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Measurements of elastic scattering were made for n.' and 7t beams at 30 MeV on a carbon
target and x+ on oxygen at 30 MeV. A magnetic spectrometer utilizing wire spark chambers
was used to measure the momenta of the scattered pions over the angular range 40-120 deg.
The energy resolution was about 4 Me V fugal width at half maximum at 30 MeV, which is suffi-
cient to resolve the first excited states of carbon and oxygen. Inelastic scattering from the
lower excited states has been estimated. Fits of the Kisslinger optical model to the data have
been made.

I. INTRODUCTION

There have been theoretical efforts in recent
years to produce an optical model of low-energy
pion-nucleus scattering from multiple-scattering
theory. ' ' In these calculations it is assumed that
off-energy-shell effects can be neglected so that
the pion-nuclear interaction can be calculated from
free pion-nucleon phase shifts. This approach is
motivated by the relatively weak elementary inter-
actions at energies which are low compared with
that of the first pion-nucleon resonance. Addition-
al advantages in the theoretical understanding of
the pion-nucleus interaction are the lack of identi-
ty between the projectile and target nucleons and
the relatively small mass and zero spin of the pion.

There are unique aspects of the pion-nucleus in-
teraction which set it apart from those of other nu-
clear probes. These include single- and double-
charge-exchange scattering, the absorption of
pions with the subsequent ejection of nucleons or of
high-energy y rays, and the study of pion capture
x rays. In the last mentioned case, the study of
the complex energy shifts in various Bohr orbits is
equivalent to a phase-shift analysis at slightly neg-
ative energies.

A fundamental starting point for studying these
interactions is the measurement of pion-nuclear
elastic scattering. It should be especially interest-
ing to compare the elastic scattering data at small
positive energies with the results of pion capture
x-ray experiments.

A clear conclusion from the attempts to fit opti-
cal models to pion-nucleon elastic scattering is
that a nonlocal, or momentum-dependent, optical
model is required. The first model of this type
which was proposed was the Kisslinger model, '
which includes a gradient term in the potential.

Another nonlocal optical model has been derived
by Ericson and Ericson' which applies to pion-nu-
clear scattering for energies &30 MeV. The poten-
tial includes absorption, and has no free parame-
ters. Because of the dominance of the dipole com-
ponent in gN scattering, short-range nucleon pair
correlations are important in the multiple scatter-
ing. This produces an effect analogous to the Lo-
rentz-Lorenz effect in the scattering of electro-
magnetic waves in dense media. The potential of
Ericson and Ericson also contains a term which
gives a small hyperfine coupling.

Previous measurements of the p'C elastic cross
section were made at this laboratory for pion en-
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ergies of 31.5' and 40' MeV. Fits of the data from
those experiments have been made using the Kiss-
linger model. ' The complex constants were de-
termined by a search procedure using the values
calculated from the elementary interactions as a
starting point.

The goal of the present experiment was to extend
the measurements of the pion elastic cross section
at 30 MeV to the p C and 7t '0 reactions, and to
repea e pt th 'C measurements with improved sta-
tistics and energy resolution.

EXPERIMENTAL PROCEDURE

A low-energy external pion beam at the Roches-
ter synchrocyclotron was produced by bombard-
ment by the 240-MeV internal proton beam of a
carbon target in the vacuum tank of the accelera-
tor The pion beam was then extracted and focuse
by the fringing field of the main cyclotron magnet
and an analyzing magnet. By reversing the cyclo-
tron magnetic field, the analyzing magnetic field,
and the sense of circulation of the cyclotron pro-
ton beam, the charge of the pion beam is reversed
without changing the spatial or momentum distri-
butions of the beam.

In order to reduce the spread of the pion beam
in energy and space, a remotely positioned verti-
cal slit 1.5 in. wide was installed upstream of the
analyzing magnet entrance as shown zn Fag. 1.
The resulting beam had a peak energy a gat the tar et
position of 32 + 2 MeV and energy spread of 3.0
MeV full width at half maximum (FWHM). The slit
reduced the intensity of the beam to 5&&10' min
of g' and 2 &10' min ' of p

The peripheral "Cee" electrode was used in the

regenerative mode' to increase the coarse-struc-
ture duty cycle of the cyclotron to better than 90ok.

A small burst of prompt beam was eliminated by
means of an rf gate which cut off the counters for
about 5% of the 300-Hz audio frequency cycle at
the proper time.

A magnetic spectrometer was used to measure
the momentum distribution of the particles which
emerged from the target. The experimental ar-

~ ~

rangement is shown in Fig. 2. The beam incident
on the target was defined by scintillation counters
C1 and C2 and by wire spark chambers SP1, SP2,
and SP3. Upon scattering in the target, the scat-
tered pion traversed counter C3, wire spark cham-
bers SP4 and SP5, the magnet, wire spark cham-
bers SP6 and SP7, and finally counters C4 and C5.
The trigger logic was 1234 56. The anticoinci-
dence counter, C6, was placed behind the target
to reduce the random trigger rate. The spark

f 0.050chambers had vertical wires with spacing o
in. Because the magnet gap was only 1.5 in. high,
the measurement of the projection of the trajec-
tories on the median plane was adequate for the
momentum determination. The magnet gap was
3 in. wide by 6 in. long, and the deflection of the
central ray was about 19' for pions of 30-MeV en-
ergy. The spectrometer, including its associated
counters and spark chambers, was mounted on a
rigid aluminum plate equipped with rollers so that
the entire assembly pivoted about the target cen-
ter for setting the angle of scattering. The center
of the spectrometer could be rotated through an-
gles from 0 to l20 . The angular resolution was
limited by multiple scattering in the target and
the counters. All pion momenta greater than 60
MeV/c could be measured. The lower limit was
set by the energy required to penetrate the counter
and spark chamber arrays.

The wire spark chambers were interfaced to an
on-line PDP-8 computer with ferrite-core tempo-
rary storage. The "wires" of the spark chambers
were made by photoetching thin copper-clad Mylar
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FlG. 1. Pion beam and general experimental
arrangement.

FIG. 2. The wire spark-chamber spectrometer. C1—
C6 are scintillation counters. SP1—SP7 are ware spark
chambers.
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films. The block diagram of the trigger logic and
spark chamber read-in system is shown in Fig. 3.
Upon receipt of a trigger, the PDP-8 was pro-
grammed to sequentially pulse the core drivers of
the spark-chamber interface, yielding signals from
the sense amplifiers of those cores which had been
set by spark currents. From the position of the
set cores in the sequence, the spark coordinates
were calculated and stored in a memory buffer for
later transfer to magnetic tape. The on-line pro-
gram also displayed plan views of the events on an
oscilloscope, and recorded the relative efficien-
cies of the various spark chambers and the num-
ber of times multiple sparks occurred in each
chamber. For topologically simple events, the
momenta and scattering angles of the events were
calculated and typed out. Auxiliary on-line pro-
grams were used for measuring direct-beam-mo-
mentum spectra and spark-chamber efficiencies.

The carbon scattering was measured with target
thicknesses of 0.54+0.02 gem

' for angles up to
100' in the transmission geometry and 0.223 +0.01
gcm ' in the reflection geometry for angles great-
er than 100'.

The g'0 scattering was measured with a water
target. This target was 1.00+0.04 gcm ' in thick-
ness over the beam intersection area, and was
used in the transmission geometry only. Since the
target was rotated through half the scattering an-
gle, there was a systematic decrease in average
scattering energy from the smallest to the largest
angle. The shift was 1.5 MeV for the z'C scatter-
ing and 2.5 MeV for w'0. Taking this into account,
the mean energy of scattering was 27.8 MeV for
p-C, 30.2 MeV for v'C and 30.0 MeV for m'0. The
uncertainty in these values was estimated to be
+2.0 MeV.

Because of the low beam intensities, the data of
this experiment were taken over a four-month run-
ning period. To assure that there were no long-
term shifts in the efficiencies, the spectrometer
was returned to the direct pion beam about once
a week to determine counter and spark-chamber
efficiencies. Also the range of angles was spanned
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FIG. 4. Fit to the z. beam spectrum.

at least twice in the course of each measurement
of each interaction so th".t adjacent points were not
measured consecutively.
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A. Calibration of the Spectrometer

In order to calibrate the spectrometer, the mag-
netic field of the spectrometer was first mapped
with a Gauss meter. Then by means of "hot wire"
measurements, pion trajectories were simulated.
For the accuracy required for this experiment,
about +3 /0 in momentum, a two-dimensional model
of the field with five adjustable constants was found
to be an adequate representation. The initial val-
ues of the constants were determined from the wire
simulated trajectories. Then the spectrometer
was placed in the direct pion beam. A range curve
of the beam had been measured previously, and
the energy distribution of the beam was calculated
in terms of the range of the pions in copper, as
tabulated by Rich and Madey. ' By means of an on-
line program, which was based on the magnetic
field model, the momentum distribution of the mea-
sured pion trajectories was calculated and com-
pared with the range-curve measurement. The
constants of the model spectrometer were adjusted
until the average momentum of the calculated spec-
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trum agreed with that deduced from the range-
curve measurement and the apparent momentum
spread was minimized. As shown in Fig. 4 for the

beam, the shape of the momentum spectrum at
the center of the spectrum was nearly Gaussian
with a rms deviation of 3.35 MeV/c and peak momen-
tum of 92.9 MeV/c. The v' beam was similar
(Fig. 5), but of slightly higher average momentum.
The momentum corresponds to a peak pion energy
of 28.1 MeV with+ 1.8-MeV rms deviation. The
calibration was checked at different energies span-
ning the region of interest by inserting absorbers
at the target position to degrade the beam.

The principal limitation on momentum resolu-
tion was multiple scattering in the spark chambers
and intervening air. The effect of multiple scatter-
ing was reduced somewhat by installing thin-walled
helium channels in the region between the spark
chambers. The contribution of the resolution of
the spectrometer to the apparent energy spread
was estimated to have+ 1.2-MeV rms deviation,
with. an intrinsic beam width of +1.3-MeV rms de-
viation der ived from the range measurements.

B. Particle Identification

The electron contamination in the incident beam
was large, but it could be eliminated to within an
estimated 2% of the total beam intensity by means
of the threshold attenuator settings on the 1 and 2

counters, since the pulse heights of the pions were
about twice as great as those of the electrons.

Two procedures were used to measure the direct-
beam muon contamination. First there was an ap-
parent high-energy tail on the differential range
curve of the beam. This tail was consistent with
an (11+ 2)% fraction of muons with about the same
momentum as the pions. The second method was
to set the spectrometer into the direct beam, and

by placing sufficient absorber between the 4 and 5
counters to stop most of the pions while allowing
most of the muons to pass. With this method, the
muon intensity was measured to be (9+ 2)% of the
total beam intensity. (The average and relative
spread of the muon momentum spectrum were
about the same as for the pions. )

In the scattered beam, it was necessary to dis-
tinguish the scattered pions from muons, which
were produced by the decay of pions in the vicinity
of the target, and from protons, which were pro-
duced by pion capture in the target. The flux of
scattered muons produced by Coulomb scattering
of the muons of the direct beam was estimated from
the first Born approximation for scattering of mu-
ons from uniformly charged spheres. '

Muons were produced by the decay of pions down-
stream from counters 1 and 2. Calculation of the

decay kinematics show that the momentum spec-
trum of muons produced by the decay of 30-MeV
pions is strongly peaked at about 65 MeV/c and
that the angular distribution is strongly peaked
near the maximum decay angle of 22' lab. At the
40- and 50-deg settings, muons which decayed in
the vicinity of the target entered the spectrometer
aperture. Because of the effects of single and
multiple Coulomb scattering in the target, both
preceding and following the decay events, the num-
ber of muon triggers with the target in the holder
was greater than the number measured with the
target out. Muon events in all cases were clearly
distinguishable from inelastically scattered pions
through consideration of the momentum distribu-
tion and apparent scattering angle.

Protons were produced by the absorption of pions
in the target nuclei. Because of the thickness of
counter 4, only protons with momenta greater than
180 MeV/c in the center of the spectrometer were
able to produce triggers. Therefore, the minimum
detectable proton momentum was 80 MeV/c great-
er than the maximum expected pion momentum of
100 MeV/c.

C. Analysis

The coordinates of all sparks for events in which
two of the three incident-track spark chambers and
three of the four scattered-track spark chambers
fired were recorded on magnetic tape during the
experiment. Events with fewer chambers fired
were assumed to be random events. The number
of recorded events relative to the number of trig-
ger events was monitored throughout the experi-
mental runs as a measure of the over-all system
efficiency.

From the recorded event coordinates, an off-
line program was used to reconstruct the tracks of
the scattering events. By imposing the constraint
that incident and exit tracks must intersect in the
target, and must lie on a plausibly continuous
track through the magnet, it was possible to elimi-
nate most of the spurious sparks which occurred
at a rate of 2-3/0 of the single-spark rate in each
chamber. Also, events in which only one spark
chamber failed to fire were recognized by the pro-
gram, , and thus it was possible to deduce the effi-
ciencies of the individual spark chambers and the
over-all event efficiency of the system. The re-
sulting individual efficiencies were checked against
efficiencies measured with the spectrometer in the
direct beam.

The program discriminated strongly against
background produced by pion scattering along the
beam trajectory, as well as muon decays far from
the target region. The apparent true elastic pion
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scattering rate with the target out was less than
2% of the rate with the target in and approximately
independent of angle. The number of random events
obtained from the program agreed well with mea-
sured random rates obtained by delaying the inci-
dent and scattered counter telescopes by the rf
period of the cyclotron, 50 nsec, with respect to
the true delay settings.

In order to separate the elastic scattering, the
spectra of the scattered pions were fit to three
Gaussian peaks plus a constant "background. " The
fitting function contained 11 free constants which
included the positions of the three peaks, their
standard deviations, the number of counts in each
peak, and the constant background. The constant
background was produced by random events, spur-
ious sparks, small-angle rescattering of the pions
along the spectrometer trajectory, and pion decays
from which the muons passed through the trigger
counters. This interpretation was consistent with
the number of counts in "forbidden" momentum
bands. The momentum-independent background
was thrown out. This background was about 5-8%
of the elastic scattering rate and approximately in-
dependent of angle. The search routine found the
minimum of the y' sum in the 11-parameter space.
The momentum range of 60-120 MeV/c was divided
into 20 bins of 2 MeV/c width and the parameters
were varied along the grid of values until the X'

sum was stationary with respect to grid variation.
The solid angles were calculated with a ray trac-

ing program to determine the projected acceptance
angle of the spectrometer subtended at the target
as a function of the target position and pion momen-
tum. The solid angle was corrected for vertical
focusing. The calculation of the average projected
angular aperture and mean acceptance angle was
weighted with the incident beam intensity profile at
the target as measured in the incident wire spark
chambers. The angular acceptance function of the
spectrometer was about 10' FTHM.

D. Corrections and Errors.

Typical corrections and the estimated uncertain-
ties associated with them are listed in Table I.

The "relative" column refers to corrections which
vary from angle to angle and the "absolute" column
is for the part of the correction which relates to
the over-all normalization and is the same for
every angle. The correction for the muon scatter-
ing was obtained from the first Born approximation
expression for the scattering from a charged
sphere. The correction was important only for the
angular range 40-70' lab, where the correction
ranged from a factor of 0.970 at 40' to 0.993 at 70'.
The method by which the over-all system efficiency
was obtained has been described previously. The
over-all system efficiency was about 96% for the
carbon measurements. During the oxygen run, a
failure of the spark chamber read-in system for
part of the run required a larger efficiency correc-
tion for these data.

The absorption correction was based upon a sepa-
rate measurement of the total ~'C cross section at
30 MeV. The value of 166+ &0 mb was obtained for
the sum of the total absorption cross section and
elastic scattering for 0290 . The procedure was a
poor geometry absorption experiment with two scin-
tillation counters for the detection of the pions in-
cident upon a thin carbon target. The fraction of
pions which was absorbed was determined by a
large third scintillation counter. The experimental
uncertainty was large because of the inexact knowl-
edge of the intensity of low-energy particles in the
beam which could simulate stopped pions. The
water absorption was estimated by multiplying the
carbon total cross section by the & power of the
ratio of the atomic numbers.

The pion-decay corrections were angle dependent
because the momenta of the pions emerging from
the target depended upon the target orientation.
The measured momenta at the center of the spec-
trometer were used for the calculation. It was as-
sumed that any pion which decayed at any point
along the trajectory was lost because of the pro-
gram requirements on the trajectories. The cor-
rection for pion-proton scattering in the hydrogen
component of the water target was calculated using
a measurement of the w'P cross section at 31.5
MeV. The method for estimating the intensity of

TABLE I. Typical corrections and their estimated uncertainties.

Relative Absolute Relative
m 0

Absolute

Muon scattering
Spark-chamber efficiency
Absorption
Pion decay
Proton scattering
Incident muons

1.000 + 0.005
1.040 + 0.010
1.000 + 0.00
1.000 + 0.01

1.000 + 0.000

1.000 +0.005
1.040 + 0.010
1.002 +0.000
1.260 +0.026

1.10 +0.02

1.000 +0.005
1.20 + 0.04
1.009 +0.002
1.000 +0.002
0.974 +0.002
1.00 + 0.00

1.000+0.005
1.40 + 0.08
1.009 + 0.004
1.265 +0.027
1.000 +0.002
1.10 +0.02
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TABLE II. Typical errors (fractional).

Relative Absolute Relative
x+0

Absolute

Effective target thickness
Counting losses
Random events
Beam muons
Solid angle
Fitting
Statistical
Beam electrons
Beam protons
Background subtraction

0.01
0,00
0.00
0.00
0.02
0.03
0.08
0.00
0.00
0.00

0.04
0.02
0.02
0.01
0.05
0.05
0.08
0.02
0.00
0.01

0.02
0.00
0,00
0.00
0.02
0.03
0.08
0.00
0.00
0.00

0.08
0.02
0.02
0.01
0.05
0.05
0.08
0.02
0.00
0.01

muons in the incident beam was described previ-
ously.

Typical values of the estimated errors are listed
in Table II. "Relative" error means the angle-to-
angle error, and "absolute" error refers to the part
of the cross-section normalization error which is
common to all the angles. Of these, only the fit-
ting and statistical errors are random errors. The
rest are estimates of the systematic errors. Ty-
pically, the statistical errors were somewhat larg-
er than the sum of the systematic errors.

III. RESULTS

The data for the elastic scattering cross sections
have been listed in Table III. The normalization is
experimental, with a factor 1.00+ 0.12 for n'C and
1.00+ 0.14 for ~'O. The errors are relative and
were obtained by combining the statistical and fit-
ting errors quadratically with the estimated sys-
tematic errors. The measurements of the inelas-
tic scattering cross sections were not very pre-
cise, because of the small number of inelastic
events. The scattering from the 4.43-MeV state of
C was approximately isotropic for both m' and 7t

with average cross-section magnitudes of 0.40
+ 0.16 mb/sr and 0.52+ 0.22 mb/sr, respectively.
The scattering from the 7.6- and 9.6-MeV states,
which was combined by the fitting routine, was
about half that from the 4.43-MeV state, although
the experimental cutoff at 17 MeV makes this only
a rough estimate. The combined scattering from
the 6-MeV states of 0 was also isotropic over the
angular range measured in this experiment, and
the average cross-section was 0.62+0.07 sm/sr.

The cross section for the production of at least
one detectable proton was also isotropic within the
experimental error for both m'C and n'O. The
average was 2.5+ 0.4 mb/sr for w'C and 7.3+ 1.0
mb/sr for w'O.

A. Optical-Model Calculations.

The elastic scattering data were compared to op-
tical-model calculations performed with the
ABACUS-M code of Auerbach and Sternheim. ~'"

This optical-model code solves an approximate
Klein-Gordon equation with a Kisslinger-model
potential, '

U~b, p, 'p —b, V (pV),

where p is the nuclear density, Po the incident pion
momentum, and b, and b, are parameters propor-
tional to pion-nucleon amplitudes. The second term
troduces a velocity dependence into the potential
which represents the P-wave character of low-en-
ergy pion-nucleon scattering. A modified Gaussian
function,

p(r) = po[1+ (Z —z)r'/Sa']e

was used for both the nuclear density and the
charge density.

With the charge-density parameter at a = 1.66,
variations were made in the nuclear-density pa-
rameter, a, and the potential parameters, b, and

b„ in order to determine a combined best fit for
the n' scattering on carbon. The results are shown
as solid curves in Figs. 6 and 7 for the parameter
values: a=1.61, Reb, = —3.64, Imb, =0.14, Reb,
= 5.52, Imb, =0.18. These values are in reasonable
agreement with predictions based upon pion-nu-
cleon amplitudes. Over-all, the fits to the data
obtained with the Kisslinger-model potential are
quite good. It is apparent that the main structure
present in the measurement, the different shapes
of the nuclear-Coulomb interference region in the
7t' scattering, is reproduced by the calculations.

Further, it should be noted that the fit to the m'C

scattering could be considerably improved by a
20/0 decrease in the relative v' to v experimen-
tal normalization; such a decrease would be within
our estimated absolute accuracies of +12%.
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The combined fits to the elastic n'C data have
normalized values of X' =7.2. By allowing the po-
tential parameters b, and b, to be varied separate-
ly for the two cases, it was possible to find better
individual fits to the data. These individual fits
are shown as the dashed curves in Figs. 6 and 7.

Only the real parts of the potential parameters
b, and b, changed significantly in the individual
fits. The parameter values were Reb, =- 4.41 and

Reb, = 5.26 for g' on carbon, and Reb, = -3.36 and
Reb, = 5.68 for p on carbon. Normalized X' values
were 1.4 and 5.0, respectively.

Similar optical-model calculations were made
for the p'0 elastic scattering data. The Kisslin-
ger-model prediction, with the same potential pa-
rameters found for the z'C combined fit, and with
density parameters a=1.77 and a, =1.83, is shown
as a solid curve in Fig. 8. The fit is fair, with a
normalized y' of 14. Again, by varying the real
parts of the potential parameters, a very good fit
with a X' value of 1.2 was obtained, as shown in
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FIG. 8. Kisslinger optical-model prediction and the
vr 0 elastic scattering data. The solid curve was ob-
tained by using the parameters bo and bq from the com-
bined & C data. The dashed curve was obtained by fitting
the m 0 data only.

TABLE III. The pion-nucleus elastic cross sections
are given in mb.

Lab angle
(deg) vr'0

Fig. 8 by the dashed curve; the new values of the
potential parameters were Reb, = —4.07 and Re&,
= 4.94.

It is apparent from a comparison of the data
points and the solid curves in Figs. 6-8 that the
Kisslinger-model optical potential provides a
reasonable description of the elastic scattering of
30-MeV pions from carbon and oxygen. Further-
more, small changes in the real parts of the opti-
cal-potential parameters lead to quantitatively ac-
curate fits to the data as shown by the dashed
curves in Figs. 6-8. Such changes perhaps reflect
a different environment for positive and negative
pions. The separate fits to the elastic scattering
from carbon require the real parts of the potential
parameters to decrease for p' scattering and to
increase for p scattering; this is what might be
expected for a smaller effective kinetic energy for
71' than for p, due to the Coulomb potential. How-
ever, in view of the near equivalence in the num-
ber of data points and number of parameters for
the separate fits, the numerical values of the
changes in the potential parameters are probably
not significant,
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tic scattering cross-section data at 27.8 MeV. The solid
line is the prediction of the combined x fit, and the
dashed line is from the fit to the m. data only.
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1.64 + 0.25
~ 0 ~

2.68 +0.29
~ ~ ~

7.89 + 0.90

5.96 + 0,72

5.81+0.51
5.62+0.54
6.21 +0.66
7.21 + 0.78
6.86 + 0.71
8,24 + 0.58
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B. SUMMARY AND DISCUSSION

The results of the optical-model calculations
from this work and from the work of Auerbach,
Fleming, and Sternheim' are summarized in Table
IV. The theoretical values of the optical-model
parameters were calculated by Auerbach, Flem-
ing, and Sternheim from phenomenological pion-
nucleon phase shifts. They pointed out that the
largest theoretical uncertainty is associated with
Reb, which is quite sensitive at low momenta to
slight deviations from the free pion-nucleon ampli-
tudes. It is clear that the largest difference be-
tween the fitted parameters and the theoretical pa-
rameters is for Reb, . Also the calculated imagi-
nary parts of both b, and b, are lower than the ex-
pected values. It should be noted that Auerbach,
Fleming„and Sternheim expected good agreement
between theory and experiment for the Kisslinger
model only for a small energy region around 80
MeV.

The agreement between the results of this exper-
iment and the data of Kane' for p'C is good both
for the elastic cross section as shown by the pa-
rameters listed in Table IV, and for the proton-
production and inelastic data.

Further analysis taking into account the effective
kinetic energy of the pion inside the nucleus, the
Lorentz-Lorenz effect or short-range nucleon-
nucleon correlations, and pion capture should
clarify the reason for the apparent difference in
the calculated optical-model parameters for p'
and 77

In summary, it can be said that the Kisslinger

model provides a reasonably good representation
of low-energy pion-nuclear elastic scattering.
This model should provide a good starting point
for the analysis of the large quantities of precise
pion-nuclear data which will undoubtedly be avail-
able within a few years as improved meson facili-
ties are brought into operation.

TABLE IV. Summary of the results of the optical-
model calculations.

Source

—3.64+ 0.14i
-4.41+1.14i
-3.36+ 0.14i
—4.07+ 0.14i
-3.71+ 0.13i

—0.50+ 0.53i

5.52+ 0.18i
5.26+ 0.18i
5.68+ 0.18i
4.94+ 0.18i
5.90+ 0.16i

6.30+ 0.40i

combined 7r C fit
7t+C fit only (30.2 MeV)
7t C fit only (27.8 MeV)
vr 0 fit only (30.0 MeV)
7t C fit to Kane's data

(31.5 MeV)'
~+C theory (31.5 MeV)

See Hef. 4.
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