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Angular distributions for the elastic and inelastic scattering of 162 MeV m+ and m' by Si, "Ni, and ' 'Pb
have been measured. The elastic scattering data are fitted with optical model calculations in configuration
space. Momentum-space, optical-model calculations qualitatively reproduce the elastic scattering data, but
substantially better agreement can be obtained if suitable modifications to the model are made. Distorted-
wave impulse approximation calculations of the inelastic scattering, using both configuration-space and
momentum-space models, generally reproduce the experimental data.

NUCLEAR REACTIONS Si(x, ~'), 5 Ni(x, 7t'), +Pb(&, r'), E= 162 MeV, measured do/dQ;
optical potential and DWIA collective model analyses.

I. INTRODUCTION

Studies of pion-nucleus elastic and inelastic
scattering are already adding to our growing un-
derstanding of how the pion interacts with the nu-
cleus. These studies are expected eventually to
provide new insight into questions of nuclear struc-
ture which either cannot be readily answered using
other probes of the nucleus or are more fruitfully
studied using complementary probes. At incident
energies between 100 and 250 MeV, pion-nucleus
interactions are dominated by the broad J= T = &,

&(1232) resonance in the pion-nucleon system.
Only recently, however, has it become feasible
to perform pion scattering experiments in this
energy range with an energy resolution sufficient
to allow the identification of transitions to indi-
vidual levels in a wide range of nuclei.

For many years, the sole set of both elastic and
inelastic pion scattering data was that of Binon

et al. , who investigated 7t scattering by C at
several energies between 120 and 260 MeV. More
recently, new high-quality elastic and inelastic
scattering data have appeared from research pro-
grams at the SUSI facility at SIN and at the EPICS
facility at Clinton P. Anderson Meson Physics
Facility (LAMPF) (e.g. , Refs. 2-10). The strong
energy dependence of the pion-nucleon interaction
would indicate that a systematic study of both r'
and Yt scattering at a particular incident energy
by a variety of target nuclei would be a useful and
important addition to this body of knowledge.

The present work addresses this need and in-
volves a study of the elastic and inelastic scat-
tering of both &' and & by Si, Ni, and ' Pb at an
incident energy of 162 MeV. A preliminary ana-
lysis of the elastic scattering data has been re-
ported previously, ' together with the predictions
of a parameter-f ree, momentum-space calculation.
The failure of the theory to accurately reproduce
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the elastic scattering data is discussed in more
detail in the present paper, and modifications to
the basic formalism of the model are suggested
which substantially improve the agreement between
the theoretical and experimental results. Analy-
ses of the inelastic scattering data indicate that

predominantly low-lying, collective states in
these nuclei are populated. Predictions of a
parameter-free, momentum-space, collective
model are presented. Again, modifications to the
model appear to be necessary in order to repro-
duce the data. However, both elastic and inelastic
scattering calculations can be brought into agree-
ment with the data by the same modification,
namely a well-prescribed readjustment of the
calculated local energy in the transformed pion-
nucleon system which reflects both Coulomb and

binding energy effects neglected in the original
model. Alternative analyses of the elastic and

inelastic scattering data with calculations using a
Kisslinger optical potential are also discussed.
The parameters of the interaction are adjusted to
achieve optimum fits to the elastic scattering
data. These results are then used in collective
model distorted-wave impulse approximation
(DWIA) calculations of the inelastic scattering.
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angular acceptance was divided into separate 1.2'
bins for analysis of the elastic scattering data.
Limited inelastic scattering yields required the
use of the full 2.4' acceptance for analysis of the
inelastic scattering data. The angular resolution
of the system was observed to be -0.6', and the
angular setting of the spectrometer was determined
to be accurate to within 0.2 by measurements
near 0' with reduced beam intensity.

The targets used in the experiment were isoto-
pically enriched metal foils of ' Ni (292 mg/cm )
and ' Pb (269 mg/cm ) and plates of natural Si
(366 mg/cm, 92.2% "Si). The target size ex-
ceeded the beam spot (16 cm&&6 cm). Energy
spectra for the scattering of m from each of these
targets are shown in Fig. 1. The observed energy
resolution of -350 keV was limited by target thick-
ness. This resolution is more than adequate for

II. EXPERIMENTAL PROCEDURE
100—

The experiment was performed at the EPICS
facility at LAMPF. A detailed description of the
system is presented elsewhere. ' Briefly, it
consists of a pion channel which provides a verti-
cally dispersed beam on target and a magnetic
spectrometer composed of magnetic dipoles, bend-
ing in the vertical plane, which are preceded by a
magnetic quadrupole triplet. The trajectories of
the particles passing through the spectrometer
are determined using multiwire counters located
between the dipoles and triplet, as well as after
the dipoles. This system thus permits the mea-
surement of incident pion energy, emergent pion
energy, and scattering angle. Consistency checks
in the event by event analysis system also allow
for the rejection of a major fraction of the muon
events resulting from pion decay within the spec-
trometer.

In these measurements, the incident pion energy
was 162.6 MeV, with an average flux on target of
-5 && 10 /sec for w' and -1X 10'/sec for & . The
total momentum spread of the beam was -+1%,
with a point resolution np/p of =2X10 . The w'

scattering data were measured between 13.4' and
110' in 2.-4' steps; the w were measured between
15.8' and 96.8' in 2.4' steps at forward angles
(e & 36') and in 3.6' steps at larger angles (e
& 36'). The central 2. 4' of the spectrometer
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FIG. 1. Energy spectra obtained for the scattering of
162 MeV 7l' by Si, 59Ni, and 9Pb at laboratory angles
of 38.0, 30.8, and 40.4, respectively.
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completely resolving the ground state from excited
state transitions and allows clear separation of the
strongly excited transitions at low excitation en-
ergies where the level density is small. Radiative
effects are apparent with the present energy res-
olution and contribute a small low-energy tail to
the peak shape.

Relative differential cross sections were ob-
tained by normalization to the pion flux measured
with an ionization chamber situated at 0' down-
stream of the target. This normalization agrees
with an alternative normalization based upon the
total flux measured at the primary pion production
target. The absolute normalization of the cross
section is based on a comparison of pion scatter-
ing from carbon and hydrogen targets at the same
energy (162.6 MeV), where carbon differential
cross sections have been accurately determined
relative to pion-hydrogen scattering. The earli-
er publication of the elastic scattering data em-
ployed an alternative absolute normalization,
based on another measurement of pion-carbon1$

elastic scattering, which resulted in a 10% in-
crease in the r normalization relative to the
present value, and yielded a r normalization
which is consistent, within combined errors with
that presently used. The uncertainty in the ab-
solute cross sections in the present work is esti-
mated to be less than +10%, subject to the addi-
tional uncertainty in the reference cross sections,
while the relative cross sections are accurate to
better than +5/p, ignoring purely statistical ex rors.
Corrections for pion decay are included, but cor-
rections owing to radiative effects are estimated
to be only a few percent and have not been inclu-
ded.

III. EXPERIMENTAL RESULTS
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Angular distributions for the elastic scattering
of 162. 6 MeV & and 7t by Si, ' Ni, and Pb are
displayed in Figs. 2 and 3. Pronounced oscilla-
tory structures are observed in the data and are
characteristic of the strong pion absorption (i. e. ,
removal of flux from the elastic channel) expected
in the region of the (3, 3) resonance. Inspection
of these angular distributions indicates relatively
small differences in the peak-to-valley ratios for
&' and 7t scattering from each of the targets and
progressively larger shifts in oscillation frequency
as the target mass is increased. Shifts in the
oscillation frequency between m' and r angular
distributions also become larger as the target
mass is increased and primarily result from Cou-
lomb effects, as can be shown by optical-model
calculations which neglect the Coulomb interaction.

An estimate of where the pion interaction and
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FIG. 2. Angular distributions for the elastic scatter-
ing of 162 MeV Tt

' by Si, s8Ni, and Pb. The curves
result from fits to the data using the optical-potential
program Frrpl.

subsequent absorption occurs in the nucleus can
be obtained from an analysis of the elastic scatter-
ing data using a simple strong absorption model. "
Here, the oscillation pattern is given by Jq (qR),
where q is the momentum transfer [q =2k sin(8/
2)], R is an effective radius, and J, is a Bessel
function of order one. In this analysis, only the
first two minima of each angular distribution were
considered. The minima locations of the & and
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FIG. 3. Angular distributions for the elastic scatter-
ing of 162 MeV 7r by Si, Ni, and 2 Pb. The curves
result from fits to the data using the optical-potential
program F)Tp) .

angular distributions for each target were aver-
aged in order to approximately remove Coulomb
effects. The resulting effective radii are -1.3 fm
larger than the experimentally known half-density
radii, as is characteristic for the scattering of
strongly absorbed particles. For reasonable mat-
ter distributions (e. g. , the charge distributions"
determined by electron scattering experiments),

the resulting densities at the effective radii are
estimated to be less than 10% of the central den-
sity. Similar conclusions also result from an
evaluation of the pion mean free path. All of
these considerations indicate that pion scattering
near resonance is dominated by strong absorption
and that the pions probe only the region of low
nuclear density, i. e. , the tail region of the den-
sity distribution where plpp& 10%.

More quantitative analyses using a first-order
optical potential model have been applied to the
elastic scattering data. In Secs. IIIA and IIIB,
both coordinate-space calculations which adjust
parameters in order to fit the data and momentum-
space calculations with no free parameters are
presented and compared to the data. The neces-
sity for adjusting parameters in the latter analysis
is found; prescriptions for these modifications
and their physical bases are presented and dis-
cussed.

A. Configuration-space elastic scattering calculations

C onfiguration- space optical- mode l calculations
of the elastic scattering were performed using the
code FITPI. An optical potential of the Kiss-
linger form was employed,

2EV(r) =-Ak bop(r) +Ab&V ' p(r) V,

where p(r) is the nuclear matter density and the
complex parameters b, and b& were adjusted to
obtain a least-squares fit to the data with the un-
cer tainty in the absolute normalization of the data not
included in the fit. The charge distributions were
assumed to be of Woods-Saxon form, with param-
eters determined by electron scattering studies '
and are listed in Table I. The matter distributions
were also assumed to be of Woods-Saxon form,
with identical parameters specifying proton and
neutron distributions. The parameters (R, a) de-
scribing the matter distributions were chosen
either (1) to be the same as those of the charge
distributions, with a correction made for the finite
charge radius of the proton, or (2) to vary inorder
to obtain a least-squares fit to the data. For each
target, the m and m scattering data were treated
either separately or together. The resulting best-
fit values of bo and b~, together with the corres-
ponding errors derived by the fitting program, are
presented in Table I. Quantities which were held
fixed during the fit are underlined in the table.
For comparison, the values of bo and b, deduced
from the free pion-nucleon phase shifts ' are
listed in Table II. As is indicated in the final
column of this table, calculations using these
values result in quite poor agreement with the
data. Angular distributions calculated assuming
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TABLE I. Optical potential parameters used in the I'ITpl calculations.

Nucleus Data R aa Re(bp) Im(bo) b Re(b, ) b Im(b() b X2/point

si

58Ni

208pb

7r 7r

2.82
2.71 ~ 0.09

2.82
2.86 + 0.41

2.82
2.54 ~ 0.12

3.97
3.56 ~ 0.08

3.97
3.09 ~ 0.35

3.97
3.33 ~ 0.11

6.51
6.53 ~ 0.13

6.51
6.31 + 0.37

6.51
6.91 + 0.15

0.55
0.51 + 0.01

0.55
0.54 + 0.04

0.55
0.53 + 0.01

0,54
0.55 + 0,01

0.54
0.61 + 0.02

0.54
0.58 + 0.01

0.55
0.57 + 0.02

0.55
0.66 + 0.02

0.55
0.55 ~ 0.03

-0.8
-1.9
-0.9
-0.9
-0.9
-1.9

1.4
-0.5
-1.0
-0.3

1.3
0.13

-0.6
0.2

-3.1
0.3

-0.7
1.0

+ 0.3
*1.6
+ 0.3
~ 0.4
*0.3
+ 0.2
+ 0.3
+ 0.3
~ 0.5
~ 0.9
~ 0.3
+ 0.33

~ 0.1
*0.3
+ 0.6
~ 1.4
~ 0.2
+ 0.2

1.3
0.1
1.7
1.6
1.7

-0.04

0.9
-1.2
1.3

-0.7
0.9

-1.5
-1.2
—1.0

0 4
2.9

-1.7
-0.3

~ 0.2
+ 0.2
~ 0.2
+ 0.9
* 0.2
*0.3
*0.2
*0.3
~ 0.3
~ 1.5
~ 0.2
~ 0.5
+ 0.1
+ 0.3
~ 0.5

2.2
~ 0.2
~ 0.4

7.3+ 0.3
9.9 ~ 0.6
6.3 ~ 0.3
6.4 *1.9
6.8 ~ 0.3

10.3 ~ 0.7

4.7 ~ 0.3
9.8 + 0.8
6.0 ~ 0.5

10.0 + 0.2
4.6 + 0.2
9.9 + 1.0
6.4 + 0.2
5.2 + 0.8
9.3 + 0.6
4.5 ~ 2.2
6.6 ~ 0.3
2.6 + 0.6

5.9+ 0.2
8.4 ~ 0.6
6.1 + 0.2
6.2 + 2.1
6.3 *0.2
9.4+ 0.7

6.4 + 0.2
10.1 + 0.7
6.4 *0.3

12.5 + 3.5
6.4 + 0.2

11.8 ~ 1.0
6.4 + 0.2
6.3 + 0.7
9.4 + 0.5
6.8 ~ 4.1
7.4 ~ 0.2
5.0 ~ 0.7

5.9
1.6
2.0
1.5
5.1
2.8

3.9
2.6
3.4
2.7
4.7
3.8
2.6
2.2
4.0
2.4

11.1
7.7

aUnderlined quantities held fixed during fit. The values of R and a are deduced from electron scattering studies (Ref.
17) with the relations (y2) &- (y2)~ (0 8)2 and 5 (y2) —R2 + 7 7).2a2

"Units are fm .

the fixed matter distributions and separate fitting
of the m' and & data are displayed in Figs. 2 and
3.

Several observations concerning the best-fit
parameters of Table I are noteworthy.

(a) Somewhat better fits to the data. are obtained
when the parameters of the matter distribution
are allowed to vary. The preferred values of the
half-density radius R appear to be either similar
to or smaller than the values inferred from the
charge distributions.

(b) For elastic scattering from Si, as well as
from ' Ni, the values of bo and b~ which best de-
scribe the data are similar for &' and & scatter-
ing, whereas, for elastic scattering from ' Pb,
somewhat different values of the parameters are
needed to describe the m' as compared to the 7T

data, as expected from parameters deduced using

the free-nucleon amplitudes for nuclei with large
neutron excess.

(c) There appears to be considerable scatter
in the fitted values of &p and bq for the various
targets, and no obvious pattern can be discerned
which could be used to predict precisely the elastic
scattering from other targets. [We note that this
scatter is not removed if the number of fitting
parameters is reduced, e. g. , by fixing the values
of Re(bo) and Im(b, ) at the free pion-nucleon value. ]

(d) Calculations using the values of bo a,nd b,
based on the free pion-nucleon amplitudes fail to
reproduce the observed data, although the expec-
ted trend of

~
b, I

»
~
b,

~

does result from the pres-
ent analysis. For several of the calculations, a
negative, unphysical value of Im(b, ) was obtained.
However, since Im(b, )» Im(bo), the net creation
of flux implied by the negative sign occurs deeply

TABLE II. Optical potential parameters used in the i:tT» calculations with free pion-nucleon phase shifts averaged
over isospin.

Nucleus Data Im(b '
) Re(bfree) a (g2/pointf„, )

Si

58Ni

208pb

2.82
2.82
3.97
3.97
6.51
6.51

0.55
0.55
0.54
0.54
0.55
0.55

-0.78
-0.78
-0.74
-0.81
-0.56
-0.99

0.35
0.35
0.35
0.35
0.34
0.36

3.90
3.90
3.83
3.97
3.44
4.35

8.96
8.96
8.80
9.11
8.00
9.90

58.0
12.0

151.0
7.7

368.0
14.0

'Units are fm3.
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inside the nucleus, a region that contributes negli-
gibly to the scattering in the presence of strong
absorption.

(e} Our ability to obtain nearly equivalent fits
to the data with rather different parametrizations
of the matter distribution would indicate, as has
been previously suggested, ' that analyses which

employ these fitting procedures cannot properly
be used for determining nuclear matter distribu-
tions. However, we believe that simultaneous
fits to the g and m angular distributions are sen-
sitive to differences between the proton and neu-
tron distributions. This type of analysis could
have been performed for the Si data, but not for
the Ni and Pb data, since the isospin depen-
dence of the interaction is not well determined.
Therefore, we postpone such a discussion to Sec.
III B 2 where a more fundamental treatment of the
m-nucleon interaction is employed.

%e conclude that the present elastic scattering
data can be well reproduced by optical potentials
of the Kisslinger form with adjustable parameters.
While this form of the potential does include the
important s- and p-wave contributions, it is known
to have theoretical shortcomings, particlarly in
the off-shell properties. Thus the failure in the
present work to find systematic trends in the de-
duced values of b0 and 5& may simply reflect de-
ficiencies in the model. However, as will be dis-
cussed in Sec. IVA, this method is directly ap-
plicable to the calculation of pion inelastic scat-
tering.

B. Momentum-space elastic scattering calculations

First-order optical- model calculations were
performed with the momentum-space elastic scat-
tering code PIPIT. In these calculations, the
collision matrix ' was calculated using free pion-
nucleon phase shifts and a model for off-shell
extrapolation. The effects of nucleon Fermi
motion were neglected and Coulomb distortion
effects were included in these calculations. The

charge distributions were assumed to have a
square-well form, with parameters given by elec-
tron scattering studies and listed in Table III;
the nuclear matter distributions were assumed to
have a Woods-Saxon form.

Calculations of &' and m elastic scattering were
first carried out assuming identical proton and
neutron distributions as inferred from the charge
distributions, and with a correction made for the
finite charge radius of the proton. The resulting
angular distributions are displayed in Figs. 4 and

5, and the corresponding parameters, identifiedby
the label "Electron" are listed in Table III. While
the shape and the magnitude of the data are re-
produced reasonably well by these calculations,
two significant discrepancies are (1}the predicted
oscillation frequency is too rapid for both m' and
w scattering and (2} the depths of the calculated
minima are too shallow for m' scattering and too
deep for m scattering. Finite angular resolution
can tend to reduce the depth of experimental mini-
ma, but cannot result in deeper minima. Inas-
much as these initial calculations are based upon
a first-order optical model with no adjustable
parameters, disagreements between data and
calculations are not surprising.

Since electron scattering analyses do not deter-
mine the neutron matter distribution, the con-
straint of equal proton and neutronparameters may
not be valid. To investigate whether relaxation
of this constraint could substantially improve the
quality of the agreement between the data and
theory, calculations were performed in which the
parameters of the neutron distribution were allow-
ed to vary and those of the proton distribution
were held fixed to the values deduced from elec-
tron scattering studies. Improved agreement can
be obtained if the calculations employ significantly
different neutron distribution parameters for &

and m scattering. However, in no case was it
possible to improve the agreement for both m'

and m scattering from a given target using the
same parameters of the neutron distribution. We

TABLE III. Matter distribution parameters for n~&T calculations.

Nucleus

Charge
(~2)1 /2

(fm)

Electron '

(fm) (fm)

Modified
(~2)i/2

(fm) (aem) (fm)

28Si
58Ni

208~b

3.10
3.76
5.50

2.99
3.67
5.44

2.82
3.97
6.51

0.55
0.54
0.55

2.80
3.52
5.34

2.47
3.68
6.26

0.55
0.55
0.60

'The values of R and a are deduced from electron scattering studies (Ref. 17) with the re-
lations (y2)

&
(y2)~ —(0.8)2 and 5 (&2) R2 + 7 &2a2

"The values of R and a are chosen so that (w )~&= (r )~~~- (1.3) and a adjusted for op-
timum agreement with the data.
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FIG. 4. Angular distributions for the elastic scatter-
ing of 162 MeV m

' by Si, Ni, and Pb. The curves
result from optical-potential calculations using the pro-
gram plpIT and assuming matter distribution radii de-
duced from electron scattering studies (dashed line) and
radii modified from these values according to the pres-
cription discussed in the text (solid lines).

FIG. 5. Angular distributions for the elastic scatter-
ing of 162 MeV m by Si, Ni, and Pb. The curves
result from optical-potential calculations using the pro-
gram plplT and assuming matter distribution radii de-
duced from electron scattering studies (dashed line) and
radii modified from these values according to the pres-
cription discussed in the text (solid lines).

are therefore led to the conclusion that first-order
PIPIT calculations with the assumptions noted
earlier are not adequate for a detailed description
of the elastic scattering data and that theoretical
improvements are required.

1. Modifications to momentum-space calculations

The oscillation frequency in a strong absorption
model is determined by the product of a radius
and a momentum. The observed discrepancy be-



21 ELASTIC AND INELASTIC SCATTERING OF 162 MeV PIONS. . .

tween the data and calculations therefore suggests
that the optical-model prescription employed so
far apparently overestimates at least one of these
parameters. For example, reasonably good
agreement with the data is obtained for Si, ' Ni,
and Pb calculations in which the proton and neu-
tron rms radii are both artificially reduced by 1.3
fm from the charge rms radii, i.e. ,

rather than by 0. 8 fm as expected from the size
of the proton charge. The resulting angular dis-
tributions are displayed in Figs. 4 and 5, and the
corresponding parameters, identified by the label
"modified, " are listed in Table III. These calcula-
tions generally reproduce the oscillation frequency
of each angular distribution, although the predicted
minima depths exhibit the same problems dis-
cussed earlier. We note that the values of the matter
distribution diffusivity used in the modified cal-
culations are similar to those of the charge dis-
tribution for the Si and Ni analyses, but for the
'"Pb analysis, substantially larger values of the
diffusivity appear necessary in order to best re-
produce the data.

In the preliminary analysis" of the data we noted
that improved agreement between the data and
calculations was observed if calculations were
performed for pions of lower energy than were
utilized in the experiment. While clearly invalid,
these calculations may reflect certain physical
effects that were neglected in the model and will
be discussed in the remainder of this section.

The first effect to be considered is a shift in
the pion kinetic energy owing to the Coulomb
interaction. A positively- charged pion loses
kinetic energy whereas a negatively-charged pion
gains energy when it appr-oaches a nucleus. Al-
though prpIT properly includes Coulomb effects
in the evaluation of distortion effects in the partial
wave distribution, the Coulomb energy correction
is not ordinarily included in the evaluation of the
pion-nucleon interactions. This latter effect was
implemented in p&p?T by reducing the pion-nucleus
collision energy in the pion-nucleus center of
mass ~p by the Coulomb energy &&c „ i.e. ,

(do = E (ko) + &~(kp}

(k
2 + M 2)1/2 + (k 2 +M 2)1/2

(k +M )' +(k +M ) —nE

[(ki)2+ M 2]1/2+ [(kg)2 +M 2]t/2

where, in the pion-nucleus center of mass, kp is
the pion momentum and kp is the effective pion
momentum including the presence of the Coulomb

interaction. In the present work, the Coulomb
energy corrections were calculated according to
the prescription &E, =el. 44 Ze'//R, where R
=1.44 (A' +0.55 fm) and the sign of nEc, de-
pends on the charge of the incident pion.

A second consideration arises because the opti-
cal potential calculated in PIPIT is constructed
from a sum of pion-nucleon interactions obtained
from free pion-nucleon phase shifts, i. e. , the
energy at which the pion-nucleon interaction is
evaluated corresponds to a nuclear binding energy
of zero. In the true nucleus, however, the nu-
cleons are bound by many MeV and may be con-
sidered to have negative energies. Indeed it has
been shown ' that the effect of binding may be
approximately included in the calculation by re-
ducing the energy at which the pion-nucleon inter-
action is evaluated. Since the optical potential
is generated by summing over all the nucleons in
the nucleus, it is not immediately obvious that
there is any simple way of accounting for binding.
Near resonance, however, the pion interacts pri-
marily with the surface, valence nucleons whose
separation energy is simply the binding energy of
the last nucleon. Moreover, on resonance, the
m' plus proton and m plus neutron interaction
strengths are three times the m' plus neutron and
m plus proton strengths, respectively. Thus the
net binding energy correction &&~E may be ap-
proximated by the weighted average of the separa-
tion energies for the last proton (&,) and neutron
(e„) of each nucleus, i. e. ,

The pion-nucleon collision energy in the pion-
nucleon center of mass (dp was then reduced by the
binding energy correction 4E~, i. e. ,

(t)0 —E (Ko) + EN(KO)

(~ 2 ~ M 2)1/2 ~ (~ 2 ~M 2)1/2

( 2+M 2)1/2~(~2+M 2}1/2

= [ (Kt)2 y M 2]1 /2+ [(Kz)2 + M 2]1/2

where, in the pion-nucleon center-of-mass sys-
tem, Kp is the pion momentum and Kp is the effec-
tive pion momentum including the binding energy.

The values of &~c,„, and &&~ used in the present
work are listed in Table IV. While the binding
energy corrections are roughly independent of
target mass and pion charge (nEes -10 MeV), the
effect of the Coulomb correction is to produce
rather different values of &~~„, for m and &

scattering from the various targets. Calculations
were performed including the radius modification,
as well as the binding and Coulomb corrections.
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TABLE IV. Coulomb and binding energy correction parameters for plplT calculations.

Nucleus (MeV) (MeV)
(m„)w

(MeV)
(~„)~

(MeV)
(AE,P'
(MeV)

(aE,)~-
(MeV)

28Sj

58Ni

208Pb

11,6
12.5
8.0

17.2
9.7
7.4

13.0
11.8
7.85

15.8
10.4
7.55

+3.89
+6.32

+12.65

-3.89
-6.32

-12.65

Separation energy of last nucleon.

The resulting angular distributions are shown as
the solid lines in Figs. 6 and 7. Calculations
which assumed only (1) the radius modifications,
(2) the radius modifications and binding energy
corrections, and (2) the radius modifications and
Coulomb energy corrections are shown by the
dashed, dot-dashed, and dottedlines, respectively,
in Figs. 6 and 7. The inclusion of the two energy
corrections appears principally to alter the depths
of the minima rather than to change the oscillation
frequency. This effect is readilyunderstood since,
in the present situation of strong absorption, the
faily large correction to the pion-nucleon energy
implies a rather small effective distance in the
nucleus and thus no obvious change in oscillation
frequency.

Quite good agreement with the data is obtained
with PIPIT when all three modifications are inclu-
ded in the calculations. The exception to this
observation is for the & + Si data, where the
calculation with only the radius modification pro-
duces better agreement. The necessity of inclu-
ding the energy corrections seems reasonable for
we are taking into account, in a nearly parameter-
free manner, two important physical effects which
were previously neglected in the calculations.
However, the necessity for reducing the matter
distribution radii is not as well defined or under-
stood. The modified radii could, of course, re-
flect the neglect of higher-order terms (e. g. ,
p terms) in the calculations, and thus could be
expected to be energy and target dependent. An

energy dependence of the binding energy correc-
tion might also be expected since, for kinetic
energies far from the resonance, the pions may
be able to probe deeper into the nucleus and to
interact with more than just the valence nucleons.
Analyses of elastic scattering data at lower and

higher energies than considered here would be
most instructive concerning thesepossibleenergy-
dependent effects.

2. Investigation ofpossible proton-neutron radius differences

The relative success of these modified calcula-
tions in reproducing the &' and & elastic scatter-

ing angular distributions suggests further analyses
to investigate possible differences between the
proton and neutron radii, in particular for neutron-
excess nuclei such as Pb. Additional calcula-
tions, including the energy corrections, were car-
ried out in which the neutron distribution param-
eters were varied from those of Figs. 6 and 7.
The angular distributions for & and r elastic
scattering from 'Pb are shown in Fig. 8, to-
gether with calculations in which the neutron radi-
us was increased by 0. 2 fm (solid line) and 0. 1
fm (dashed line) and decreased by 0.1 fm (dotted
line). As expected on resonance, the quality of
agreement for m scattering is relatively unchanged
by the variation of neutron radius. However, a
sensitivity to differences between proton and neu-
tron radii is observed in the & calculations;
whereas the quality of the fit is unaffected by radi-
us differences as large as 0. 1 fm, the agreement
with the data becomes substantially poorer when
the radius difference is 0. 2 fm.

On the basis of the present optical-model cal-
culations, we conclude that there is little, if any,
difference in the proton and neutron densities in
the vicinity of the strong absorption radius of Si,
"Ni, and 'Pb. These results are as expected
for Si and Ni nuclei and, for Pb, are con-
sistent with other studies of nuclear matter dis-
tributions which also indicate little or no differ-
ence in the neutron and proton radii. However,
the results imply a disagreement with a recent
analysis of proton scattering at 800 MeV and
with the theoretical matter distributions" deduced
from density-dependent Hartree- Fock calculations.
Since higher-order corrections maybe sensitive to
the neutron excess, a def initive interpretation of the
present data must await improved model calculations.
Moreover, pion scattering near the resonance
energy, and hence the corresponding optical-model
analyses, are sensitive only to the region of low
nuclear density, where p/po6 10%. Thus, any
conclusions concerning proton-neutron radius
differences reflect only the tail of the density
distributions and not regions closer to the nu-
cleus (e. g. , nea, r the half-density radius). Since
radius differences obtained from various experi-
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FIG. 6. Angular distributions for the elastic scatter-

ing of 162 MeV x' by Si, ~ Ni, and Pb. The curves
result from optical-potential calculations using the
programputT and the radius, Coulomb energy, and
binding energy corrections (solid lines), the radius and

Coulomb energy corrections (dotted lines), the radius
and binding energy corrections (dot-dashed lines), and
the radius correction alone (dashed lines).

mental studies of weakly and strongly absorbing
projectiles emphasize different reaction sensiti-
vities, they many not be directly comparable.

IV. INELASTIC SCATTERING

One of the most important expectations from
studies of pion inelastic scattering is the antici-

10~ I i 1, I, I I

20 40 60 80 100 120

ec.m.

FIG. 7. Angular distributions for the elastic scatter-
ing of 162 MeV z by Si 58Ni and 20 Pb. The curves
result from optical-potential calculations using the pro-
gram p~pn and the radius, Coulomb energy, and binding
energy corrections (solid lines), the radius and Coul-
omb energy corrections (dotted lines), the radius and
binding energy corrections (dot-dashed lines), and the
radius correction alone (dashed lines).

pated ability to extract proton and neutron nuclear
structure information from comparisons of m' and

inelastic scattering. This is accomplished, at
present, by obtaining the deformation probabilities
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from optical-potential calculations using the program
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gy corrections. The neutron distribution radii were
assumed to be larger than the proton radii by 0.2 fm
(solid lines) and 0.1 fm (dashed lines), and smaller than
the proton radii by 0.1 fm (dotted lines).

P~ for the excitation of a state by both m' and m

scattering and then employing various models to
derive the proton and neutron structure informa-
tion. Recently this method has been applied' in a
study of pion scattering by

' 0, a nucleus in which
the low-lying states are expected to have simple
shell-model structures dominated by the presence
of the two valence neutrons and thus to exhibit
rather different & and m scattering strengths.
In other studies of pion inelastic scattering, e. g. ,
by Mg (Ref. 8) and Si (Ref. 6), the predominant
inelastic excitations involve low-lying, highly
collective states, and thus only small differences

are expected between m and m scattering.
In the present work, several prominent peaks

are observed in the pion spectra, as is indicated
in Fig. 1. From a comparison of the &' and m'

data with inelastic scattering data using other
projectiles, e. g. , electrons, protons, and alpha
particles, we identify these peaks with inelastic
excitations of individual, known collective states
in the target nuclei. Although these transitions
are fairly well resolved over most of the angular
range studied, the determination of inelastic yields
is subject to significant errors because of uncer-
tainties in the background due to (1}the often-
intense low-energy tail of the elastic scattering
peak, (2) the possible presence of weakly-excited,
unresolved states, and (3) the possible presence of
muon events (originating from pion decay} which
are not completely rejected by the technique of
reconstruction of particle trajectories. As a
result, many inelastic data points are subject to
more than 10% uncertainties in relative yield in
addition to statistical errors and independent of
the overall uncertainty in absolute normalization.

The angular distributions for the inelastic scat-
tering of v' and v by 'Si (1.78 MeV, 2'; 4. 62
+ 4. 98 MeV, 4 + 0'; 6. 88 + 6. 89 MeV, 3 + 4'),' Ni (4. 48 MeV, 3; 1.45 MeV, 2'), and Pb
(2. 61 MeV, 3 ) are presented in Figs. 9-11. In
very recent, higher-resolution studies of r
scattering by Si, the inelastic transitions to the
4. 62 MeV, 4 and 4. 98 MeV, 0' levels could be
resolved; the resulting limited angular distribu-
tion for the 4' level is displayed as the open circles
in Fig. 9. In Fig. 12, we display the resolved 0'
angular distribution. Strong oscillatory structures
are apparent in the angular distributions, which
are characteristic of the transferred angular mo-
mentum L and approximated by J'r, (kR) as in a
strong absorption model. ' A direct comparison
of the & and & data for each inelastic transition
indicates frequency shifts between the 7t' and m

data which are comparable to those observed in
the elastic scattering data and principally caused
by Coulomb effects. As a result, information
concerning excitation probabilities and nuclear
structure cannot be extracted from a simple com-
parison of 7I' and ~ inelastic scattering cross
sections and require the use of theoretical models.
In the following sections, calculations of the in-
elastic scattering are presented using both con-
figuration- space and momentum- space codes which
employ a collective model representation of the
inelastic scattering form factor.

A. Configuration-space inelastic scattering calculations

The inelastic scattering of m' and m by Si,¹i,and Pb has been calculated with the code
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FIG. 12. Angular distribution for 162 NeV x' inelas-
tic scattering to the 4.98 MeV, 0' state in Si. The
curves result from DWIA calculations using the pro-
gram DwPI {solid curve, p= 0.03) and ARPIN (dashed curve,
P= 0.03).
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where conventional notation is used. The param-
eters of the calculations are listed in Table III.
The distorted waves were generated using a Kiss-
linger potential and the parameters b0 and b& ob-
tained from separate fits to the 7t and 7r elastic
scattering data for each target, as discussed in
Sec. IIIA. The matter distributions were assumed
to be identical for protons and neutrons, with

parameters deduced from electron scattering
studies. Coulomb excitation was found to be un-
important for the inelastic scattering considered
here. The resulting angular distributions are
shown in Figs. 9-12 and the corresponding values
of the deformation parameter PL, and deformation
length P&R are listed in Table V. We note that
the nuclear structure information is contained in
the normalization factor Pz, required to bring the
calculations into optimum agreement with the data.

The calculated angular distributions for both 7r'

and m scattering to the 1.78 MeV, 2 level in Si,
1.45 MeV, 2' level in Ni, and 2. 61 MeV, 3
level in Pb generally reproduce the experimental
results, although the quality of the agreement
deteriorates at large angles (greater than -80')
for the Si angular distributions. Rather poorer
agreement is obtained for calculations of both 7r'

and m scattering to the 4. 48 MeV, 3 level in
' Ni and, in particular the 6. 88 MeV, 3 level in

Si. More oscillatory structure is predicted than
is observed, although the general shapes of the
angular distributions are well reproduced by the

calculations. Since angular distributions for the
mell-resolved levels at low excitation energy ex-
hibit more structure than seen for the states at
high excitation energy, where the level density is
also higher, one possible cause of this discrepancy
could be that the experimental angular distributions
contain additional yield from weakly excited and
unresolved neighboring states, thereby tending to
reduce the depths of the observed minima. In
particular, the experimental angular distributions
for the 6. 88 MeV, 3 level in Si also include
possible inelastic excitation to the nearby 6. 89
MeV, 4', 7. 38 MeV, 2', and 7. 42 MeV, 2' states.
Recent higher- resolution inelastic scattering
studies indicate that these 2' states are only weak-
ly excitated (- iO%) as compared to the combined
excitation of the 3 and 4 states, and do not affect
either the shape or magnitude of the present data.
The contribution of the unresolved 4 excitation
to the observed angular distribution, however,
could be substantial. Calculations were carried
out for the combined excitation of the 6. 88 MeV,
3 and 6.89 MeV, 4' states, allowing the defor-
mation parameters of the levels to vary in order
to investigate the sensitivity of the resulting angu-
lar distribution to the 4 component. The dot-
dashed curves in Fig. 9 show the calculated angu-
lar distribution assuming 93= 0.41 and P4 ——0.24.
[For comparison, and since the &(&4) value for
the 6.89 MeV, 4 state is notexperimentallyknown,
we note that the &(E4) value for the 4. 62 MeV,

TABLE V. Deformation parameters from 7r' and 7r inelastic scattering.

Eex
Target {MeV) J' Beam

DwPI analysis
PI. p J.R

ARPrx analysis
PI, P~R'

(e, e') Qther reactions
Pl. P~R

'8Si

MNi

208pb

1.78

4.62

1.45

4.47

2.61

4+

3

7r

7r' d

d

7r' e

0.53 ~ 0.02
0.52 + 0.02
0.24 + 0.02
0.25 ~ 0.04
0.19 + 0.02
0.45 ~ 0.02
0.46 + 0.02
0.21 + 0.01
0.24 + 0.01
0.21 + 0.01
0.23 + 0.02
0.14 + 0.01
0.14 ~ 0.01

1.49 + 0.06
1.47 + 0.06
0.68 + 0.06
0.71+ 0.11
0.54 + 0.06
1.27 ~ 0.06
1.30 + 0.06
0.83 ~ 0.04
0.95 ~ 0.04
0.83 + 0.04
0.91 ~ 0.08
0.91 + 0.07
0.91 ~ 0.07

0.38 + 0.02
0.37 + 0.02
0.28 + 0.04
0.28 + 0.04
0.22 ~ 0.02
0.42 *0.02
0.42 + 0.02
0.14 ~ 0.01
0.15+ 0.01
0.17 + 0.01
0.19+ 0.01
0.08 + 0.02
0.13+ 0.01

0.94 + 0.05
0.91 ~ 0.05
0.69 + 0.10
0.69 + 0.10
0.54 + 0.05
1.04 + 0.05
1.04 + 0.05
0.52 + 0.04
0.55 ~ 0.04
0.63 + 0.04
0.70 ~ 0.04
0.50 + 0.12
0.81 + 0.06

0 39

0 10c

0.19 ~

0.16 c

0 12"

1.1 ' -1.41

0.94-0.95 c

1.41 '

0.77-1.07 ~

0.60-0.89 '

0.52-0.95"

R(28Si) 2 82 fm R(58Ni) 3 97 fm R(208pb) 6 5]
"R( Si)=2.46 fm, R(~ Ni)=3.68 fm, R(2o8pb)=6. 26 fm.
'Reference 33.

Normalized to unresolved 4'+ 0+ angular distribution, assuming excitation of 4' only.' Normalized to resolved 4+ angular distribution.
Reference 34.

~Reference 35 and 36.
"Reference 35.
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4' state in ' Si implies that P4 (4. 62 MeV) = 0. 23. j
The contribution to the combined angular distribu-
tion from the unresolved excitation to the two 2'
states was not included, but is estimated to in-
crease the minima depths by only &10%%up and to be
negligible at other angles. The agreement with
the data is now significantly better than was ob-
tained when assuming only a 3 excitation. Al-
though these calculations still cannot reproduce
the experimental yields at angles greater than
100', this problem is also present for calculations
of inelastic scattering to other states.

Generally poor agreement between the calculated
and experimental angular distributions is observed
for both &' and 7T inelastic scattering to the 4. 62
MeV, 4 and 4. 98 MeV, 0 levels in Si. The
dashed curves in Fig. 9 are DWPI calculations as-
suming excitation of only the 4' level and normal-
izing to the present data (which can contain yield
for both 4 and 0 excitation). The same calcula-
tion was normalized (solid curve) to the recent,
high-resolution w data (open circles) for inelastic
scattering to the 4' state alone. It is eveident that
these calculations fail to reproduce the observed
angular distributions for both m' and m scattering
by (l) underpredicting the yieid at angles greater
than -70' and (2) erring in the location of the min-
ima experimentally observed near -70'. The
latter effect is not observed inDWPI calculations
of the other transitions measured in the present
work and thus could be specific to the nuclear
structure of this state. Two-phonon excitation
has been demonstrated to be an important contri-
bution in inelastic alpha-particle scattering to the
4. 62 MeV, 4 state. Thus it is possible that
two-step processes are also important for pion
scattering. Similar conclusions also result from
analyses of the 0' excitation. The QWPI calcula-
tions, shown as the solid lines in Fig. 12, fail
to reproduce the experimentally observed oscilla-
tion frequency.

The deformation parameters PL, and deformation
lengths PI.R extracted from this analysis are listed
in Table V, together with the values obtained in
inelastic scattering studies with other projectiles.
In general, nearly identical parameters are de-
duced for ~' and m scattering to a particular state.
This result is expected for scattering from a T
=0 nucleus, such as Si. For neutron-excess
nuclei, such as ' Ni and Pb, differences in the
deformation parameters for m' and m scattering
can be interpreted in terms of different proton
and neutron radii and/or deformations for excited
states in nuclei. This procedure has been car-
ried out for pion inelastic scattering by

' 0. '
However, the present data indicate little, if any,
evidence for such effects in the nuclear states

studied here and will be discussed further in Sec.
IV C.

The present values of Pl. and P&R are in general-
ly good agreement with those deduced from inelas-
tic scattering studies with other projectiles, such
as (o.', &'), (d, d'), (p, p'), and (e, e'). However,
two important points should be noted. First, a
rather wide range in the values of PL, and PL, R
results from these other studies, and so the phys-
ical significance of such an agreement may be
doubtful. Moreover, there are conceptual prob-
lems which affect any comparison of t3L, and P~R
for scattering by different projectiles. Inelastic
scattering studies have indicated an ambiguity in
the values of P~ and R such that different, equally
valid values of PL, can exist for different radii R,
and only the product p&R maybe a well-determined
quantity. However, the various projectiles are
sensitive to quite different regions of the nucleus
and, in addition, the pion potential is nonlocal.
Therefore, a comparison of PI, R for different
projectiles may not be a physically meaningful
approach.

B. Momentum-space inelastic scattering calculations

It has recently become feasible to perform in-
elastic pion scattering calculations in momentum
space in a manner analogous to calculations of
elastic scattering. In this section, we present
results of calculations with the momentum-space
inelastic pion scattering code ARPIN. A complete
description of this program will appear else-
where. "

These calculations employ the wave functions
for elastic scattering calculated with PIPIT, using
the radius and Coulomb and binding energy correc-
tions discussed earlier. In these calculations, the
macroscopic derivative form factor undergoes a
Fourier transform to momentum space. As in
other macroscopic models, the deformation pa-
rameter is used as a normalization factor and
contains the nuclear structure information. (We
again note that Coulomb excitation processes are
not important here and can be neglected. )

Angular distributions for transitions to low-
lying collective states in Si, Ni, and Pb are
shown in Figs. 12-15, together with the predic-
tions calculated withARPIN. Rather good agree-
ment is obtained between calculated and experi-
mental angular distributions for both r and m

inelastic scattering to the 2 and 4 states in Si
and the 2' state in Ni, and for m scattering to
the 3 state in Pb. In particular, the locations
of the minima in the angular distributions are
correctly reproduced by these calculations which
include the radius modification discussed earlier.
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FIG. 13. Angular distributions for the inelastic scat-
tering of 162 MeV7I. ' and 7I to the 1.78 MeV, 2', 4.62
MeV, 4' and 6.88 MeV, 3 states in Si. The 4' angular
distributions also contain yield from excitation of the
4.98 MeV, 0' level. The angular distribution for the
resolved 4' excitation alone is displayed by the open cir-
cles. The various curves result from DWIA calcula-
tions using the program ARPIN, discussed in the text,
normalized to the data with the parameters listed in
Table V.

On the other hand, inelastic scattering calulations
which do not include this modification systemati-
cally fail to correctly predict the oscillation fre-
quency, in a manner similar to that observed in
the elastic scattering analyses.

The quality of the agreement between the calcu-
lations and the data is somewhat poorer for the
remaining angular distributions. As was indicated
in the previous section, such discrepancies for
the 3 transitions in Si and Ni may not be sur-
prising as a result of possible excitation to near-
by, unresolved levels. However, it is difficult
to understand how such an explanation can account
for the fact that the calculation for the Si 3
state overpredicts the cross sections at back
angles.

Further discrepancies between the calculated
and experimental angular distributions are present
for excitation of the 4. 98 MeV, 0' level in ' Si.
The calculated oscillation frequency is signifi-
cantly smaller than is actually observed. Simi-
lar observations were made for DWPI analyses of
both the 4 and 0 data and suggested the impor-
tance of two-step processes. Analyses with AHPIN,

FIG. 14. Angular distributions for the inelastic scat-
tering of 162 MeV 7t

' and ~ to the 1.45 MeV, 2' and
4.48 MeV, 3 states in Ni. The curves result from
DWIA calculations using the program ARnN and are
normalized to the data, with the parameters listed in
Table V.
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FIG. 15. Angular distributions for the inelastic scat-
tering of 162 MeV 7I. ' and 7I to the 2.61 MeV, 3- state
in Pb. The various curves results from DWIA cal-
culations using the program ARPIN, discussed in the text,
and are normalized to the data with the parameters
listed in Table V.

however, are able to reproduce the 4 data, and
problems remain only for the 0' calculations.
Thus, deficiencies present in one model and ab-
sent in another may account for the discrepancies
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encountered in analyses of the 4 excitation. The
possibility that two-step processes are indeed
important for the 0' excitation is currently under
investigation. The failure of the calculations to
reproduce the m' inelastic scattering to the 3 level
in Pb is not at all understood. Although the
locations of the minima are fairly well reproduced,
the observed peak-to-valley ratios are signifi-
cantly larger than predicted by ARPIN. This is
reminiscent of what was found for momentum-
space calculations of elastic scattering, which did
not include the Coulomb and binding energy cor-
rections. In fact, a calculation of the inelastic
scattering in Pb which neglects these correc-
tions is shown by the dashed lines in Fig. 15.
Clearly, such corrections have a large effect on
the calculated angular distributions, but further
corrections appear to be necessary.

The values of the deformation parameters PL,

and deformation lengths P~R extracted from this
analysis are presented in Table V. As in the DWPI

analyses, nearly identical values of PL, are ob-
tained for m and m scattering to a particular state.
The exception to this observation for pion scatter-
ing to the 3 level in Pb may not be significant
in view of the rather poor agreement between cal-
culations and data, for m' scattering. As in the

DWPI analyses, the values of pL, and p&R for pion
scattering are generally in good agreement with
those resulting f rom inelastic scattering studies
using other projectiles. However, the same con-
siderations concerning the significance of such a
comparison which were discussed in Sec. IVA
would also apply here.

C. Discussion

In the preceding two sections, calculations were
presented for pion inelastic scattering using con-
figuration- space (DW&l) and momentum- space
(AIIPIN) codes, both of which employed a DWIA

approach with a collective form factor. The elas-
tic scattering counterparts of these two models
( FITPI and Fn IT, respectively) produced fits of
comparable quality to the elastic scattering data.
Since different m-nucleus interactions are used in

these models, a comparison of the predicted
shapes and extracted normalization factors pL, for
the two sets of calculations may be instructive.

From inspection of the angular distributions
calculated using DWPI and ARPIN for each of the
observed excitations in Si, it is apparent that
larger oscillation frequencies are predicted with
ARPIN. The predicted minima locations for the
ARPIN calculations systematically occur at small-
er angles than for the DWPI calculations. For the
2' transition, this difference in frequency is

somewhat small ( 2' at the minimum near -50'),
but becomes larger with increasing multipolarity
of the transition (-8' for the minimum near 80' in
the 4 angular distribution). A similar effect is
also present for the ' Ni calculations and is more
pronounced for the 3 angular distributions. In
addition, it is evident that the magnitude of the
difference is larger for &' than for & scattering.
On the other hand, a comparison of the 'Pb cal-
culations indicates that the oscillation frequency
for the ARPIN result is larger for m' scattering
and smaller for & scattering than the frequency
calculated with DWPI . Since configuration- and
momentum-space calculations necessitate diff er-
ent treatments of the Coulomb interaction, any
differences in these treatments could be mani-
fested in the predicted oscillation frequency.
However, it is difficult to reconcile this explana-
tion with the observation that the differences in
predicted oscillation frequency are larger for (I)
inelastic scattering from Si than from Pb and
(2) inelastic scattering to states of higher spin
(e. g. , the 4. 82 MeV, 4' state in 'Si than to lower
spin states. An alternative origin of this effect
could arise from the use of different m-nucleus
interactions in the two calculations. The quality
of the fits to the inelastic scatteringdata is, how-
ever, not sufficient to permit a definitive state-
ment concerning the relative success of the two
methods.
Further differences between the configuration-

and momentum-space calculations are evident
from a comparison of the extracted values of PL, .
Smaller values of p~ are obtained from theARPIN
calculations than from the DWPI calculations.
Since the matter distribution radii which were
employed in the calculations were also smaller
for ARPIN than for QVTPI, considerable differences
are observed in the values of P~R determined by
the two methods. The significance, if any, of
these differences in PL, and P&R is not clear at
present.

The extraction of PL, for both & and m inelastic
scattering presents the opportunity of investigating
possible differences in the proton and neutron
distributions in neutron-excess nuclei. For ex-
ample, the presence of two extra neutrons in the
58Ni T = 1 nucleus might be expected to result in
substantially different values of P& (w') and Pr, (v ),
as has been observed for O. However, the shell
closure at A = 56 is far from complete and the 2
and 3 states in Ni are rather collective. This
may be seen in the need forlarge effective charges
in shell-model calculations for this nucleus. Thus,
excitation of both proton and neutron particle-
hole configurations are equally likely, and no
significant differences between Pr, (w') and Pz, (m )
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are expected for scattering to either the 2 or 3
state in "Ni. The values of P~ and PL, R deduced
in the present work for Ni are listed in Table V.
These values indicate little, if any, enhancement
of pz(v, ) relative to p~(&') and so are in agreement
with the expectation that the two valence neutrons
have little effect on the excitation probability.

Differences in the values of PL deduced for ~'
and m inelastic scattering could possibly also be
Present for the 3 state in Pb. Whereas p~(v )/
p3(v )= 1.0 results from the DWFf analysis, the
ABPfN analysis indicates that p, (& )/p3(& ) = 1.5.
For the latter calculations, however, the rather
poor agreement between the theoretical and exper-
imental angular distributions for m scattering
results in substantially larger uncertainties in the
extracted value of p(& ) than can be reflected in
the quoted error. It is therefore premature to
draw definite conclusions from the ARPIN analy-
sis. Theoretical considerations also indicate only
a slight preference for excitation of neutron par-
ticle-hole configurations, which would imply
p3(v )~ p~(w'). The assumptions made are (1) the

Pb ground state is composed of fully-closed
shells, (2) the 3 state in Pb can be described
by the shell-model wave functions of True et al. ,
and (3) the reaction amplitudes for each of the 24
neutron and 20 proton configurations in those wave
functions are equal. Then, the further assumption
of (3, 3) dominance results in a ratio P~(v )/P~(v')
=1.02 or 1.13, depending on the choice of phase
between the pion-proton and pion-neutron terms.
These simple estimates are consistent with the
observation of similar values of p3(w ) and p3(+ )
from the DWPI analyses, and the possible pref-
erence for neutron particle-hole configurations in
the ARP~N analyses. Finally, from all of these
considerations, it is clear that the large neutron
excess in Pb does not produce a strong enhance-
ment for w scattering to the 3 state.

V. SUMMARY

Elastic and inelastic scattering of both m' and r
by Si, ' Ni, and Pb has been studied at ~,~
= 162 MeV. The angular distributions for elastic
scattering are compared with first-order optical-

model calculations and good agreement is obtained.
Fits in configuration space using a Kisslinger
form for the potential yield values of the param-
eters that do not seem to vary in a consistent
manner for the different target nuclei. Calcula-
tions in momentum space show optimum agree-
ment with the data if modifications to the param-
eters are included'. These modifications affect
the matter density radii (which may simulate the
effect of neglected, higher-order terms, e. g. ,
p terms) and the local pion-nucleon energies
(which may arise from the necessary but neglected
Coulomb and binding energy corrections).

The use of a second-order optical potential which
explicitly includes true absorption phenomena
would be more appealing than the use of a first-
order potential, Rs considered here. However,
the relative success of the present calculations
could indicate that the parametrizations of the
radius and energy modifications may provide an
important insight into future improvements of the
pion-nucleus optical model.

The wave functions which were obtained for
elastic scattering were employed in DWIA calcula-
tions of inelastic scattering using macroscopic
form factors. The resulting angular distributions
have both shapes and magnitudes consistent with
the data. Differences between the configuration-
and momentum-space methods of analysis are not
completely understood and require further theo-
retical study.
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