion-nucleus reaction models are built upon the im
pulse approximation, using the interaction of the meso
with free nucleons. Although there are several general co
pilations of those free space interactions, it has been con
nient to use the parametrization and fitted results of Row
Salomon, and Landau@1# in pion-nucleus optical model
codes, such as those of@2,3#.

Rowe, Salomon, and Landau fit thep-nucleon data avail-
able in 1978, before the high intensity meson facilities we
able to generate the large body of data now available. Es
cially at low pion beam energies, the newer data differ si
nificantly from the data base used by Rowe, Salomon, a
Landau. Since so many important conclusions have be
drawn fromp-nucleus interactions, and since many of thos
conclusions are based in some form upon thep-nucleon im-
pulse approximation, it is important to reexamine those c
culations using a modern base ofp-nucleon interactions.

In this work we use the systematically fitted compilatio
of Arndt et al.@4# in their programSAID. The SM95 solution
is used, since the data set used in this solution has b
critically examined, and includes important new measur
ments with good statistical accuracy and with greatly im
proved understandings of systematic uncertainties. The
searchers involved in these studies have produced a serie
p-N newsletters containing their results and their deba
@5#.

In Sec. II of this work the formulation of Rowe, Salomon
and Landau~RSL! is used to fit thep-nucleon phase shifts
from the SM95 solution inSAID. The parametrization so ob-
tained is then used to computep-nucleon observables for
comparison to a number of accurate and sensitive exp
ments and to observables calculated using the original R
parameters. In Sec. III the results of using the new para
etrization in optical model calculations in place of the olde
one of RSL for pions are compared to data for pion-nucle

*Permanent address: Department of Physics, Assiut Univers
Assiut 71516, Egypt.
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elastic, inelastic, and charge exchange scattering and to com
putations identical except for the use of the RSL parameters
If there were to be significiant differences between calcula
tions from the two parameter sets, an extensive reanalysis o
the conclusions drawn from theoretical analyses of pion
nucleus scattering would be required. Section IV provides a
summary of what effect the newp-nucleon data will have
upon conclusions drawn fromp-nucleus impulse approxima-
tion calculations.

II. THE p-NUCLEON INTERACTION

Thep-nucleon phase shifts to be fit were obtained from
the SM95 solution incorporated in the programSAID @4#,
from 30 to 300 MeV of laboratory-frame pion kinetic en-
ergy. This is the energy range most used forp-nucleus ex-
periments, and the restriction to 300 MeV maintains the elas
ticity of thep-nucleon amplitudes. The phase shifts fitted are
then purely real.

The form of the parametrization is exactly that of RSL,
restricted to the partial waves listed in Table I. This form
incorporates the threshold behavior expected on gener
grounds and the lowest resonance for each partial wave. A
otherp-nucleon phase shifts were set to zero. The form is

ity,

TABLE I. Resonance parameters for Eq.~1!, using the lightest
resonance for each partial wave. The resonance energy isv0, its
width is G and ur u is the absolute value of the residue. For Eq.~1!
we usex52ur u/G andq0 for the center of the mass momentum of
thep-N system to reachv0. These values are from Ref.@6#.

Channel x v0 ~MeV! q0 ~MeV/c) G ~MeV! ur u ~MeV!

S11 0.31 1535 464 150 23
S31 0.25 1620 527 150 19
P11 0.23 1440 482 350 40
P13 0.20 1720 594 150 15
P31 0.30 1910 717 250 38
P33 0.83 1232 228 120 50
D13 0.53 1520 457 120 32
D15 0.31 1675 566 150 23
2499 © 1996 The American Physical Society
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tand l
q2l 11 5b1cq21dq41

xGv0q0
2~2l 11!

v0
22v2 . ~1!

The parameters for the resonances are listed in Table I,
tained from the most recent compilation@6#. These param-
eters are the location, width, and residue for eac
p-nucleon resonance, using the strength parame
x52ur u/G, wherer is the residue of each pole.

In fitting the phase shifts fromSAID the weight of each
point was obtained using a uniform 10% uncertainty. Sinc
no clearly established means of evaluating the uncertaint
for p-nucleon phase shifts is agreed upon, this arbitra
value was used. In the results below, the uncertainties in
coefficientsb, c, d can then only indicate the relative sen
sitivity of that coefficient to the phase shift. Starting param
eters forb, c, andd were taken to be the final results from
RSL @1#.

Table II lists the coefficientsb, c, d obtained from fit-
ting the phase shifts fromSAID. Units of MeV/c are used.
Figure 1 shows the resulting phase shifts from this para

FIG. 1. Phase shifts forp-nucleon elastic scattering are shown
for the partial waves considered in the present work. Dotted curv
show the results using the RSL parametrization@1#, the dashed
curves show the phase shifts from the fitting inSAID for the SM95
solution @4#, and the solid curves show the phase shifts comput
from the parameters of the present work, as listed in Table I. The
were obtained by fitting theSAID phase shifts with the parametriza-
tion form of RSL.
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etrization, compared to those fromSAID ~to which we made a
fit!, and to those from the work of Rowe, Salomon, an
Landau. The horizontal scale uses the center-of-mass m
mentum. Agreement between the present results and theSAID

results fitted is very good, of course. In Fig. 1~a! the greatest
difference fom the RSL results is found for theP11 wave. In
Fig. 1~b! theS11 wave from the work of RSL is significantly
above the newer results at low momenta, while the sm
D-wave phase shifts differ above about 150 MeV/c. In gen-
eral, the phase shifts based upon newer data differ rema
ably little from those provided by RSL.

Sincep-nucleon observables are generated by coher
combinations of amplitudes computed from these pha
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FIG. 2. Computed cross sections forp2-proton charge ex-
change at 39.4 MeV are compared for the three phase shift sets u
in this work. The dotted curve uses the RSL form, the dashed cu
the SAID full solution, and the solid curve uses the parameters
Table I.

FIG. 3. 0° charge exchange differential cross sections a
shown for the three phase shift sets used in the present work, w
the meanings as in Fig. 1. Square data points show thep2-proton
data of Ref.@8#, and diamond points show half the values found
the (p1,p0) reaction to the isobaric analog state of14C @9#.
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shifts, there can be sensitivities not readily evaluated by
amining only the phase shifts themselves. We have used
programSAID to computep-nucleon observables using al
three phase shift sets: SM95, RSL, and the present wo
Examples are taken from a wide range of energies for 3
300 MeV, emphasizing observables particularly sensitive
interferences. Only the partial waves listed in Table I we
used for the calculations with the parametrized phase sh
while partial waves up to theI wave are used in theSAID
computations.

Curves showing cross sections for pion charge exchan
at 39.4 MeV computed with the three phase shift sets
shown in Fig. 2. These are almost indistinguishable forSAID

and the present solutions, with the RSL values somew
different. No data such as these were available to RSL,
new experimental results are very similar to the solid a
dashed lines in Fig. 2@7#.

Another view of the isovector interaction is availabl
from the 0° excitation function shown in Fig. 3. A distinc
tive minimum is found near 46 MeV, due to the destructiv
interference of the spin-independent isovectorS andP am-

FIG. 4. Differential elastic cross sections at 68.6 MeV@10#,
shown as circles, are compared to calculations using the three p
shift forms considered in this work, with the same meanings for t
curves as in Fig. 1. Positive pion results are shown above, a
negative pion results are shown below. Also shown are square
points at 66.8 MeV@11#.
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FIG. 5. The analyzing powers for elasticp1 proton elastic scat-
tering at 68.34 MeV are compared for the phase shift forms of th
present work, using the same meanings for the curves as Fig. 1

FIG. 6. Elastic differential cross sections at 141.15 MeV@12#
are compared to curves showing the results of using the three ph
shift forms of the present work, using the same meanings as fou
in Fig. 1. Positive pion results are shown above, and negative pi
results are shown below.
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FIG. 7. Elastic differential cross sections atop the 3-3 resonance@12# are compared to curves showing the cross sections computed from
the three phase shift forms considered in the present work. The meanings of the curves are as in Fig. 1. The left plots are for pion en
of 168.8 MeV and the right plots are for 193.15 MeV, with positive pion results above and negative pion results below.
TABLE II. Parametersb, c, d in powers of~MeV/c) for Eq. ~1!. The uncertainties~below the values!
were obtained assuming a uniform 10% uncertainty in the phase shift being fit.

Channel b c d

S11 1.05309931023 21.12370831028 5.366957310214

4.353131026 2.0621310210 2.0612310215

S31 27.70995731024 21.46596531028 8.485826310214

6.893431026 4.2083310210 4.7177310215

P11 21.72042331028 5.382523310213 23.055784310218

5.3515310210 2.2919310214 2.3675310219

P13 27.30084731029 9.093504310214 24.633992310219

5.1073310211 2.2270310215 2.13643220

P31 21.31360231028 1.481661310213 27.853222310219

1.0436310210 4.6739310215 4.5193310220

P33 4.81057731028 22.268685310213 21.291258310218

2.454931029 1.6299310213 1.5329310218

D13 7.714106310214 21.444489310218 9.919875310224

1.8386310215 8.0999310220 7.9589310225

D15 6.636850310214 21.325509310218 8.011451310224

4.9142310215 1.8248310219 1.5784310224



ta

,
t

-

o
ets

,
8

t

a
-

s

ed

e

54 2503PARAMETRIZATION OF PION-NUCLEON PHASE . . .
plitudes. TheSAID computations and the present results agr
with the data of Ref.@8#, while the RSL result is far from
adequate. Also shown in Fig. 3 are the 0° data for isoba
analog pion charge exchange on14C, divided by two, from
Ref. @9#. It is evident that the distinctive minimum found in
free space is also present for the reaction on the comp
target, at much the same laboratory beam energy.

An extensive data set for elasticp-proton scattering at
low energies is available near 68 MeV. In Fig. 4 we show th
68.6 MeV data for both pion signs@10#. There are no signifi-
cant differences between the new results and those of R
for negative pions at 68.6 MeV, and the present calculatio
agree well with data at this energy. This is unexpected, sin
no negative pion data could be included in the fits of RS
The 68.6 MeVp1 data do not agree at back angles wit
computations using the parameters of RSL. The 66.8 Me
data of Bracket al. @11# are also shown in Fig. 4. Thep2

data at these two similar energies agree closely, but thep1

data do not agree at large angles.
At a very similar energy,p1 proton elastic analyzing

power data calculations are shown in Fig. 5. It is somewh
unexpected that this observable, so sensitive to interferenc
is so much the same using all three phase shift sets.

Near the 3-3 resonance, the fitting effort of RSL was tie
to a fairly large data set. It is therefore quite surprising to s
how different the cross sections computed from their pha
shifts are from the data@12# and from computations using the
new phase shift parameters at 141 MeV. A comparison
shown in Fig. 6. Directly at resonance and closely above,
three phase shift forms give agreement with the elastic d
of Ref. @12#, as shown in Fig. 7.

Another result near resonance is shown in Fig. 8, for th
analyzing power in charge exchange@13#. As was the case
for elastic analyzing powers at 68 MeV, all three forms o
the isovector interaction at 161 MeV are in close conco
with one another and, here, with the charge exchange da

At higher energies, the three forms for the phase shi

FIG. 8. The analyzing powers for pion charge exchange at 1
MeV @13# are compared to curves for calculations using the thr
forms of the phase shifts considered in this work. The meanings
the curves are the same as in Fig. 1.
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also give agreement with the 263 MeV elastic scattering da
of Ref. @14#, as shown in Fig. 9. Also shown in Fig. 9~b! are
the calculated elasticp2 cross sections from the new param-
etrization omitting theD13 andD15 waves, but with the
other coefficients unchanged. Since it is difficult to include
D and higher waves in pion-nucleus optical model codes
they are often simply omitted. This omission is not relevan
for p1-proton scattering, where onlyT53/2 waves are ac-
tive. The comparison forp2 scattering in Fig. 9 shows this
omission ofD waves to have a large effect, destroying agree
ment with thep2 elastic data at 263.4 MeV.

Pion charge exchange data are shown in Fig. 10 at tw
energies, compared to computed curves using the three s
of phase shifts@15#. At 128.5 MeV the dotted RSL curve is
far from agreement with the data and the other two curves
but all three forms give agreement with the data at 184.
MeV.

We may conclude this section with the observation tha
the large and reliable body ofp-nucleon data available since
the work of Rowe, Salomon, and Landau has indeed made
significant change in their parametrization, and that inad

FIG. 9. Data and calculations for elastic scattering from proton
are shown for a beam energy of 263 MeV, using data from@14#.
The curves have the same meaning as in Fig. 1, and the dot-dash
curve is added to show the effect of deleting theD13 andD15
phase shifts from those provided by the present work. Above ar
p1 results, withp2 below.
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2504 54A. A. EBRAHIM AND R. J. PETERSON
equacies of that older parametrization are important for so
cases of pion-nucleon scattering observables. Especially
below the resonance, the RSL parameters gave poor ag
ment with recent elastic data at 141 MeV@12# and with
charge exchange data at 128.5 MeV@15#. At other energies
the results of RSL give observables in agreement with rec
data.

III. EFFECTS ON p-NUCLEUS CALCULATIONS

We have modified the first order pion-nucleus distorte
wave impulse approximation codeDWPI @2# and the second
order codeDWPIES @3# to use theS- and P wave pion-
nucleon phase shifts from the present work. Many calcu
tions using these codes have used thep-nucleon interaction
of RSL, and we here compare calculations based upon
two forms. All calculations use exactly the same metho
and parameters, except for that basic interaction.

An overall view of the differences from the two forms ca
be seen in the total and reaction cross sections, shown in
11. The sample nucleus is52Cr, with parameters for the dis-
tribution of protons and neutrons from Ref.@16#, as obtained

FIG. 10. Charge exchange data on free protons at 128.5~above!
and 184.8 MeV~below! @15# are compared to the three curves usin
the phase shifts considered in this work, with the same meanings
in Fig. 1.
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from fitting pion-nucleus elastic differential cross sections
At high energies, the twop-nucleon forms give very similar
results, but differences of 2% are found at resonance an
below for the total cross sections. There is less differenc
between the computed reaction cross sections, indicating th
it is the integrated nuclear elastic cross sections that diffe
significantly.

A first order impulse approximation calculation using the
form of RSL has been used for analyses of a large body o
inelastic pion-nucleus scattering to discrete states in order
measure the transition matrix elements. These experimen
were carried out at the resonance energy in order to optimi
the isospin sensitivity to the difference between the
p-nucleon channels. A summary and comparison of thes
results can be found in Ref.@17#. Several of these cases were
reexamined using the codeDWPI, with all parameters exactly
the same, except for the form of thep-nucleon phase shifts.
Inelastic differential cross sections computed with a give
set of transition matrix elements are the same for the tw
forms to within 1%. Shapes of computed angular distribu
tions also showed no significant difference using the new o
the RSL parameters. The conclusions reached from this lar
experimental program to determine nuclear transition matri
elements by resonant inelastic pion scattering thus have t

g
as

FIG. 11. Total~above! and reaction~below! cross sections for
52Cr are shown for negative pions as the higher set, and for positiv
pions as the lower set of curves. Solid lines have used the pha
shifts of the present work, and the dotted curves use the phase sh
of RSL, in a first-order optical model calculation.
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54 2505PARAMETRIZATION OF PION-NUCLEON PHASE . . .
same validity using either form of thep-nucleon interaction.
The most detailed studies of pion-nucleus interactio

come from elastic scattering. It must be remarked here
the normalization scale for the pion-nucleus scattering
periments were often derived from measurements
p-proton scattering in the same spectrometer, and that th
p-proton scattering cross sections were often those der
from the work of RSL. There was thus likely to be som
desensitizing compensation when those RSL cross sect
were also used for the optical model calculations compa
to the data. We did not renormalize the published data
light of the newerp-proton cross sections.

We show in Fig. 12 elastic cross sections for pion elas
scattering on42Ca at 180 MeV, from Ref.@18#. Parameters
are those of that work, where the geometrical distributions
the nucleons in42Ca were adjusted until the data were fi
Elastic cross sections computed with the two phase shifts
essentially identical. This was also found to be the case
many other computations of elastic scattering near re
nance.

At 292 MeV, where more partial waves are required, c
culations of elastic scattering with both pion signs were co
pared for targets of40Ca and48Ca, as in the work of@18#.
Results are compared in Fig. 13, where no energy shift w
used for the present computations. The two sets of calc
tions are very close, but not in agreement with the data
the same way that was noted originally@18#.

At lower pion beam energies we compare in Fig. 14 t
elastic and the inelastic scattering to the first 21 state of
12C computed in first order with the RSL and with the ne
phase shifts, using the codeDWPIES @3#. Parameters for the
density distribution of12C were taken to be those of Re
@19#. The two curves are in close agreement for both ela
and inelastic scattering, but not like the data@20#; it is known
that second order effects are very important at low energ

In Ref. @19# the second order parameters were used
match the elastic scattering for 50 MeV pions on carbo
These parameters were used in the calculations with both

FIG. 12. Data for elastic scattering of 180 MeV negative pio
on 42Ca @18# are compared to DWIA calculations using the pha
shifts from the present work as the solid curves and those using
RSL phase shifts as the dotted curve. Also shown are the data
calculations for positive pions, divided by 100.
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present and the RSL phase shifts to compute the two ve
similar curves in Fig. 14~a! that nearly match the elastic data.

Inelastic scattering to the 21 state at 4.4 MeV was calcu-
lated using a derivative transition density and the paramete
of @19#, with a deformationb 5 0.61. The purely first-order
calculations are far from the data, but fairly reasonab
agreement is found when second order terms are included
calculations using either of the two phase shifts. These se
sitivities to second order parameters have been addres
more generally at 50 MeV@21#; what is new here is the
comparison of calculations identical except for the choice o
the free spacep-nucleon phase shifts.

The elastic scattering of 30 MeVp1 from 208Pb at 30
MeV is strongly influenced by Coulomb scattering, which
will interfere with the nuclear scattering calculated with the
two sets of phase shifts. We show in Fig. 15 the data@22#
compared toDWPIES calculations using the present phas
shifts and those of RSL. The second order parameters w
taken to be exactly those used for12C in Ref.@19#. Our point
is not to fit the data for each case, but to show the influen

ns
se
the
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FIG. 13. Above are shown data@18# and calculations for the
elastic scattering of 292 MeV positive pions from40Ca and from
48Ca, after division by ten. Solid curves use the phase shifts fro
the present work, and dotted curves show the results using the ph
shifts of RSL. Below are shown the corresponding data and calc
lations for negative pions. In the comparison top1 scattering from
40Ca, the dot-dashed curve uses an optical model formulation mu
different from that for the solid and dotted curves. See the text.
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2506 54A. A. EBRAHIM AND R. J. PETERSON
of the choice ofp-N phase shifts. The difference for208Pb is
not great, but the present phase shifts do give quite go
agreement with the elastic data.

Pion single charge exchange calculations on complex n
clei use the isovector amplitudes only, in contrast to the p
marily isoscalar amplitudes examined by scattering. Our te
case is the14C(p1,p0) 14N reaction leading to the isobaric
analog 01 state at 2.31 MeV. This reaction proceeds on
through anL50 angular momentum transfer. The middle
panel of Fig. 16 shows first-order distorted-wave impuls
approximation ~DWIA ! calculations for this transition at
164.5 MeV, using both the RSL amplitudes and those fro
the present work. Geometrical parameters are those of R
@19#, designed for12C, but applied here to14C for purposes
of comparison. The transition density shape is taken to be

FIG. 14. Above are shown elasticp1 data near 50 MeV for a
carbon target@20#. Optical model calculations from the DWIA code
DWPIES @3# are shown using the phase shifts from the present wo
for the solid curves and phase shifts from RSL for the dotte
curves. The two curves sitting above the data are for first ord
calculations, while the two curves nearly in agreement with the da
use the second order terms of@19#. Below are shown the data@20#
and DWIA calculations forp1 scattering to the 4.4 MeV 21 state
of 12C, with the first order calculations falling below the large angl
data, and the calculations including second order terms nea
matching the large angle data.
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first derivative of the ground state distribution, and the rea
tion model is that of Ref.@3#, using the codeDWPIES. It is
evident that there is essentially no difference between t
results using the two phase shift forms. Also shown for com
parison are the data from Ref.@9#.

A greater sensitivity to the choice of phase shift forms i
found at 50 MeV, as shown in the top panel of Fig. 16
Geometrical parameters and second order parameters
taken from the fits at 50 MeV@19#. Differences between the
two computed shapes are small, however, compared to
difference each has from the data shown@9#. The source of
the failure to match the data does not arise from the choice
thep-nucleon data set.

In the bottom panel of Fig. 16 we show first orderDWPIES

calculations for the IAS transition from14C with the same
geometrical parameters, at 246 MeV. At small angles th
results from the use of RSL amplitudes are significantly be
low those using the present phase shifts. As for the oth
examples computed in the DWIA, noD waves are included
in the 14C calculations shown in Fig. 16.

IV. DISCUSSION AND CONCLUSIONS

We have used the idea and the parametrization of Row
Salomon, and Landau@1# for a new fit to pion-nucleon inter-
actions from 30 – 300 MeV of pion kinetic energy. We use
more modern resonance terms, and we searched the term
the parametrized expresssion of RSL to fit a consistent set
phase shifts determined by a recent analysis of a wide bo
of p-proton observables@4#. Since our starting parameters
were taken to be the final results of RSL, the same fittin
minimum is retained.

Overall, the phase shifts from RSL, which preceded mo
of the data now accepted, are found to be very similar to th
modern results. Calculations using the present set of pha
shifts, as listed in Table I, have been shown to match expe
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FIG. 15. Data for elastic scattering of 30 MeV positive pions
from 208Pb @22# are compared to DWIA calculations using phase
shifts from the present work for the solid curves and the phase shi
of RSL for the dotted curves. The second order optical model term
are those used for12C in Ref. @19#.
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54 2507PARAMETRIZATION OF PION-NUCLEON PHASE . . .
mentalp-proton observables very well in all cases. Man
more cases than presented here were examined.

The greatest inability of the RSL phase shifts to accou
for data was found for charge exchange. This is not surpr
ing, since no charge exchange data were available to th

FIG. 16. Calculations from the DWIA codeDWPIES @3# are
shown for the isobaric analog transition in the14C(p1,p0) 14N re-
action, using phase shifts from the present work for the solid curv
and using the RSL phase shifts for the dotted curves. The top p
tion is for a beam energy of 49.3 MeV, and uses the geometri
and the second-order parameters of Ref.@19#. Data are from Ref.
@9#. The middle portion is for 164 MeV, with data from@9#. The
lower portion is for 246 MeV.
y

nt
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ose

authors. The sharp minimum in the 0°charge exchange cro
section near 46 MeV is badly missed in the calculation
based on the RSL results, but matched with the present for
See Fig. 3. Also, at 128.5 MeV the RSL charge exchan
calculations are greatly different from the data.

The only significant difference between the RSL and th
present computations for elasticp-proton scattering was
found at 141 MeV, shown in Fig. 6. Use of the present pha
shifts gives good agreement with recent data. At 168.8 Me
the two calculations agree, as shown in Fig. 7.

When the present parametrization is used in the DWI
codesDWPI @2#, in first order only, or inDWPIES @3#, in both
first and second order, we found very little difference be
tween the total or the reaction cross sections from calcu
tions using the RSL values. Elastic scattering calculatio
using either set of phase shifts near the resonance ene
were found to be nearly indistinguishable, as shown in Fi
12. This was also found to be true for a wide range of in
elastic scattering calculations, such that transition matrix e
ements determined by resonance energy pion scattering
secure. These two satisfying agreements are undoubtedly
to the fact that at resonance thep-nucleon cross sections are
so large that the scattering is essentially that from a bla
disk, and the details are not important.

Pion-nucleus elastic scattering at high energies is gen
ally computed in the DWIA without including theD waves.
We showed in Fig. 9 that this neglect spoils agreement wi
p-proton data. To study the effect of the lack ofD and
higher waves forp-nucleus scattering, we show in Fig. 13~a!
a dot-dashed curve for40Ca computed with the optical model
code of Chenet al. @23#, based upon the eikonal approxima
tion, and including all partial waves. A Fermi-averaging pro
cedure is used for the proper evaluation of the partial wav
within the complex nuclear target. The geometrical param
eters for40Ca were the same as those used for the dotted a
the solid curves usingDWPI. It is seen in Fig. 13~a! that the
inclusion of a complete set of partial waves makes almost
difference to the computed cross sections.

Low pion beam energies find a rather transparent nucle
and their scattering is known to be sensitive to the reacti
parameters. It is also at low pion energies that the data ba
for the free scattering has changed the most since the work
RSL. Nonetheless, the differences between first- or seco
order calculations using the RSL or the present phase sh
were found to be slight. We examined this for 50 MeV elas
tic and inelastic scattering on12C and for 30.7 MeV elastic
scattering from208Pb. Even for pion charge exchange, dif
ferences between DWIA calculations with the two familie
of phase shifts differ little at any energy. No major reconsid
erations of the role of the interesting second order paramet
is required, and the important conclusions drawn from the
studies remain valid.

It was pointed out long ago that a firm foundation o
p-nucleon interactions is required for reliable DWIA calcu
lations ofp-nucleus scattering@24#. A great investment in
analyzingp-nucleus data relied heavily on the parameters
RSL, with little consideration of changes in the data base
p-nucleon scattering. This dangerous situation has been re
edied by the present work, and future DWIA computation

es
or-
al
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for 30–300 MeV can be very certain of a reliable connecti
to free scattering. It is fortunate and satisfying th
p-nucleus calculations as commonly carried out have n
been shown to have been quite nearly correct when using
RSL parameters.
on
at
ow
the
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