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Differential cross sections were measured for pion elastic and inelastic scattering from " Ca
and ' Fe at T =116.0, 180.0, and 292.5 MeV. Elastic scattering was analyzed using a Kisslinger
potential with and without free parameters. The low-lying collective states were analyzed using dis-
torted wave impulse approximation calculations with no free parameters and with transition densi-

ties obtained from electron and proton scattering. These calculations adequately reproduced the
pion scattering data. Ground-state neutron density root-mean-square radii were estimated.

NUCLEAR REACTIONS ' " Ca(a —+,~—') and ' Fe(m —,~—'); T~=116.0,
180.0, and 292.5 MeV; measured o.(0); optical-model analysis.

I. INTRODUCTION

The pion has long been considered a promising probe
for obtaining information about the proton and neutron
transition densities in nuclear transitions. This promise is
derived from the fact that the n.+ + p and m + n elastic
scattering amplitudes are three times the corresponding
amplitudes for ~+ + n and ~ + p in the region of the
pion-nucleon b, 3 3 (J= —,, T = —, ) resonance. One method
for testing this promise should involve the comparison of
m+ vs m elastic and inelastic scattering data for a suit-
able series of isotones and isotopes using a model for
pion-nucleus scattering which is sensitive to nuclear distri-
butions and successful in reproducing scattering results.

In this work, pion elastic and inelastic scattering data
have been obtained from ' ' ' Ca and Fe to provide a
complete set of pion scattering data for studying the 1fz~q
neutron shell in the Z=20 calcium isotopic series and to
begin studying the 1f7/2 proton shell by including the Fe
nucleus of the N=28 isotone series among the targets.
The pion energies, 116.0, 180.0, and 292.5 MeV, were
chosen in order to have data in the lower energy region of
the 8 3 3 resonance, at the A3 3 resonance peak, and in the
upper energy region of the b, 3 3 resonance. This latter en-

ergy is also the upper limit of the energetic pion channel
and spectrometer (EPICS) at the Clinton P. Anderson
Meson Physics Facility (LAMPF).

The calcium isotopic series has already been the subject

of recent pion studies where the ground-state neutron
root-mean-square (rms) radius differences have been es-
timated for Ca- Ca using pion elastic differential cross
sections at T = 130, 180, and 230 MeV, ' and for
" Ca- Ca and Ca- Ca using pionic atoms ' and pion
total cross sections. In the present work, the ground-state
neutron rms radii are estimated for ' ' ' Ca and Fe
and compared with previous measurements. We also test
the effectiveness of the Kisslinger potential with the pro-
cedure of Cottingame and Holtkamp for the evaluation
of the n-nuclear t matrix over a wide range of energies.

In addition to the data obtained in this work, the
present study uses the previously reported cross sections at
T =180.0 MeV for the 0+1 and 3& states in Ca (Ref. 7)
and the 0+&, 2+~, and 3& states of ' " Ca (Ref. 8) for a
comprehensive analysis of the data.

II. DATA ACQUISITION

Data were obtained using the EPICS system at
LAMPF, which consists of a momentum-dispersing chan-
nel and a high-resolution spectrometer. Position-sensitive,
delay-line read-out drift chambers' are used to measure
the particle positions and angles before and after the spec-
trometer dipoles. For each event, an on-line computer cal-
culates the incident momentum by projecting the particle
trajectory back to the target in order to reconstruct the
pion scattering angle and position on the target. The scat-
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FIG. 1. Typical spectra for 'Ca(m+, m+') and ' Fe(m+, m ') at T =180 MeV and 0],b ——33'.

tered pion momentum is then calculated to third order in
the particle coordinates. From the scattering angle and
the incident and scattered momenta, a Q value at the tar-
get is calculated for each event and recorded in Q-value
histograms. The spectrometer energy resolution, position
resolution at the target, and scattering acceptance angle
are 300 keV (FWHM), 3 mm (FWHM), and 10 mrad,
respectively.

The data were taken with a channel momentum bite of
+2%. At angles less than 20', the data were taken with a

reduced primary beam intensity to obtain an adequately
small deadtime in the front chambers. For the data at an-

gles larger than 20', the pion flux, monitored by two ion
chambers 75 cm downstream of the target, was approxi-
mately 10/s for ~+ and 2X10/s for m. . The two
chambers had a 1.0-cm-thick natural iron absorber be-
tween them to stop the protons contained in the pion
beam.

In order to maximize the resolution of the spectrometer,
the data were taken with a reduced spectrometer accep-
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FIG. 2. Typical spectra for 'Ca(n. , m. ') and ' Fe(m, m ') at T =180 MeV and 61»b ——33'.
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tance angle of 3.0. This resulted in a spectrometer solid
angle of 10 msr. The elastic data were analyzed in 1'-wide
scattering angle bins, and the inelastic data in 3'-wide
scattering angle bins. The momentum acceptance of the
spectrometer was +6.0%%uo, which allowed a 30 MeV region
of excitation energy to be studied in one setting. This ac-
ceptance was sufficiently large that only one spectrometer
setting at each energy was required for all the angle set-
tings.

Ten isotopically enriched target strips were mounted in
a target ladder centered horizontally in separate vertical
positions 5 mm apart. The ladder was movable in the
vertical direction, corresponding to the dispersion plane of
the spectrometer. Five vertically adjacent target strips
were examined simultaneously in each of three ladder po-
sitions, with the strips arranged such that over the three
positions each strip was replaced at least once by Ca.
Software gates on the vertical target position for each
scattered pion separated interactions from the different
target strips. The data were sorted into five separate his-

tograms according to the target strip in which the scatter-
ing event occurred. Comparisons of the Ca(~+-, m. +-) his-
tograms indicated the size of the systematic errors arising
from changes in the beam momentum and intensity across
the five target strips. The variation in the spectrometer
solid angle as a function of vertical scattering position in
each ladder position was less than 2%. The variation of
the cross-section measurements for each isotope as a func-
tion of vertical position of the target on the ladder was
also less than 2%.

Typical m+ and m Q-value spectra from
'" Ca(vr-+, m-+') and Fe(~-,n-+') at 8&,~

——33' and
T = 180.0 MeV are presented in Figs. 1 and 2, respective-
ly. States for which data are presented in this paper are
listed in Table I. Complete data tables for this experiment
may be found in Ref. 11. Also included in Ref. 11 are
tables of inelastic cross sections for states not deemed suit-
able for publication and special T = 180.0 MeV

Ca(~-+, m-) and Ca(n, m. ) elastic scattering an-
gular distribution scans of the first minimum with 0.5'-

TABLE I. States for which data are given in this paper.

40C

T =116.0 MeV
(J, MeV)

Oi, 0.000
3i, 3.736
Si, 4.492
32, 6.285
3, 6.58

T =1800 MeV
(J, MeV)

0+ 0 000'
3i, 3.736'

32, 6.285
3, 6.58

T =292.5 MeV
(J, MeV)

Oi, 0.000
3), 3.736
SI, 4.492
3i, 6.285
3, 6.58

Ca 0+
2+
2+,
31 )

5),
3

(3 )

0.000b

1.524
2.423
3 444
4.104
4.68
6.30

0+&, 0.000
2+ 1.524

3i, 3.444
Si, 4.104

"Ca 0+, 0.000
2i, 1.157
3i, 3.308

Oi, 0.000
2i, 1.157
3i, 3.308
3, 4.40
3, 5.03

OI, 0.000
2i, 1.157
3I, 3.308

'Ca 0), 0.000
2+), 3.832
3i, 4.507

Oi, 0.000"
2+), 3.832"
3 4 507"

, 5.729
3, 7.66

Ol, 0.000
2i, 3.832
3), 4.507
3, 5.37
5, 5.729

54Fe

3, 4.78

OI, 0.000 0+, 0.000
2+i, 1.408 2+1, 1.408
2+, 2.96
3, 4.78
3, 6.40

'Additional data at T =180.0 MeV for the (02, 3.352 MeV), (2I, 3.904 MeV), (5~, 4.492 MeV), and

(33, 6.581 MeV) states may be found in Ref. 7. The (0+), 0.000 MeV) and (33, 6.581 MeV) states are
reproduced here from Ref. 7 for comparison.
'The 0+~, 2+&, and 3~ states in Ca, Ca, and 'Ca have been previously published in Ref. 8.
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TABLE II. Ground-state density distribution parameters.

Nucleus

Ca
"Ca

Ca
48C

Cp

(fm)

3.42
3.55
3.55
3.47

(fm)

0.55
0.55
0.55
0.55

0.0
0.0
0.0
0.0

Cn

(fm)

3.42
3.46
3.52
3.63

an
(fm)

0.55
0.55
0.55
0.55

0.0
0.0
0.0
0.0

2) 1/2
P

(fm)

3.40
3.43
3.43
3.38

( 2)1/2

(fm)

3.36
3.37
3.41
3.48

wide scattering angle bins.

III. DATA REDUCTION

Peak areas were extracted from the Q-value spectra by
using the program LoAF'2 which fitted each spectrum
with one of five fixed line shapes corresponding to the iso-
tope represented. The fixed line shape for each isotope
was determined by averaging several elastic scattering
peaks from spectra in which the oxygen contamination
peak was kinematically separated from the elastic peak.
Relative separations between the peaks were constrained
to values obtained from energy level compilations. ' '
The background in each spectrum was fit to a polynomial.

The data were normalized to m+ and m scattering on
hydrogen using cross sections obtained from the program
EDA, which does an energy-dependent reaction matrix
analysis of all known pion-hydrogen differential and total
cross sections in order to provide energy and angle inter-
polation. The ratio of the measured pion-hydrogen
scattering yields to the predicted EDA m' +— + p cross sec-
tions was fiat to within +5% in the angular region be-
tween 40 and 90'. The forward-angle (8(20') and the
larger-angle (8&20 ) data were normalized to each other
by running overlap points at 20'.

The data were corrected for chamber efficiency, the
fraction of pions which survive the spectrometer flight
path, the solid angle as a function of position along the fo-
cal plane, and computer live-time. The correction for
solid angle was measured by mapping the focal plane us-

ing elastic scattering from natural iron at an angle of 38',
which corresponds to the first maximum in the elastic an-
gular distribution. Chamber efficiency and computer
live-time were monitored on-line.

Estimated systematic errors in the data sets are the fol-
lowing: chamber efficiency (+3%), survival fraction
(+3%), solid angle (+2%), channel bean monitoring
(+3%), peak fitting ((5%), and normalization (+3%).

The systematic error in the peak fitting arises from the
method chosen for fitting the background and uncertainty
in the program convergence criteria. The systematic error
in the normalization is owing to the error in the pion-
hydrogen yield measurements performed during the exper-
iment. The overall normalization uncertainty was +9%
with a relative 2r+ vs 2r uncertainty of +6%. Because of
background count-rate variations, the chamber efficiencies
were found to depend on angle. At the extreme forward
angles, systematic angle-dependent deviations as large as
+5% have been seen.

To use the data from all the strips in all the target
ladder positions, cross sections from strips of the same
isotope were summed over all positions at each angle at
each energy. Because each strip has a different central
momentum caused by the dispersion of the channel,
correcting the central momentum of the strip to the cen-
tral momentum of the channel is equivalent to shifting the
cross-section angles. Using relativistic two-body final-
state kinematics, ' shifted center-of-mass angles were cal-
culated. Because the center-of-mass angle corrections
were small, an angular distribution of all the cross sections
for a particular isotopic state at a given channel central
energy consisted of clusters of points. Each cluster of
points was fit with a simple quadratic spline, each point in
the cluster was interpolated to the appropriate kinematic
center-of-mass angle relative to the channel central ener-

gy, and an average cross section with corresponding error
was calculated. The net result of this data-reduction
correction was a substantial deepening of the minima in
the angular distributions over that which was seen when
no angular correction had been applied prior to the sum-
mation.

An oxygen contamination in the calcium targets was
subtracted by fitting the calcium and oxygen elastic
scattering peaks separately at all angles greater than 24'.
The only other known contamination was a 5% Ca con-

TABLE III. Calculated Ca b coefficients.

T
(MeV)

116.0

Re

—0.67
—0.74

Im

0.36
0.41

Re

—1.40
—1.90

&10

Im

—0.01
—0.04

Re

6.83
7.11

&Oi

4.49
2.66

3.81
4.05

Im

2.23
1.32

(MeV)

0.00
—25.00

180.0 —0.58 0.30 —0.96 0.03 3.84 7.41 2.17 3.70 —25.00

292.5 —0.34
—0.44

0.21
0.24

—0.37
—0.54,

0.07
0.06

—1.56
—1.99

1.50
3.86

—0.86
—0.96

0.69
1.91

0.00
—60.00
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IV. DATA ANALYSIS

A. General remarks

FIG. 3. Angular distributions for "' 'Ca(~ —+,m
—+

) elastic
scattering at T =180 MeV. Optical potential calculations are
represented by solid curves.

Elastic and inelastic distorted wave impulse approxima-
tion (DWIA) calculations were performed with a modified
version of the computer code DWPI, ' which solves a
Klein-Gordon equation in coordinate space. The modifi-

TABLE IV. T =180.0 MeV ground-state density distribution fit results. '

Nucleus

40Ca

"Ca
Ca
Ca

54F

CP

(fm)

3.68
3.73
3.75
3.74
4.01

ap
(fm)

0.54
0.55
0.53
0.48
0.49

—0.10
—0.12
—0.09
—0.03

0.0

Cn

(fm)

3.97+0.02
3.88+0.03
4.06+0.03
4.06+0.04
3.79+0.05

a„
(fm)

0.42+0.17
0.47+0.10
0.47+0.10
0.46+0.10
0.57+0.22

—0.10
—0.12
—0.09
—0.03

0.0

2)1/2
P

(fm)

3.41
3.44
3.44
3.39
3.60

( 2)1/2

(fm)

3.39+0.04
3.40+0.03
3.55+0.04
3.57+0.04
3.62+0.08

'E,h
———25.0+4.0 MeV
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V(r) =bppk pp(r)+b)p V pp(r) V'

—e [bp, k p, (r)+b„V p)(r)V],

where bpp, b ~p bp& and b» are related to the pion-nucleon
phase shifts, p k is the pion momentum, e is the sign of
the pion charge, pp(r) is the isoscalar density distribution

[Np„(r)+Zpp(r)]/A,

and p~(r) is the isovector density distribution

[Np„(r) Zpp(r)]/A . —

The proton- and neutron-density distributions were
characterized by a three-parameter Fermi model,

p(r) =pp(1+/pr /c )/[1+exp[(r —c)/a]] .

The pion-nucleon phase shifts were evaluated a distance
E,h of typically 25 MeV below the actual pion-nucleon
center-of-mass energy in the pion-nucleus system. This
procedure is the same as that of Cottingame and Holt-
kamp. It has been successfully applied to nuclei ranging
from Be to Pb over the entire energy range of the b, 3 3

resonance.

TABLE V. T = 116.0 MeV ground-state density distribution fit results. '

Nucleus

40Ca

"Ca
48Ca

CP

(fm)

3.68
3.75
3.74

C/P

(fm)

0.54
0.53
0.48

—0.10
—0.09
—0.03

&n

(fm)

3.46+0.03
3.65+0.07
3.51+0.04

Qn

(fm)

0.69+0.24
0.67+0.29
0.70+0.26

—0.10
—0.09
—0.03

( 2)1/2
P

(fm)

3.41
3.44
3.39

2) 1/2

(fm}

3.56+0.07
3.65+0.10
3.72 +0.09

'E,h
———25.0+4.0 MeV.
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B. T =180.0 MeV data

1. Elastic scattering analysis

For the first calcium elastic scattering calculation, the
proton and neutron diffusivities a~ and a„were set to 0.55
fm, and the shape parameters cop and cu„were set to zero.
The finite charge size of the proton was unfolded from the
nuclear charge distributions measured by elastic electron
scattering ' and the half-density radii c~ of the proton
point distributions were derived. Then the half-density ra-
dii c„of the neutron point distributions were adjusted to
reproduce the location of the first minima in the 7r angu-
lar distributions. Table II shows the resulting parameters.

The b coefficients were calculated with a negative ener-

gy shift of F.,h ———25.0 MeV (which is consistent with the
energy shift of —30+4 MeV used in Refs. 7 and 8). The
results for Ca are listed in Table III. The data and re-
sulting calculations for Ca are shown in Fig. 3 along
with the corresponding data and calculations for ' ' Ca
reproduced from Ref. 8. This is the first complete exposi-
tion of the pion elastic scattering results for the calcium
isotope series at T~ = 180.0 MeV. The differences between
the angular distributions obtained at EPICS and SIN
(Refs. 1 and 2) for ' Ca at T„=180.0 MeV are attribut-
ed in part to better angular resolution at EPICS.

For the second calcium elastic scattering calculation,
the proton and neutron shape parameters mp and co„were
set to the values derived from the elastic electron scatter-
ing results. Again the finite charge size of the proton was
unfolded from the charge distributions measured by elas-
tic electron scattering and the half-density radii cp and
diffusivities a~ derived. The neutron half-density radii u„,
the neutron diffusivities co„, and the energy shift values
E,~ were then allowed to be freely varied by the optimizer
while a fit to the " ' ' ' Ca data was made. Table IV

Nucleus
Cp

{fm)

TABLE VI. T =292.5 MeV ground-state density distribution fit results. '

cn
(fm)

2) 1/2
P

(fm)

2) 1/2

(frn)

40C

"Ca
"Ca
48Ca
54Fe

3.68
3.73
3.75
3.74
4.01

0.54
0.55
0.53
0.48
0.49

—0.10
—0.12
—0.09
—0.03

0.0

3.51+0.02
3.60+0.05
3.64+0.07
4.12+0.03
4.52+0.04

0.55+0.03
0.54+0.11
0.59+0.24
0.43+0.06
0.40+0.23

—0.10
—0.12
—0.09
—0.03

0.0

3.41
3.44
3.44
3.39
3.60

3.32+0.02
3.33+0.05
3.49+0.10
3.55+0.03
3.80+0.06

'E,h ———60.0+9.0 MeV.
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shows the results of the fit corresponding to a final re-
ducedX of 1.89.

The function provided to the optimizer for use in seek-
ing convergence was the reduced X which was calculated
from all the data sets provided for the fit. The conver-
gence criterion for the optimizer was chosen to be a
change in the reduced g of one. The error for each of the
fitted parameters listed in the tables corresponded to one
standard deviation.

For the third calculation, a repeat of the second calcula-

tion was made but with the inclusion of the 5 Fe isotope.
The addition of the Fe elastic scattering data did not
quantitatively affect the fit to the calcium data, and no
perceptible change in the shape of the fits from Fig. 3 was
observed. Table IV includes the results for Fe corre-
sponding to a final reduced X of 1.95.

2. Inelastic scattering analysis

The inelastic scattering calculations were made using
thc ground-state dcllsltlcs and cllclgy slllft glvcil 111 Table
IV. In addition, me used coBcctive-model transition densi-
ties for ~Ca obtained from fitting (p,p') data, 1 and nli-

DDHF'
theory

(fm)

(p,p')'
0.6, 1.0 GeV

(fm)

TABLE VII. Neutron rms radii: (r ) „'

(O, ,o.")'
104 MeV

(fm)

This experiment
180.0 MeV

(fm)

Ca
42Ca

"Ca
"Ca

3.36
3.44
3.50
3.59

3.38+0.04
3.42+0.04
3.49+0.05
3.58+0.04

3.34+0.03
3.42+0.03
3.48+0.03
3.63+0.04

3.56+0.07

3.65+0.10
3.72%0.09

3.39+0.04
3.40+0.03
3.55+0.04
3.75+0.04

3.32+0.02
3.33+0.05
3.49+0.10
3.55+0.03

'Obtained from Ref. 28 using a density-dependent Hartree-Pock calculation.
Obtained from Ref. 29.

'Obtained from Ref. 30.
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TABLE VIII. Neutron minus proton rms radii: (r )„—(r )~

Ca
42C

"Ca
" Ca

DDHF'
theory

(fm)

—0.04
0.02
0.08
0.18

(u, a')b
104 MeV

(fm)

—0.051
—0.002

0.037
0.226

116.0 MeV

(fm)

0.15+0.07

0.21+0.10
0.33+0.09

This experiment
180.0 MeV

(fm)

—0.02+0.04
—0.04+0.03

0.11+0.04
0.18+0.04

292.5 MeV

(fm)

—0.09+0.02
—0.11+0.05

0.05+0.10
0.16+0.04

'Obtained from Ref. 28 using a density-dependent Hartree-Fock calculation.
Obtained from Ref. 30.

croscopic transition densities for " ' Ca obtained from fit-
ting inelastic electron scattering data with a Gaussian
model and for Ca from fitting with a Tassie model.
As differences in the neutron and proton distributions
were found to be small (Sec. IV 8 1), the transition densi-
ties were equated for the analysis of the inelastic data.
This was also done previously in the fit to the data at
180.0 MeV in Refs. 7 and 8. The strength parameters )33~

and P„ for the proton and neutron distributions were ad-
justed to fit the forward part of the angular distributions.
Figure 4 shows the data and resulting calculations for the
first 2+ and 3 states. Note that because of the limited
energy resolution, the 2~ state in Ca could not be reli-
ably separated from the 3~ state.

All inelastic calcium data not previously published are
shown in Figs. 5—8. Elastic data are included in these fig-
ures for comparison and calculations are omitted for visu-
al clarity. Figure 9 shows the Fe(ir—,~+-') data. Because
this isotope has not been extensively analyzed, only an
elastic calculation based on Table IV is shown.

C. T =116.0 and 292.5 MeV data

1. Elastic scattering analysis

As in the case for the T = 180.0 MeV elastic scattering
data, a multiparameter fit was made for each of the
T =116.0 and 292.5 MeV data sets to determine the cor-
responding neutron half-density radii 0.„, neutron dif-
fusivities co„, and energy shift. The results are given in
Tables V and VI. The final reduced 7 values are 2.09
and 2.04, respectively.

To demonstrate the effect of the energy shift to the ~-N

t matrix on the quality of the fit to the elastic scattering
data, calculations with no energy shifts were made for the
T =116.0 and 292.5 MeV ' Ca(m +—

, rr —
) data. The re-

sults are shown in Fig. 10. The elastic calculations with
the energy shift (Figs. 11—18) are based on the ground-
state densities given in Table IV and the energy shifts
given in Tables V and VI. It is clear that the fits with the
energy shift are far superior to those without it.

2. Inelastic scattering analysis

Inelastic scattering calculations were made using the
ground-state proton point densities given in Table IV and
equating the proton and neutron Fermi distribution pa-
rameters (Sec. IV B2). The energy shifts used are given in
Tables V and VI. For the transition densities, we used the
same values as for the analysis of the T =180.0 MeV
data. Additional transition densities for Ca were ob-
tained from fits to inelastic electron scattering data using
an empirical shell model and a Tassie model. The data
and resulting calculations for the T = 116.0 MeV data are
shown in Figs. 11—13, and for the T =292.5 MeV data
in Figs. 14—18. The resulting neutron and proton transi-
tion strengths and E2 transition strengths are listed in
Tables II and III of Ref. 8. The absence of Ca and Fe
data at T =116.0 MeV was owing to running time con-
straints during the experiment.

V. RESULTS

The ground-state neutron rms radii obtained from the
fits are compared to theoretical calculations and to pro-

TABLE IX. Neutron rms radii of 'Ca minus neutron rms radii of Ca: (r )„';( '~'4'Ca) —(r )„';(4C ).

42C

"Ca
48C

DDHF'
theory

(fm)

0.08
0.14
0.23

(p p')
0.6, 1.0 CxeV

(fm)

0.06
0.11
0.20

(a,a')'
104 MeV

(fm)

0.085
0.141
0.298

(m.,m')

130 MeV
(fm)

0.30

Pionic'
x rays

(fm)

0.05+0.05

116.0 MeV
(fm)

0.09+0.12
0.16+0.11

This experiment
180.0 MeV

(fm)

0.01+0.05
0.16+0.06
0.18+0.06

292.5 MeV
(fm)

0.01+0.05
0.17+0.10
0.23+0.04

'Obtained from Ref. 28 using a density-dependent Hartree-Fock calculation.
"Obtained from Ref. 29.
'Obtained from Ref. 30.
Obtained from Refs. 1 and 2.

'Obtained from Refs. 3 and 4.
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ton, alpha, and pion data analyses in Tables VII—IX.
Table VII presents the neutron rms radii for ' Ca
taken from a density-dependent Hartree-Fock (DDHF)
calculation, T~ =0.6 and 1.0 GeV proton-scattering
data, T =104 MeV alpha-scattering data, and the
data of this experiment. Table VIII presents the differ-
ences between the proton and neutron rms radii for

Ca, and Table IX presents the differences between
the neutron rms radii of ' ' Ca and the neutron rms ra-
dius of Ca. Table IX also contains the analysis results
of T = 130 MeV pion data' and pionic x-ray data. '

The results from this experiment exhibit the same quali-
tative trends in going from Ca to Ca as do the other
analyses. However, the neutron rms radii extracted at
T =116.0 were larger than those extracted at 292.5 MeV,
indicating an insufficiency in the model used in analyzing
the elastic data. This discrepancy is in agreement with the
predictions of Johnson and Bethe. ' These authors discuss
the difficulty in learning reliably about the low moments
of the nucleon distribution, such as the rms radii, from
the analysis of resonance energy experiments because pion
scattering is primarily sensitive to the low-density part of
the nuclear-density distribution. Their approach is to de-
fine an effective radius, and then to study changes in the
value of the effective radius and changes in the nuclear
density in the vicinity of the effective radius. Neverthe-
less, the quantitative agreement between the T =180.0
and 292.5 MeV data and the other analyses is an en-
couraging sign for the usefulness of pions in directly
determining neutron distributions.

The empirical energy shift correction values obtained
from the fits were —25.0+4.0 MeV for the T„=116.0
and 180.0 MeV data sets and —60.0+9.0 MeV for the
T„=292.5 MeV data set. The value for Ca obtained by

Cottingame and Holtkamp was —30.0+4.0 MeV, which
compares well with that obtained for the T =116.0 and
180.0 MeV data sets. It should be pointed out that the
Cottingame and Holtkamp procedure fixed the neutron
density distribution parameters to those of the proton,
whereas, in this paper, the neutron density distribution pa-
rameters were allowed to be varied during the fitting pro-
cess. Although a dramatic improvement in all fits owing
to using the energy shift procedure was clearly evidenced,
the anomalously large energy shift value obtained at
T =292.5 MeV and the unusually large values for the
neutron rms radii at T =116.0 indicate problems with
the optical model near both the lower and upper energy
regions of the b, 3 3 resonance. Nevertheless, with the large
data base of calcium-isotope pion-scattering data now
available and with an improved optical model, it should
now be possible to determine whether or not neutron dis-
tributions can be unambiguously extracted from pion
scattering by the calcium isotopes in particular and nuclei
in general.

The analysis of the m+ vs m. differences in inelastic
scattering to the low-lying collective states in ' ' ' Ca
and Fe resulted in reasonable agreement with previous
work. The transition strengths extracted in Ref. 8 from
the T =180.0 MeV data also give a good description of
both the T =116.0 and 292.5 MeV data presented here.
The success in fitting the inelastic scattering data with a
simple model with few free parameters suggests that pion
scattering has a great potential for providing a general and
powerful probe for addressing nuclear-structure problems.
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