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Inelastic pion scattering from ' O has been studied by measuring the spectrum of pions

down to 40 MeV at five angles between 30' and 134' for three incident pion energies: 114,
163, and 240 MeV. The spectra are dominated by a broad peak due to quasielastic scatter-

ing from a single nucleon in the nucleus. The systematics of the spectra are discussed with

emphasis on the pion-nucleus interaction dynamics including the effect of absorption. The

partial n.+-' 0 cross sections for all nonradiative channels are estimated.

NUCLEAR REACTIONS ' O{m,m') E= 114, 163, 240 MeV.
8=30—134', full inelastic spectrum measured; 0{8). Discussion of nu-

clear medium effects on quasifree processes, 6 propagation.

I. INTRODUCTION

The pion-nucleon interaction in the energy range
100—300 MeV is dominated by the b,(1232), the
strongest of the meson-nucleon resonances. The in-

teraction, and hence the resonance, is affected by the
presence of other nucleons when the target nucleon
is bound in a nucleus. One modification to the free
scattering amplitude is that due to pion absorption,
which cannot occur on a free nucleon, but which is
an important contributor to the pion-nuclear inelas-
ticity. Studying pion-nucleus interactions thus al-
lows an investigation of the behavior of a strong res-
onance in nuclear matter and also a study of the
dynamics of pion absorption, which will advance
our understanding of the nuclear force.

While the dominance of the 5 resonance and the
large pion absorption probability indicate that we
should be able to study them in nuclei in some de-
tail, the complexities of nuclear interactions are such
that these studies are not straightforward and re-

quire careful theoretical interpretation of experimen-
tal data. To have confidence that theory has
correctly associated aspects of the data with the phe-
nomena of interest, it is necessary to have a
comprehensive experimental knowledge of the major
pion-nucleus interaction channels, reproduced or ac-
commodated by the theory in a consistent way.
Theoretical models that are appropriate for investi-

gating the pion- and 6-nucleus dynamics are being
developed. '

Much of the necessary experimental knowledge of
pion-nucleus interactions is the result of recent
work. Total and partial cross sections for pions on a
range of nuclei at energies through the resonance re-
gion have been published. Elastic scattering at
these energies has been extensively studied, but the
reaction channels, comprising about 60lo of the to-
tal cross section, are less well known even though
they may be expected to give greater qualitative in-
sight into the reaction dynamics. The two main
parts of the reaction cross section are pion absorp-
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tion and inelastic scattering to the continuum. Pion
absorption is hard to study in a comprehensive way
because the large energy deposit opens many possi-
ble final state channels. Inclusive measurements of
the emitted proton spectra in (ir,p) reactions have
been made that provide a valuable systematic over-
view of this part of the absorption reaction; how-
ever, the interpretation of these spectra is complicat-
ed by the uncertain multiplicity of the emitted nu-
cleons and because some of the lower energy protons
come from nonabsorptive reactions.

The experiment reported here, which measures the
full spectrum of inelastic pions scattered in the
16O(m, n. ) reaction, provides an inclusive overview of
the inelastic part of the reaction cross section on one
nucleus. In this reaction, there is only one pion in
the final state (apart from a negligible contribution
from pion-production reactions) whose origin is thus
unambiguous. While these noncoincident pion spec-
trum measurements do not specify the final state of
the nucleus and knocked-out nucleons, neither do
they restrict them; and they have the merit that they
cover the entire kinematic region down to a low-
energy cutoff. This combination of completeness
and lack of ambiguity concerning the processes in-
volved is an important assistance to the qualitative
interpretation of the inelastic pion spectra and, as
will be seen, also allows quantitative comparison
with theoretical models. Features of the spectra are
sensitive to details of the pion-nucleus, and thus the
5-nucleus reaction dynamics, while the complete-
ness of the data helps to ascertain the nature of the
balance between the absorption and inelastic reac-
tion channels.

We present measurements of the energy spectra of
mr+ scattered from '60 for 114, 163, and 240 MeV
incident energies at angles from 30' to 134', covering
the scattered pions's energy spectra down to 40
MeV. Preliminary results were reported in Ref. 7.
Previous experiments of a nature similar to this one
have either been more limited in scope, "or have
lacked energy information on the scattered pion. '

Early experiments ' were hard to reconcile with9, 10

each other or with other data. ' Part of these prob-
lems may have been inadequate control of muon
backgrounds in the continuum. The pion fluxes and
instrumentation now available enabled this experi-
ment to overcome these problems, although the el-
imination of backgrounds remains an important part
of the data reduction necessary to produce reliable
cross sections in the continuum region. An experi-
ment similar in concept to this but exploring the
single-charge-exchange (SCX} reaction, ' which we
would expect to reflect very similar physical pro-
cesses, has been performed at 50 and 100 MeV.

The experiment is described in Sec. II and the

data analysis in Sec. III. A discussion of what we
have learned of the reaction dynamics accompanies
the presentation of the results in Sec. IV, and the
conclusions appear in Sec. V.

II. THE EXPERIMENT

The experiment was performed with the high-
resolution pion channel and spectrometer' of the
Schweizerisches Institut fiir Nuklearforschung
(SIN). The standard layout of the installation is
shown in Fig. 1, and a summary of its important
characteristics for this experiment is given in Table
I. Before starting this experiment, two 2-m-long
multiwire proportional chambers with individual
wire readout (C6 and C7 in Fig. 1), were installed
near the spectrometer's focal plane, replacing the 1-
m-long chambers described in Ref. 14. Each of
these new chambers had an x plane of wires 2 mm
apart (in the dispersive direction}, and a u plane of

7l=Production TargetL
MeV
OAS

FIG. 1. Schematic view of the nMl beam line (Ql to
T) and pion spectrometer ( T to S4). Q=quadrupole mag-
net, D=dipole magnet, Sep =electrostatic separator,
SL=adjustable slit, C=multiwire proportional chamber,
S=plastic scintillator, T=seattering target.
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TABLE I. Specifications of pion channel and spectrometer, as used in this experiment.

Solid angle
Momentum acceptance
Focal plane inclination
Dispersion (along focal plane)

Pion
channel

7 msr
+1.4%%uo

90'
7 cm/%

Pion
spectrometer

11 msr
~10%
35'
5.5 cm/%

Dispersion plane
Axial magnification
Total path length

Spot size at scattering target

horizontal

20.6 m
12 mm horizontal
9 mm vertical

vertical
6.5
8.3 m

Angular divergence at scattering target
35 mrad horizontal
100 mrad vertical

Angular acceptance

Energy resolution in this experiment I—2 MeV

10'

wires 2 mm apart at 30' to the x plane. The wire
chambers immediately upstream of the target (C3
and C33) were only used to align the beam on the
target. Two other wire chambers, C4 and C5, mea-
sured the trajectories of scattered particles at the en-
trance of the spectrometer.

The method of data taking was substantially as
described elsewhere. " The incident beam of 2 to
5 X 10 n+/s was c.ounted in a 1-mm-thick scintilla-
tor (S2) covering the whole pion beam, 50 cm
upstream of the target The .few protons not elim-
inated by the electrostatic separator' in the beam
line were discarded by pulse-height analysis of the
signals from S2. Momentum-analyzed muons and
positrons in the beam were of negligible quantity
( & 1% of pions) at 163 and 240 MeV and were elim-
inated from the data by time-of-flight (TOF) mea-
surement at 114 MeV, using the 50-MHz radiofre-
quency (rf) signal from the cyclotron as a strobe to
compare to the S2 signal. The TOF path from the
pion production target to S2 was 20 m. Muons
from pion decay near S2 could not be eliminated; es-

timates by a Monte Car1o calculation suggested their
number to be 5% to 10% of the pion fiux; the pro-
portion was assumed to stay constant for a given in-

cident energy.
A water target, 200 mm wide&100 mm high)&15

mm thick, with 50-pm Mylar walls, was used. The
p1ane of the target was rotated to achieve standard
transmission geometry for scattering angles less than
90 and reflection geometry for backward scattering
angles. For data including the ' 0 elastic scattering
peak, the target was also used in transmission
geometry for scattering angles greater than 90' in or-

der to retain sufficient energy resolution to resolve
the elastic and discrete inelastic peaks.

Some data were taken using BeO and Be targets,
to confirm that the large m. +-p elastic scattering
peak from the hydrogen in the mater target did not
cause unexpectedly large backgrounds in the ' 0 in-
elastic spectrum and to assist in determining the
structure of the ' 0 background under the n.+-p
peak at forward angles. A limited number of
empty-target runs were also taken under a variety of
conditions mhich demonstrated that these back-
grounds were & 1%.

For each spectrometer and target angle, the in-
cident beam was adjusted so that the spot at the tar-
get was at the center of acceptance of the spectrome-
ter, to an accuracy of +1 mm. This was necessary
to compensate for small misalignments of the in-
cident beam or of the target with the spectrometer
rotation point, which moved the beam spot away
f om the narrow region of uniform acceptance. The

justments required were typically -0.05% in the
field of the second beam-line dipole magnet, moving
the spot by -5 mm perpendicular to the bend plane
of the spectrometer. This adjustment could cause a
maximum change in solid angle of & 1/o and in in-
cident momentum of & 0.1%.

An event in the spectrometer was defined by a
coincidence between the two scintillators S3
(200X200X1 mm) and S4 (2000X200X10 mm)
(see Fig. 1). A coincidence between (S3 S4) and
(S2.S2»s.rf) defined a scattering event, where S2»s
is the absence of a large signal in S2 that could have
been an incident proton. This caused an interrupt
signal to be sent to a PDP-11/45 computer, which



27 QUASIEI.ASTIC SCATTERING OF PIONS FROM ' 0 AT. . . 1581

then read out the data for that event from
CAMAC-based electronics and stored them on mag-
netic tape. Data for each event consisted of wire-
chamber information, time information for all scin-
tillators, and pulse-height information for S2 and
S3.

Scalers registering the important information
(rates in scintillators, instantaneous beam rates,
events, accidental coincidences, etc.) were read and
the information was stored on magnetic tape by the
computer periodically during data taking. Similarly,
the currents in all magnets were monitored by the
computer to verify their stability. The dipole mag-
net fields, giving the incident and scattered pions's
momenta, were determined from a nuclear magnetic
resonance frequency. On-line analysis of a large
sample of the data monitored the efficiency of the
multiwire chambers and allowed verification of the
proper adjustment of experimental parameters such
as the incident beam alignment.

Data were recorded at five scattering angles be-
tween 30' and 134' for each of the incident pion en-
ergies of 114, 163, and 240 MeV. The spectrum of
scattered pions at each angle was measured in about
eight steps of spectrometer central momentum, 10%
apart, from the ' 0 elastic peak to the lowest outgo-
ing energy of about 40 MeV. The momentum steps
were generally ordered to go from one end of the
range to the other in 20% jumps, and then to return
to the initial value at settings in between, to provide
a short-term consistency check in the data. With a
useful acceptance of the spectrometer of nearly 20%
in momentum, almost every part of the spectrum
was measured twice by these overlapping steps. An
overall statistical accuracy of about 10% per 1-MeV
bin was attained.

III. DATA ANALYSIS

The double differential cross section was derived
from the data according to the following expression
(apart from corrections for systematic errors dis-
cussed below):

dOdE ¹ da) hE t 9 9o'
where N, is the number of scattered pions recorded
per unit energy loss, bE; X; is the number of in-
cident pions; d~ is the solid angle of the spectrome-
ter; t is the target thickness in ' 6 nuclei/cm; q~ is
the fraction of scattered pions not decaying before
the end of the spectrometer; and i)0 is the fraction of
events analyzed (not lost to computer dead time and
where all necessary wire chambers recorded a single
track, for example).

The overall normalization was determined from

the m+-p elastic scattering, measured at each angle
and compared to published phase shifts. 's This ac-
counted for effects such as muons counted in the in-
cident beam, and target-thickness and solid-angle
uncertainties.

In the measurement of a continuum spectrum,
background contaminations can arise that are not
immediately observed. Thus, a substantial part of
the data-analysis effort was devoted to ensuring that
the results were background-free. Determination of
the variation of the spectrometer's effective solid an-

gle with absolute momentum required great care.
Evaluation of the efficiencies of the wire chambers
was also an important aspect of the analysis. We
shall discuss these and other points of the data
analysis in turn.

A. Backgrounds

As mentioned previously, target-empty back-
grounds were negligible. Accidental coincidences
were monitored by delayed coincidences and were al-
ways &1% of the true coincidences. Other identi-
fied sources of background were muons and posi-
trons from the decay of scattered pions and any
events which were caused by scattered pions not
passing directly through the spectrometer (e.g., par-
ticles which scatter from magnet pole faces). These
backgrounds were often substantial and occasionally
even greater than the signal. They were eliminated
after examination of each particle's trajectory and
TOF through the spectrometer.

Trajectory analysis, operating in the dispersive
plane only, predicted the angle of the pion leaving
the spectrometer from its coordinates at C4 and C5,
with small momentum-dependent corrections. The
predicted angle was then compared to the angle
measured by C6 and C7 and the difference was
recorded in a histogram. Figure 2 shows typical his-
tograms of this quantity for high and low pion mo-
menta. The width of the central peak was deter-
mined by multiple scattering in the material at the
entrance and exit of the spectrometer. Care was tak-
en that the trajectory analysis was equally good and
equivalent for the full momentum acceptance of the
spectrometer. Events showing a deviation greater
than +35 mrad were rejected, these being typically
-20%%uo of the events. Primarily these rejected
events are muons from pions decaying in the spec-
trometer, especially in the last 2 to 3 rn before C7.
Most background from random coincidences and
pions scattering from material in the spectrometer is
eliminated by this criterion as well.

The limits of +35 mrad on the trajectory analysis
were chosen to define the good-event peak at the
lowest momentum. The same limits were used at all
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TRAJECTORY ANALYSIS
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FIG. 2. Plots of the difference between the measured

angle at the exit of the spectrometer and the angle
predicted from the coordinates of the trajectory at the en-

trance, for two momenta. The limits between which
events were accepted are indicated by the vertical arrows.

muons and positrons. Figure 3 shows TOF spectra
at 135 and 280 MeV/c.

The spectra in Fig. 3 are constructed after the tra-
jectory analysis cuts have been applied, implying
that these muons and positrons are created before
entering the spectrometer, i.e., they are the result of
pions which scatter from the target and immediately
decay. This background was present at all momen-
ta, becoming substantial, typically -20%, below
200 MeV/c, and at forward angles sometimes
becoming larger than the pion signal. However, it
was always possible to put a satisfactory cut on the
TOF spectrum, with a maximum error on the num-
ber of accepted events of g +3%.

In summary, the combination of trajectory and
TOF analysis results in confidence that backgrounds
are eliminated from the data For. the data in the re-
gion of the ~+-p elastic peak, there remain minor
residual uncertainties for scattered pion energies up

momenta for simplicity of analysis. Monte Carlo
estimates indicated that typically ~3% of events
thus accepted were actually muons arriving at the
momentum-defining chamber C6, giving an error on
their parent pion's momentum determination in the
spectrometer of &4%. The wrongly determined
momentum of such events yields a small but lengthy
tail in the resolution function of the spectrometer,
which generally was not significant for these data.
The effect of a momentum dependence of the effi-
ciency of the trajectory analysis was included in the
analysis of the effective solid angle (see Sec. III8).

As a check of the validity of this procedure, the
ratio of events accepted in a +17.S-mrad cut to
those in the normal +35-mrad cut was recorded for
all data. In particular, there was concern that a
non-negligible background might arise in the vicini-

ty of the very large m. +-p elastic peak. For almost
all angles, this ratio varied systematically from 60%
at 100 MeV/c to 95% at 330 MeV/c, with statisti-
cally insignificant variations. However, at 30' and
3S', and at 60' for 240-MeV incident pions, a local
reduction in the ratio of 5%%uo to 10% at momenta
8% below the elastic peak indicated a local change
in the background. Based on this analysis, correc-
tions of up to 20% (with up to 10% error) were ap-
plied to these regions of the forward-angle data.

The TOF through the spectrometer was also of
great assistance for background rejection. This was
measured by the time interval between a pulse de-
fined by the logic rf S2 and a pulse from S4. The
path length through the spectrometer was deter-
mined from the wire-chamber coordinates. Resolu-
tion of 1.0 ns full width at half maximum (FWHM)
was achieved over an average path length of 8 m.
This was generally adequate to resolve pions from
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FIG. 3. Time of fhght up to the end of the spectrome-

ter for central momenta of (a) 280 MeV/c and (b) 135
MeV/c. Only events passing the trajectory analysis of
Fig. 2 are included. At high momenta the fraction of
muons was always small, but they were not well resolved
and a tight cut was applied, for which a correction was
applied to the data.



QUASIEI.ASTIC SCATTERING OF PIONS FROM ' 0 AT. . . 1583

to 30 MeV below the ir+-p peak. These exceed 5%
only at the most forward angles. They are included
in the systematic errors in the results.

B. Solid angle of the spectrometer

The momentum acceptance bp/p of the spec-
trometer observed without restriction on the incident
phase space is 35% FWHM and 20% full width at
90% of maximum. To simplify the analysis of these
datat, he angular acceptance of the spectrometer in
the dispersive plane was restricted, reducing the
solid angle from 16 to 11 msr. This enhanced the
region of uniform momentum acceptance so that a
range of 20% in hp/p could be used without correc-
tion. A maximum deviation fram full transmission
of & 5% was tolerated.

The incident beam had a distribution 3% wide in
momentum. Since cross sections are determined as
functions of energy loss, this reduces the momentum
acceptance of the system by 3% compared to the
spectrometer's momentum acceptance, if the central
momentum is that of the incident beam. For lower
spectrometer momentum settings, the incident beam
width, which is constant in MeV/c for a given in-
cident energy, covers a larger fraction of the
spectrometer's acceptance, so that the energy-loss
acceptance was appropriately reduced.

The acceptance of the spectrometer for particles
leaving a plane perpendicular to its axis, at the tar-
get position, is plotted in Fig. 4 as a function of hor-

SPECTROME TER TRANSMISSION VS
POSITION OF BEAM ON TARGET

1.0

0.8

izontal displacement. This acceptance may be
characterized as approximately Gaussian with a 35-
mm FWHM, and a width of about 20 mm at 90go
of maximum. For comparison, the incident beam
had a natural width of about 15-mm FWHM and 25
mm at 5% of maximum. As seen by the spectrome-
ter, this width is added to that of the 15-mm-wide
target, which is itself also effectively enlarged ac-
cording to the spectrometer and target angles. It is
clear that the adjustment of the beam spot relative
to the spectrometer's acceptance is of importance,
and a sensitivity of about 2% per mm misadjust-
ment was determined for these conditions. Align-
ment errors were usually &1 mm after proper ad-
justment, and the Inaximum correction applied to
the data is 3% for this effect.

The shape of the acceptance curve (Fig. 4) is
determined by three properties af the spectrometer:
(1) The first-order magnification from the target to
S4 is 6.5, which determines the rather narrow
FWHM of 35 mm for the acceptance at the target.
(2) Second-order optical effects ensure that the ac-
ceptance has no fiat top (e.g., the center of the ac-
ceptance depends on the product of the horizontal
and vertical angles leaving the target). (3) Multiple
scattering at the entrance to the spectrometer in S3,
C4, and C5, the vacuum window, and air also effec-
tively blurs the shape of the acceptance curve. This
latter process, which may be considered as an effec-
tive enlargement of the target spot as seen by the
spectrometer, was particularly important for this ex-
periment, since the enlargement is momentum
dependent. No significant dependence of the shape
of the acceptance curve on the hp/p in the spec-
trometer could be found, however, for a given cen-
tral momentum.

It is clear that as the central momentum in the
spectrometer is reduced from 355 to 100 MeV/c in
this experiment, increased multiple scattering at the
spectrometer's entrance will reduce the effective
solid angle. A number of methods were used to
measure this effect, but before describing them, it
should be pointed out that the results are coupled
with the effective target spot size and thus target
geometry, with the cuts applied in the trajectory
analysis and with the pion-decay correction. There-
fore, it was necessary to consider all these aspects to-
gether, although in practice it was not always easy
to be completely consistent in handling them.

I

-30
I

-20
I

-10
I I

0 10 1. Pion decay
HORIZONTAL OISPLACEMENT (mm)

FIG. 4. Relative transmission of the spectrometer as a
function of the horizontal displacement at a plane at the
scattering target perpendicular to the spectrometer axis.

For each event, the deviation in path length from
the central trajectory is known from the chamber
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coordinates, permitting a pion-decay correction to be
applied to each event. The possible errors in this are
the following: (1) that the trajectory length assumed
for the central momentum is wrong (maximum like-

ly error +50 cm), and (2) that the value used for the
dispersion of the spectrometer 'is wrong, leading to
errors in the pion path length calculated for off-
central momenta.

Since the overall normalization of the data is de-

rived from m+-p scattering, an error in the assumed
central trajectory length is only of significance in

that it will contribute to a momentum dependence of
the effective spectrometer solid angle, which is dis-

cussed in the next section. An error in the disper-
sion assumed for this correction would result in in-

consistencies in the relative normalizations of over-

lapping runs. This is discussed in Sec. III F.

2. Multi@/e scattering

Since multiple scattering varies as 1/pp, where p
is momentum and P is velocity, we start by pointing
out that this begins to increase very quickly for
pions below 60 MeV. The principal method of
ascertaining the momentum dependence of the solid
angle was by measuring the relative normalization
of the n+ @peak .in-the data. Drawbacks to this
technique are that the lowest energy of pions scat-
tered from hydrogen was 55 MeV, that there is a
correlation between pion energy and scattering angle
(and hence target geometry), and that it is difficult
to isolate the required effect from others when com-

paring data from different data sets To as. sist in

isolating the effect of multiple scattering, a number
of comparative measurements were made.

To understand the acceptance at the lowest mo-
menta, a series of transmission runs were taken. For
these, an artificially large beam spot was generated
with the spectrometer at O'. The ratio of pions
transmitted through the spectrometer to those in-

cident at S3 was plotted as a function of target coor-
dinate, to produce an acceptance curve such as
shown in Fig. 4. To establish the normalization of
this curve, it is necessary to estimate the fractions of
muons and pions at the scintillator S3; this was done

by a Monte Carlo method. Since most muons do
not decay, while 75% of 40 MeV pions decay before
reaching S4, the uncertainty in the beam composi-
tion at S3 was not negligible. The weakness of the
technique is that it relies on an artificial experiment.

The result of these analyses was to parametrize
the dependence on target geometry by a correction
factor

C, = 1+0.4(1 —cosg, ,),

and that on momentum by a factor

C~ = 1+20/pP(+10/pP) .

The algebraic form of both corrections was arbi-
trary. The error on C, was absorbed into that of C&

since their derivations are coupled. The error on C&
was assumed to be correlated for all momenta in one
spectrum: For each angle the error at the m+-p elas-
tic peak is zero, and at other energies the error is as-
sumed to be half of the correction. At energies
below 60 MeV, additional errors of 2% to 6% were
added in quadrature to account for increased uncer-
tainty in Cz. These errors are included in the sys-
tematic errors in the results. As a check of our
analysis of the spectrometer solid angle, we com-
pared it to results obtained from the ~+-p normali-
zations obtained during a very accurate ~+-d elastic
scattering experiment, ' which was performed dur-

ing the same period as this experiment. These nor-
malization runs were taken over a very wide range
of angles, target geometries, and energies, and

broadly confirmed our analysis.
It should be emphasized that with these correc-

tions, all data at a given incident pion energy were
constrained to have the same normalization (except-
ing 114 MeV at 134', which was taken under unique
conditions). The maximum relative deviation of the
measured m. +-p cross section from that calculated
from the phase shifts after this procedure is +4%.

C. Chamber efficiencies

Data from the multiwire proportional chambers
were deemed good if they indicated a single trajecto-
ry per plane. Events were accepted only when data
from planes X1,L4, F4, X5, F5, X6, and X7 were all
good (the X coordinate corresponds to the bend
plane); typical efficiencies were 75%%uo for Xl, 90%
for X6 and X7, and & 95% for the remainder. The
overall chamber efficiency was taken to be the frac-
tion of analyzed events with all planes good. This
forms a first-order correction applied to the data.

This definition of the chamber efficiency assumes
that all triggers are generated by at least one particle
passing through all the planes and that any two-
particle events are randomly distributed. In prac-
tice, the geometrical definition of the trigger was not
perfect, and there were a few coincidences causing
triggers where the trajectories of the particles (or
noise) causing the trigger was even less well defined.
Investigation of these effects resulted in the applica-
tion of second-order corrections for the efficiencies
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of the chambers in the spectrometer.
Since these errors in the chamber efficiencies were

caused by a spurious excess of "zeros" in the
chambers (and not by multiple hits, which are rela-
tively rare), the investigation concentrated on them.
Two principal effects were observed: (1) at momen-
tum settings where the m+-p elastic peak was just
out of the acceptance on the high momentum side,
the number of zeros in X6, and to a lesser extent in
X7, was notably high, occurring for 10% to 20%
more of the triggers than normal; (2) at low momen-
ta, and especially where there was a substantial
muon background in the TOF spectrum, there was a
similar effect observed in C4. Investigation revealed
that these effects could clearly be associated with
trajectories passing around instead of through the
chambers, and, further, that it was possible to deter-
mine reliable estimators for a number of these.

The (C4-C5) spurious inefficiency was sufficiently
uncorrelated with that of (X6-X7) that the problem
could be separated into halves. (Incidentally, this is
a confirmation of the unimportance of accidental
coincidences in the trigger. ) For C4 and C5, which
had delay-line readouts, it was possible to establish a
reliable criterion that there was no particle in the
chamber. Each chamber had two delay lines (for x
and y planes), each with two time to digital convert-
ers (TDC). It was found that a criterion demanding
that three of the four TDC's have no information
was a very reliable indicator of "no particle
present. " Trials of the criterion two out of four, or
all four with no information, gave the same result to
—1%, except in a few runs where C4 was known
from other evidence to be losing efficiency.

For X6 and X7, which had individual wire
readout, there was not a similarly easy criterion to
use. However, for a given data set (i.e., data taken
at one angle, consecutively), a very good first ap-
proximation is that the fraction of true zeros is con-
stant. The most important confirmation of this was
provided by comparing the runs near one end of the
momentum range measured, but which were taken
at the beginning or at the end (chronologically) of
that set. Generally, there was good confirmation of
the constancy of the chamber efficiency to 1% to
2%, with the exception of the 240-MeV, 110' data,
where a steady improvement in efficiency occurred
(totalling a 7% change}; since this was the only case,
it was possible to account for the change without ex-
cessive uncertainty.

As a small modification to the correction deduced
above, it was determined that the X6 and X7 had a
small but systematic momentum-dependent varia-
tion in efficiency. This was deduced by constraining
the accepted triggers to a sample in which the
geometrical constraints were found to be adequate to

ensure that a particle passed through the chamber,
and determining the X6 and X7 efficiencies as a
function of momentum for all data sets. The varia-
tion found was 5% for momenta from 100 to 300
MeV/c (with higher efficiency for low-energy pions
which have higher specific ionization}. The total
second-order corrections to the chamber efficiencies
was usually &10% (at most 20%) and an error of
one fifth of the correction was assigned.

A further possible source of error is that the 2-m-
long focal plane chambers C6 and C7 could have an
efficiency which varied over their length, an effect
which is not possible to estimate accurately. How-
ever, since a single point in the energy-loss spectrum
corresponded to a region ~ 50 cm in length on X6
and X7, any variations would be gradual. Minor
variations are possible, but searches for effects and
consideration of the overall efficiency of -90% in-
dicate that any variation was under 10%. Further-
more, these variations would tend to cancel when
overlapping runs are combined, and so no error is
attributed specifically to this source.

D. Dispersion

An error in the value of the spectrometer's
momentum dispersion is carried through to a double
differential cross section [cf., Eq. (1}],and is not au-
tomatically normalized by comparison with the sin-
gle differential m+-p cross section do/dQ.

By looking at the position of peaks (m+-p elastic
scattering, m+-' 0 elastic scattering, and scattering
to inelastic discrete states) in overlapping runs, it
was possible to determine the dispersion with great
accuracy. There was no apparent variation with the
experimental condition, and the dispersion was
determined to an accuracy of +2%.

E. Incident beam

The incident beam intensity varied from 2 to
5&(10 n/s, and was u.sually steady for a given in-
cident momentum. With the 50-MHz beam struc-
ture at SIN, this implies an undercounting of the in-
cident beam by 1 /o to 5%, because of the frequency
with which two pions arrived in a single 1-ns-wide
beam burst. In general, this error is accounted for
by the m+-p normalization of the data, but correc-
tions of up to 3% were applied to individual runs
with anomalously low fluxes. The correction was
based on a Poisson statistical analysis of the average
pion flux during the run. The validity of this
analysis was verified during a high-rate run.
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F. Overlapping runs

After applying all corrections to the raw data, a
final consistency check was provided by comparing
the cross section determined by different, overlap-

ping runs. In general, the agreement was good, but
close exafnination revealed that introducing a
correction that varied linearly by +3% over the full
+10% hp jp acceptance of the spectrometer provid-
ed a systematic improvement to the agreement be-
tween overlaps. The origin of this effect was not
understood —it could not be a dispersion error and it
is too big to be associated with a wrong pion-decay
correction or its variation with Ap, but could possi-
bly be a true variation of the solid angle. Since ap-

plying the small correction clearly improved the
internal consistency of the data, and in first approxi-
mation did not change the bulk of the final results
(where two runs with opposite signs of correction
are typically averaged to form each data point), it
was applied to all data.

After all corrections, the internal consistency of
the data may be quantified by saying that the ratios
of the cross sections from all of the overlapping runs
were distributed approximately as a Gaussian with
o -4.5%. This variance was approximately 1.5
times that expected from the statistical accuracy
alone. No significant correlation with incident or
scattered pion energy scattering angle, or proximity
to the m. +-p elastic peak, was discerned.

G. Energy scale

The incident pion momentum was determined
from the magnetic field of the first dipole magnet
(Dl in Fig. 1), corrected for energy loss in the beam-
line detectors and half the target thickness. The
scattered pion momentum was similarly determined
using the spectrometer's field. The corrections for
energy loss were applied to each run individually
(using the appropriate material and target thick-
ness), with the dE/dx appropriate to the individual
pion.

Thus, the energy scales of the results are corrected
to the target-center conditions for both incident and
scattered pions. Discrepancies between individual
runs, and between the position of the m-' 0 elastic
peak and that expected from kinematics, were usual-
ly small and always & 0.3% in momentum.

H. Combination of runs: binning

The data in individual runs were first divided into
bins of fixed momentum width, chosen to give a bE
of &2 MeV generally, but &1 MeV in the regions
with significant structure (within 30 MeV of the

v+-' 0 elastic peak). Data points from different
runs were then combined if they were closer than 2
(or 1) MeV, with a weight appropriate to the total
error ascribed to the points (i.e., statistical error plus
any systematic error assigned to that run from, e.g.,
the chamber-efficiency uncertainty).

Three of the corrections applied to the data were
made on the combined spectra rather than on indivi-
dual runs; these were corrections for the momentum
dependence of the spectrometer's sohd angle (see
Sec. IIIB), for the inadequacy of the trajectory
analysis (see Sec. IIIA), and for the finite target
thickness (see Sec. III J).

I. m+-p normalization

The overall normalizations were determined at
each angle, as has been stated, by comparing the
measured m+-p elastic scattering data with the
phase-shift predictions. ' The final data, compris-
ing the consolidation of all overlapping runs, were
used while individual runs were examined as a con-
sistency check.

It was important to match overlapping runs prop-
erly first, in particular by using the correct disper-
sion, in order not to produce distortions in the re-
sulting peak area. For example, a 5% dispersion er-
ror causes peak shifts between different runs, and
the nature of the data is such that this produces a
change in peak area of a similar amount by artifi-
cially broadening or narrowing the resulting peak.
In contrast, the area of the peak contained in an in-
dividual run is unchanged by varying the dispersion.

J. Finite target thickness corrections

With the target thicknesses used, the attenuation
of the beam and the probability of a pion undergo-
ing two interactions were not negligible. Interac-
tions leading to pion absorption or charge exchange
reduce both the measured oxygen inelastic and the
normalizing m+-p elastic cross sections equally.
Double interactions, such as two inelastic scatter-
ings, or two m+-p elastic scatterings, or one of each,
effectively attenuate the pion flux for the m+-p
scattering, but do not for the continuum oxygen in-
elastic measurements. Since the m+ remains in ex-
istence, it will in general appear somewhere in the
inelastic spectrum at a different angle and at a lower
energy than if it had only undergone one scattering.
Two m+-p scatterings thus appear as a background
in the inelastic oxygen spectra.

These contributions to the measured spectra were
determined by numerical calculation of the probabil-
ities for single and double scattering. The m+-p
cross sections were taken from the phase shifts; the
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FIG. S. Double differential cross section, d cr/dQdE,
for the scattering of 114 MeV pions from ' 0, for outgo-

ing pion momenta down to 110 MeV/c, at five scattering
angles. At 134', the data at excitations greater than 10
MeV were taken with poor resolution (target in reflection

geometry).

oxygen inelastic cross sections from these measure-
ments with appropriate interpolations and extrapola-
tions in angle and energy. The m+-' 0 elastic
scattering probability was included, but the differ-
ences if it was omitted were small. The attenuations
of the incident and scattered beams were determined
from the integrals of the differential cross sections
used, evaluated at the appropriate pion energies.

The measured spectra were then corrected by (I)
renormalizing according to the estimated attenua-
tion loss for the n+ ppeak -( —4% to —7%) and (2)
correcting the oxygen inelastic spectra both for the
estimated absorption loss and for the estimated gain
from double interactions (net effects: —3% to
12%). A systematic error of 30% of the net correc-
tion was attributed to this source. The effect of
these corrections can be broadly summarized as be-
ing within a few percent of an overall normalization
change (consistent in magnitude with simple esti-
mates), except at forward angles and low energies
where the cross sections were reduced by up to a
further 10%.
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The overall normalization uncertainty is estimat-
ed to be +5% for all spectra. The errors on the in-
dividual data points are composed of systematic er-
rors (arising from the three corrections applied to
the combined data, see Sec. IIIH) which are corre-
lated between the points, and "statistical" errors,
which are substantially uncorrelated (small correlat-
ed errors on individual runs have been included
here). The error on the incident momentum scale is
+0.3% and that on the scattered pion's energy scale
j.s g+1 MeV.

IV. RESULTS

A. The energy spectra

The double differentia1 cross sections are shown
in Figs. 5—7; the error bars on the individual data
points in the figures include a contribution from
correlated systematic errors, i.e., they are the "total
error, " excluding only the overall normalization un-
certainty of +5%. The incident energy is that at the
target center. The angular acceptance was 10'. Tab-
ulated data are available from PAPS. ' In Figs.
5—7 the large peak from m+-p elastic scattering
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from the hydrogen in the water target is not shown
except at the most forward angle in each figure, and
the resulting gap in the m+-' 0 data has been filled
by a dashed line to guide the eye.

b,E-~2q
M ' (2)

where kF is the nuclear Fermi momentum (-220
MeV/c), M the nucleon mass, and q the momentum
transfer of the pion. For the scattering of 163-MeV
pions to 80', where q=300 MeV/c, Eq. (2) gives
hE-100 MeV FWHM. Equation (2) is only a
rough guide but shows that the widths of the peaks
are of the correct order of magnitude. Phase space
is neglected in this estimate, and since the width is
comparable to the incident pion energy, the peaks

1. Dominance of single quasifree scattering

The principal feature of the data at all incident
pion energies and angles is the broad peak in the
' O(n. ,n') energy spectrum. The position and width
of this peak establish that it arises substantially
from quasifree pion-nucleon scattering, that is, the
single scattering of the pion from a quasifree nu-
cleon in the nucleus.

For such quasifree scattering, the energy loss of
the pion is similar to that in free pion-nucleon
scattering, modified by the binding energy and Fer-
mi motion of the struck nucleon. It can be seen in
Figs. 5—7 that the position of the broad mr+-'eO

peak follows that from free n+ ps.ca-ttering, al-
though with some variations in the relative position,
a detail that we shall return to later.

The width of a quasifree scattering peak due to
Fermi motion may be expected to be about'

extend towards the threshold regions causing a nar-
rowing as compared to Eq. (2). Comparison of the
data with full calculations of quasifree scattering,
made later in this paper, confirms that the broad
peak is from quasifree scattering.

As a further illustration that the peak has the
correct form for quasifree scattering, the data for
240-MeV incident pions scattered at 60' are com-
pared, in Fig. 8, to electron scattering data at the
same incident momentum and scattering angle, but
on ' C. The electron data have been arbitrarily nor-
malized to match the quasifree peaks. Since the
pion is very relativistic, the kinematics of the (m.,m )
and (e,e') reactions are very similar except at large
energy losses where the extra kinetic energy of the
incident electron becomes significant. The electron
and pion spectra in the region of the quasifree peak
are remarkably similar, both in the position and the
width of the peak. The weakness of the electron in-
teraction guarantees that the inelastic spectrum
below the m.-production threshold is dominated by
the single quasifree scattering peak. This confirms
our interpretation of the peak in the pion data, even
though the pion interaction at these energies is, in
contrast, extremely strong, and in addition very en-

ergy dependent.

2. Contributions from multiple scattering

Because of the strength of the pion-nucleon in-
teraction, it is not a trivial point that a single-
scattering quasifree peak is clearly visible. The
mean free path of a pion in a nucleus,
A, =(tJ~~ p~) ', is 0.5 to 1 F (o~tv is the AN total
cross section and pz the nucleon density) so that
multiple pion collisions must be very likely. In a

V)
200-

60'
K 240 MeV 0(m'+, w+)
—350 MeV C (e,e'}

ELASTIC

100-

100 200
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FIG. 8. Comparison of the 240 MeV (3S3 MeVlc), 60' data of the experiment with the 3SO MeV ' C(e,e') data at the
same angle of Ref. 20. The normalization of the electron data has been adjusted to match the pion data.
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single mN collision the pion loses, on the average,
nearly half its incident kinetic energy, and so after
two such collisions we might expect its final energy
to be around one-fourth of its initial value. After
two or more quasifree collisions with nucleons that
have a Fermi momentum comparable to the momen-
tum transfer of the interaction, such a pion may be
expected to have little correlation between its outgo-
ing angle and final energy. Pions from multiple-
interaction processes then should appear near the
low-energy end of the spectra of Figs. 5—7 and with
a relatively isotropic distribution. Because of the
very strong interaction, we might naively expect the
spectra to have substantial amounts of these low-

energy pions, either dominating the spectra or at
least obscuring the single quasifree scattering peak.

At backward scattering angles the energy loss of a
pion in a single quasifree interaction is so large that
the Fermi-broadened peak approaches the end point
(T ~ =0 MeV) and thus there is no clear kinematic
separation of pions from single and multiple interac-
tions. However, at forward angles, where the
single-scattering quasifree peak occurs at fairly
small pion energy loss, there is a clear kinematic
separation of the single- and multiple-scattering pro-
cesses. Thus the sizes of the low-energy tails in the
forward-angle data provide useful upper limits to
the contributions to the reaction from multiple-
scattering processes, and it can be seen from Figs.
5—7 that this yield is actually rather weak, in con-
tradiction to the naive suggestion of the previous
paragraph.

The comparison with the electron scattering data
of Fig. 8 might be used to determine the multiple-
scattering contribution to the 240-MeV data fairly
directly by subtraction. However, at large energy
loss the pion becomes increasingly less relativistic,
so that the two reactions's kinematics diverge and
the electron spectrum begins to contain contribu-
tions from electropion production. This latter pro-
cess causes the electron cross section to rise again at
energy losses greater than 200 MeV, while the lower
incident pion energy precludes any significant con-
tribution from the (m, 2m ) reaction. ' Thus subtrac-
tion of the (renormalized) electron data from the
pion spectrum gives a minimum estimate of the
multiple-scattering yield in the latter. We note in
passing that the region of the electron spectrum be-
tween the quasifree peak and the rise due to resonant
pion production is not well understood.

Another way to estimate the relative importance
of multiple-scattering contributions to the (mr+, mr+ )
reaction uses the inclusive pion double-charge-
exchange (DCX) reaction. DCX must involve at
least two nucleons, and the simplest mechanism is
two sequential quasifree m-N SCX reactions. Dou-
ble differential DCX (m+, m ) cross sections on ' 0
have been measured at 240 MeV at three angles ';
the cross sections peak around T =50 MeV and are
fairly isotropic in both magnitude and spectrum
shape. In Ref. 21 it was shown that the shape of the
DCX spectrum approximates the difference between
the (n.+,n.+ ) spectrum at 60' and estimates of its
single-scattering component based on the electron

0{m+,~+ ) 240 MeV

200-
I&j

&00-

200

(Mev)

Fgo. 9. The 240 Me@ data at 130 decomposed to show the contributions from single (S) and multiple (M) scattering as

indicated by the DCX data of Ref. 21. The shape of the line labeled "M" ls determined from the DCX data at the same

angle, with normalization as described ln the text. The line labeled "S"ls the difference between line "M" and the data
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spectra and calculation.
Since the DCX spectra conform to the expected

distribution of pions from multiple-interaction pro-
cesses, we may assume that they are a, fair represen-
tation of the distribution in angle and energy loss of
the yield from multiple pion interactions in the
(m+,m+ ) cross section. Using this assumption for
the yield's distribution, and normalizing it to the
(n+,~+ ) cross section at 60' and T~ =60 MeV, we
estimate that about one quarter of the total
(m+, m+ ) cross section at 240 MeV arises from
multiple-scattering processes, with a roughly isotro-
pic differential cross section of some 5 mb/sr. Thus
we are able to illustrate, in Fig. 9, a decomposition
of the 130' spectrum into single- and multiple-
scattering contributions (this is an angle where there
is no kinematic separation of the components).

At the lower energies, 163 and 114 MeV, there are
no published DCX data, but very recent results in-
dicate that multiple-scattering processes get relative-
ly weaker as the incident pion energy declines. At
these lower energies the kinematics for pion and
electron scattering become increasingly different, so
that direct comparison with electron scattering spec-
tra becomes difficult. However, 200-MeV electron
scattering (212 MeV/c corresponds to 114 MeV for
pions) from Be at 60' (Ref. 23) and from ' C at 80'
(Ref. 24) contain significant low-energy tails in their
spectra, which cannot arise from either multiple
scattering or pion production. This emphasizes that
the low-energy tails in the forward-angle pion spec-
tra at 114 and 163 MeV should be taken as indica-
tive of upper limits to the contributions from
multiple-scattering processes; these are thus seen to
be small compared to the single-scattering peak
(Figs. 5 and 6). We will consider this further in Sec.
IV A5.

3. Sensitivity to the reaction dynamics:
multiple scattering

Our discussion of the spectra so far has shown
that although the pion-nucleon interaction implies a
very short mean free path for the pion in the nu-

cleus, the inelastic cross section is dominated by sin-

gle pion interactions. While geometrical arguments
may be used to show that there will always be a sig-
nificant single-scattering yield (from a surface in-
teraction when the pion immediately scatters out of
the nucleus), there are clearly mechanisms acting to
reduce the multiple-scattering contributions to the
spectra„which we will now discuss.

At the energies of this experiment, pions have an
incident momentum not much larger than the nu-
cleon Fermi momentum. This has the consequence
that some interactions are suppressed by Pauli

blocking: The momentum transfer to the nucleon
may be inadequate to eject it from the nuclear Fermi
sea. After one quasifree collision, the pion typically
loses 100 MeV/c of momentum, so that it is harder
to eject a second nucleon from the Fermi sea. Thus
Pauli blocking must always be more important for a
second interaction and especially in the case of the
already low momentum 114-MeV incident pions.

The energy dependence of the pion-nucleon cross
section is such that for 163- and 114-MeV incident
pions, the interaction strength is reduced after the
pion loses energy in its first collision. Again this is
most important as a mechanism reducing the
multiple-scattering probability for the 114-MeV in-
cident pions, since the interaction remains fairly
strong until below 100 MeV. For 240-MeV pions,
this argument is invalid as the second interaction
will frequently be with a higher free n. %cross -sec-
tion.

Pion absorption is a competitive reaction channel,
forming 36% of the reaction cross section at 163
MeV (Sec. IV B). When a pion is absorbed, it is irre-
vocably lost from the (m, m') channel, and so this
probability must reduce the total inelastic cross sec-
tion. However, since the probability of absorption
must increase with the number of pion-nucleon in-
teractions within the nucleus, it will also act as a
preferential suppressor of multiple-scattering contri-
butions to the inelastic spectrum. The SCX channel
also acts in a similar way to remove strength from
(m+, m.+ ) channel with a probability increasing with
the number of interactions. The SCX cross section
is, however, smaller than that for absorption.

As an illustration of the effects of a competitive
reaction channel, it is interesting to consider the sit-
uation in inelastic proton scattering where the ele-
mentary interaction is also fairly strong. For 90-
MeV protons the (p,p') spectra do not show a clear
quasifree peak, the low-energy yield being rather
large. In this case there is not generally a clear
distinction between knockout protons and the in-
cident projectile, and this multiplicity of final state
protons helps to obscure the single quasifree peak.
There is no strong mechanism analogous to pion ab-
sorption to eliminate protons which undergo multi-
ple interactions. At 800 MeV —1 GeV, however,
the situation is different and similar to that for
pions in a way that emphasizes the role of absorp-
tion in pion reactions. ' At forward angles the
quasifree peak of scattered protons is kinematically
well separated from the knocked-out nucleons, and
now there is also a strong mechanism in b, produc-
tion that helps to leave a clear single-scattering peak:
The inelasticity of a p+X~h+X interaction is
large enough to remove those protons well away
from the single-scattering peak. The probability of
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having produced a 6 increases with the number of
interactions, so that the relative yield from double
quasielastic scattering processes is weakened and
thus these protons do not obscure the single-
scattering peak either. In quasifree pion scattering,
absorption is a similar strongly competitive channel
which removes the pions (in this case entirely from
the inelastic spectrum) and which must also make
the double pion-scattering yield relatively weak.

It is not possible to distinguish quantitatively the
relative importance of the mechanisms we have dis-
cussed in reducing the multiple-scattering yield of
inelastic pions, and without calculations it is not
easy to establish which is most important in a quali-
tative sense. All nuclear-medium modifications of
the pion interaction must be considered, since they
affect both the single- and multiple-scattering yields.
But pion absorption and Pauli blocking are two ex-
plicitly observable medium effects which must
quench the multiple-scattering yield, and the size of
the absorption cross section indicates the importance
of that process. Thus the weakness of the multiple-
scattering yield is a feature of the spectra which em-

phasizes the significance of nuclear-medium effects
in the dynamics of the pion-nucleus interaction.
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4. Sensitivity to the reaction dynamics:
single scattering

As noted above, the mechanisms we have cited
which affect the multiple-scattering yield will also
affect the single quasifree scattering cross section.
The effects of medium corrections to the elementary
pion-nucleon interaction are best illustrated in com-
parison with calculations (Sec. IVA5), except for
those due to Pauli blocking which are clear in the
angular distributions (Sec. IVB), while the energy
dependence of the elementary cross section has qual-
itatively visible consequences that we shall now dis-
CUSS.

In Sec. IV A I, we mentioned that the position of
the quasifree peak relative to the free m+-p scatter-
ing peak varied to some extent. Figure 10 shows the
most backward angle spectrum at each energy, with
the positions of the free n-p peaks and the ' O(n, n')
peak centroids (located by eye) explicitly marked. It
can be seen that the ' O(m. ,n') centroid moves sys-
tematically relative to the free m-p peak from small-
er to larger energy loss as the incident pion energy
increases or, more pertinently, as it passes across the
resonance. Consider first the 240-MeV data of Fig.
10 in the region where the scattered pion has lost
less energy than it does in a collision with a station-
ary nucleon (indicated by the position of the free n@-
peak), i.e., for T~ &120 MeV. Pions from single
quasifree collisions will fall into this kinematical re-

200-

I

l00
I I

200
T„,(Mev)

FIG. 10. The double differential cross section at the
most backward angle measured for each of the three in-
cident energies. The centroid of the peak in the data, lo-
cated by eye, is noted (C), and the position of the peak
from m+-p scattering is also marked (H).

gion if the momentum vector of the struck nucleon
is towards the incoming pion. In this case the total
center-of-mass energy of the m.-N system is greater
than that in a free m-E collision. For 240-NleV
pions, the free m-X cross section is already well
down from the resonance peak, which is at 180
MeV, and increasing the total energy of the m-E col-
lision reduces it further. Thus the quasifree cross
section in this part of the spectrum should be
depressed by the energy dependence of the m-S in-
teraction. For scattered pions on the other side of
the free vr @peak (T &12-0 MeV), the kinematical
situation is reversed. The m-X collision is closer to
resonance and the quasifree cross section is
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enhanced. The relevant change in the m-N total
center-of-mass energy, W, over the peak of the 240-
MeV spectrum in Fig. 10 is given approximately by

b W =2p~pF/W=120 MeV,

where p and pz are the momentum of the incident
pion and the Fermi momentum of the struck nu-

cleon, respectively. The free n N-cross section
changes by a factor of 5 over this energy range.

For 114-MeV incident pions the kinematic situa-
tion is analogous, but since the energy is below the
resonance, the effect on the cross sections is the re-
verse: the scattering of pions with large energy loss
is depressed and that of those with small energy loss
is enhanced.

The shift in the position of the ' O(ir, m') peak rel-
ative to that of free m-p scattering as the incident
pion energy crosses the resonance, as indicated in
Fig. 10, may be seen as a consequence of these
enhancements and depressions of the cross sections.
The shapes, in particular the curvatures, of the
quasifree peaks may also be noted. Including the ef-
fects of multiple-scattering, backgrounds under the
peaks shift the peak positions, but do not alter the
interpretation. This is clear from Fig. 9 which
shows the decomposition at 240 MeV, where the
multiple-scattering contribution is the largest.

It was pointed out in Ref. 7 that these qualitative
features of the backward-angle data illustrate the
sensitivity of these cross sections to the microscopic
(pion-nucleon) interaction dynamics, and so provide
a test of pion-nucleus interaction models. In partic-
ular, in models which use the fixed-scatterer approx-
imation, there is no recoil of the nucleon or of the b„
so that there is no change in the effective pion-
nucleon interaction energy across the quasifree peak.
With no 6 recoil there can be no 5-nucleus interac-
tion, and so formalisms that do not reproduce this
shift in the peak are not only failing to handle the
interaction dynamics correctly, but also explicitly
exclude the possibility of exploring the 6-nucleus in-

teraction.

5. Comparison with theory

We have explained that the shape of the quasifree
scattering peak reflects the strong energy depen-
dence of the pion-nucleon cross section, and have
used the weakness of the multiple-scattering yield as
an illustration of the importance of nuclear-medium
effects. The inelastic pion spectra should, therefore,
be a useful test of how well models of the pion-
nucleus interaction. describe the microscopic interac-
tion dynamics within the nucleus. In the Introduc-
tion we pointed out that the strong coupling between
the pion and the ~h-hole states in the nucleus implies

that a satisfactory description of the pion-nucleon
interaction within the nucleus must also include a
description of the effects of the nucleus on the
recoiling h. While the energy dependence of the
pion-nucleon interaction may be substantially in-
cluded on a microscopic basis by a proper evaluation
of the kinematics of the collision, nuclear medium
modifications of the interaction must be included in
a more explicitly model dependent way. Since the
pion-absorption probability is strongly energy
dependent, and since the momentum of the recoiling
6 formed in the pion collision varies from 0 to 600
MeV/c depending on the kinematics of that col-
lision, we may expect that there is also some impor-
tance to having these medium modifications includ-
ed on a dynamical basis.

Currently, microscopic calculations of the inelas-
tic spectrum in the continuum which describe the
intranuclear processes coherently are restricted to
the contributions from single quasifree scattering,
owing to the complexity of including multistep pro-
cesses. In such a calculation, it is convenient to
separate the elementary interaction, described with
an amplitude containing the effects of the nuclear
medium, from distortions of the incoming and out-
going pion waves. The calculation must determine
the correct, medium-modified pion-nucleon interac-
tion and employ a consistent optical potential to
evaluate the distortions. While the separation of the
distortion of the pion waves from the medium modi-
fications to the elementary interaction is artificial,
since that iiateraction is the source of the distortions,
this separation also allows us to illustrate that these
inelastic cross sections depend on the pion-nucleus
dynamics over a large energy range. For example,
for 240 MeV incident pions scattered to 130', the
quasifree peak extends down to about 50 MeV so
that the cross sections are dependent not only on the
dynamics of the interaction at its particular
kinematics, but also, via the distortions, on the
pion-nucleus interaction over the full energy range
of the b, (1232) resonance.

Calculations of the pion spectra from single
scattering using the b;hole formalism have recently
been published. In this model the nuclear-medium
modifications to the pion-nucleon interaction are
characterized as interactions of the recoiling
formed in the interaction. This 6-nucleus interac-
tion is described by a simple optical potential whose
parameters are determined phenomenologically by
fitting the pion-nuclear total and elastic scattering
cross sections. Pion absorption is associated in a
natural way with the imaginary part of this poten-
tial. Pauli-blocking corrections and nonresonant ~-
X interactions are included, and in this calculation
the 5-nucleus interaction includes a spin-orbit term.
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The incoming and outgoing pion waves are distorted
by a potential based on the same transition operator
used to describe the quasifree collision, and distor-
tion of the knocked-out nucleon wave is also includ-
ed. All these distortions are found to affect the re-
sults of the calculations significantly, varying both
the shape and strength of the quasifree peak. Calcu-
lations of the quasifree scattering in this model have
no free parameters. We show a few examples of the
results in Fig. 11 (full lines), compared to our data.
The agreement of the calculations with the data is
impressive. Deviations of the calculations from the
data may be noted at low outgoing pion energies
(especially at forward angles) where the multiple-
scattering yield is strongest. Nuclear excitations in
the 20 MeV region are also poorly described by the

nuclear model used. Since the spectra are dominat-
ed by single quasifree scattering, these deficiencies
do not prevent useful comparison.

At the backward angles the qualitative effect of
the shift of the peak position relative to that of the
free cross section as the incident energy crosses the
resonance is reproduced by the full 5-hole calcula-
tion. The dashed lines in Fig. 11 represent a calcula-
tion where there is no 6 recoil and where medium
corrections such as pion absorption are excluded. In
this case the shift of the peak position is not repro-
duced, reflecting the incorrect determination of the
kinematics of the interaction. For this closure cal-
culation, the absolute magnitude of the cross section
is also very poorly determined, especially for the
114-MeV case; Thies states that for the 114- and
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FIG. 11. Comparison of the present results with calculations of Ref. 27 of single quasifree scattering using the 6-hole
formalism. The solid lines are the results of the full calculations; the dashed lines use the closure approximation (see text).
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163-MeV cases the overestimation of the cross sec-
tion in this approximation is due to the failure to re-
flect a weakening of the transition operator because
of medium corrections to the free amplitude, and
also to much too weak distortion of the outgoing
pion waves below 100 MeV, where the very impor-
tant inelasticity of the pion-absorption cross section
has been neglected. The pion-nuclear total cross sec-
tion at low energies is also very poorly reproduced in
this approximation. For the 240-MeV case, Thies
states that the underestimation of the cross section is
essentially due to too strong distortion of the outgo-
ing pion wave in the 100—200 MeV region, a reflec-
tion of the overestimation of the strength of the
underlying pion-nuclear interaction within the nu-
cleus in this energy range. The reader is referred to
Ref. 27 for a fuller discussion of these points, but
the comparisons of the two calculations with the
data confirm the importance of medium effects on
the inelastic cross section, and the sensitivity of
these results to the pion-nuclear interaction dynam-
ics over a large energy range.

As we have noted, the calculations shown in Fig.
11 should predict too little cross section to the ex-
tent of the multiple-scattering yield in the spectra.
In the 240 MeV, 35' case, where the multiple-
scattering yield in the low outgoing energy region is
kinematically well separated from the quasifree
single-scattering peak, the deficiency is clear and
substantial. There is also a clear, if smaller, defi-
ciency at low energies in the 163 MeV, 30 case,
while at 114 MeV, 30, any discrepancy in the low-

energy region is small. In this last case the low-

energy region is still close to the quasifree peak (only
70 MeV/c away at T~ =35 MeV), and the calcula-
tion indicates that a substantial part of the low-

energy tail in this spectrum is generated by the
high-momentum components in the nuclear wave
function. This is consistent with the existence of
low-energy tails in the electron-scattering spectra at
similar incident momenta (see Sec. IVA2). At
backward angles, the lack of kinematic separation
from the single-scattering peak of the multiple-
scattering yield means that the calculations may not
be usefully employed to estimate that yield (except
to show that it is probably not very large). But the
forward-angle comparisons are further evidence that
while the multiple-scattering contribution to the
pion inelastic cross section is significant (but not
dominant) at 240 MeV, these processes decline in
importance with decreasing incident pion energy.

B. Angular distributions and partial cross sections

Integration of the double differential cross sec-
tions,
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FIG. 12. The inelastic differential cross section,
do. /dO, as a function of angle for each of the three ener-
gies. The dotted line is the average m-W elastic differen-
tial cross section multiplied by the factor ¹

d o/(dQ dE ),
of Figs. 5—7 gives the differential cross sections for
inelastic scattering. These are presented in Fig. 12
and Table II. The uncertainties in these integrated
cross sections include contributions from uncertain-
ties in extrapolating to T =0 MeV and in deter-
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TABLE II. Differential cross sections for inelastic
scattering. The errors exclude the overall normalization
uncertainty of +SFo.

Energy do /d0
(MeV) (mb)

Angle
(deg)

30
50
80

110
134

6.95+,",
9.30+0.65

11.50+0.5S
19.5 +1.1

23.6 +1.3

30
50
80

110
134

20.2 +1.2
17.8 +0.7
17.0 +0.7
22.0 +0.9
2S.4 +0.7

240 35
60
85

110
130

30.0 +1.2
18.4 +0.7
15.0 +1.1

16.50%0.45
19.30+0.55

mining the contribution from excitation of discrete
states, but exclude the +5% normalization error.
Figure 13 shows an example of the linear extrapola-
tion to zero pion energy (with the assumed uncer-
tainty) used in the integrations.

At forward angles the dominant discrete states are
hidden under the peak from n Jt scattering. For -the

smallest angle at each energy a smooth extrapolation
was made to account for the continuum cross sec-

tion and the contribution of significant discrete
states up to 15 MeV of excitation was obtained from
a calculation by Holtkamp. In the 114-MeV spec-
tra at 50' and 80' data from BeO and Be targets
were available, allowing deduction of the shape of
the ' 0 spectrum below the ~+-p elastic peak.
Knowledge of this shape was a significant aid in
determining the inelastic cross sections in these two
cases.

Since the inelastic cross section is substantially
single quasifree scattering, it is reasonable to com-
pare the angular distributions of the integrated in-
elastic differential cross sections to the average mr+

N differential cross sections. The dotted lines in
Fig. 12 represent these m-X cross sections multiplied
by a factor X to give agreement at the backward an-
gles. The factor X is seen to vary sharply with in-
cident energy, being smallest at 163 MeV, consistent
with the expected maximum distortion of the pion
waves near the peak of the vr-E total cross section at
180 MeV.

At forward angles the inelastic data fall below the
shape of the average free cross section. This may be
understood as a consequence of Pauli blocking. At
these angles the momentum transfer for quasielastic
scattering is comparable to or smaller than the nu-
clear Fermi momentum, and thus is not always suf-
ficient to eject the nucleon from the Fermi sea. This
effect is also clear in the spectra; at backward angles
the entire quasifree peak is well clear of the nuclear
bound-state region, while at forward angles the
small energy-loss side of the quasifree peak is trun-
cated.

%hile the comparison with the free n.-X cross sec-
tion illustrates these qualitative effects fairly clearly,

80' o(~+,~+') ice Mev

~ 200-

100-

I

100

T ~ (Mev)

&It PI~I' Il 11

+t III
I I I I

50 150

FIG. 13. An example (163 MeV, 80') of the extrapolation to T =0 MeV employed in the integration of the spectra.
The full line is the assumed shape; the dashed lines show the maximum likely deviation. The difference between the fu11
and dashed lines in this case represents an uncertainty of 3.5 /o in the integral.
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a number of additional factors affect the inelastic
differential cross sections. These include the relative
strength of the almost isotropic multiple-scattering
contributions, the energy-dependent (and thus
angle-dependent) distortion of the outgoing
particle's waves, and finally, the nuclear response
function. The integral of this function over the
energy-loss spectrum at fixed angle varies with that
angle, and this contributes to the rise of the inelastic
cross section at backward angles. Thus caution is
required in the physical interpretation of X, but it is
nevertheless a useful parametrization for compar-
ison of this experiment with other data.

Integration of the inelastic differential cross sec-
tions of Table II gives the total inelastic cross sec-
tions given in Table III; the errors here include the
normalization uncertainty. The results of our par-

t

tial cross section analysis are also given in Table III.
The total cross section ' and the total elastic cross
section" have been measured. We have estimated
the total SCX cross section and have thus deduced
the total pion-absorption cross section by subtrac-
tion. The DCX cross section has also been taken
into account at 240 MeV and at the lower energies
has been taken to be negligibly small. Other reac-
tion channels, (a,2m. ) and radiative channels, are
small compared to the error on the deduced absorp-
tion cross section.

Our estimate of the SCX cross section was made
as follows: At each angle where we have (m+,m+ }
data the (~+,m ) cross section was assumed to be
equal to the differential (m+,m+ ) cross section at
that angle multiplied by the ratio of the free average
m-X cross section for the two channels

do
dQ

(m p~~ n)
(3)

An error of 30% was associated with this estimate.
The additional factor M represents an estimate of
the possible additional multiple-scattering cross sec-
tion for the SCX channel. Iteration of the T= —,

dominance of m-E total cross sections suggests that
double scattering could be 1.75 times more likely
than single scattering in the (m+,m. ) reaction than in
the (~+,m+ } channel. Estimating multiple-
scattering contributions to the (~+p.+ ) cross sec-
tions at 114, 163, and 240 MeV to be 4%, 10%, and
27%, respectively, gives values for M of 1.03, 1.075,
and 1.20. Comparison ' of (y, sr+) with (~+,~+')
spectra at 350 MeV/c justifies belief in a greater
contribution from multiple scattering in the SCX
channel. In pion photoproduction on free nucleons
many more m are produced than m+ at this energy,
and the ' C(y, m. +) spectrum at forward angles is
consistent with secondary pion interactions giving
extra m+ yield from secondary (n, n+) reacti.ons. ,

roughly in accordance with the free cross section ra-
tio estimate.

It may be noted from Table III that while the sum
of the nonabsorption inelastic channels contributes a
steadily increasing fraction of the total cross section
as the energy increases (0.34, 0.40, and 0.47 at 114,
163, and 240 MeV, respectively), the absorption
cross section clearly peaks well below resonance,
both in absolute magnitude and as a fraction of the
total cross section (0.28, 0.23, and 0.13 at the three
energies). This weakening of the absorption channel
at the higher energies is an important point which
must be included both in models of the absorption
process itself and in discussion of pion-nucleus
dynamics as a whole.

C. Comparison with other experiments

Our results are substantially in agreement with re-
cent related published work. The factor E in Fig.

TABLE III. Partial cross sections for m+ on ' 0.

~+ energy

O tot

&el

cr(m, m')

&scx
ODcx
a&b

114 MeV
Cross section

(mb)

735+15
280+20
191+12
58+17

206+33

163 MeV
Cross section

(mb)

807+15
297%20
259+17
63+19

188+36

240 MeV
Cross section

(mb)

676%15
270+20
249+16
62+ 19
6+ 1

89+35
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12, with values of 5.2, 3.2, and 6.0 at 114, 163, and
240 MeV, respectively, can be compared to values of
5.0, 3.0, and 6.0 deduced by interpolation from the
results in Ref. 6 (whose N, ff must be doubled for an
equivalent definition). Ratios of the present inelas-
tic cross sections to those of Ref. 6 are (0.81+0.13),
{1.09+0.19), and {1.06+0.19) at the three energies.
The overall agreement is satisfactory, although the
results of this experiment indicate a slightly dif-
ferent energy dependence. It should be noted that
this experiment is a direct measurement of o;„,~

while the values of Ref. 6 rely on subtraction of par-
tial cross sections. The results at 163 MeV on ' 0
of Ref. 33 also agree with our results within the
quoted errors.

Preliminary spectra for the (m+,m+ ) reaction at
146' and 165 MeV on four nuclei, including ' C,
have recently been published. These are consistent
with our results. The data on ' C at 180 MeV of
Ref. 11 appear to be consistent with our cross sec-
tions but some results of the older experiments ' on
' C and ' 0 appear to be wrong. Reference 9 indi-
cates a very rapidly rising total inelastic cross sec-
tion at 0' below 150 MeV for n on ' C, while our
results contradict this and indicate that they are
roughly a factor 20 too high at 114 MeV. The 270-
MeV ' O(m+, m+ ) cross section of Ref. 10 at 63'
may be somewhat big, but at more forward angles
their cross sections rapidly become much too large.

It has been suggested' that our preliminary re-
sults at 114 MeV were rather low compared to the
' O(m+, m ) results' at 100 MeV, the ratio of SCX
to non-SCX total inelastic cross sections being 1.2
greater than that expected from simple estimates.
Even though our final result for the total inelastic
cross section (m+,n+) at 114 M. eV is 15% lower
than quoted in Ref. 7, we do not find a significant
disagreement between the integrated cross sections.
Our estimates of the SCX total cross sections extra-
polated to 100 MeV give a value of 55+5 mb com-
pared to 66410 mb in Ref. 13. The error on our es-
timate includes only that on our cross sections and
the extrapolation. %e have also extrapolated our
value of X to 100 MeV and find agreement (better
than 5%), as we do if we extrapolate our estimates
of the differential SCX cross sections at 110' and
134' to 100 MeV according to the prescription
described in Sec. IV 8. On the other hand, the SCX
data are relatively large at angles ~90', almost fol-
lowing the shape of the free m p~m n differential
cross section [i.e., not showing the Pauli blocking ef-

fect which is clear in the (n+,m+ ) data in Fig. 12].
It has been suggested ' that this may be a conse-
quence of strong final state interactions of the
knockout nucleon; the 30' data at 114 MeV in Fig. 5
shows that a good fraction of the cross section leads

to bound or virtual states.
It may be noted that our method of estimating the

integrated SCX cross section from the (n+,m+ )
channel gives a higher [SCX/(n+, n.+ )] ratio at en-
ergies below resonance than the method used in Ref.
13, where the total SCX cross section is multiplied
by the ratio of free total cross sections

[(m.+p ye.+n) elastic/(m p) SCX]

to estimate the total ' O(m+, m+ ) cross section. Our
method similarly uses ratios of free cross sections
but takes the differential cross sections to determine
the SCX angular distribution [Eq. (3)], which is then
integrated to give the total cross section. Since the
free SCX cross section is more backward peaked
than the free m.-X elastic cross section, we would ex-
pect Pauli blocking to reduce the total ' 0 SCX
cross section less than the (m+, m+') cross section
because the forward angles contribute a smaller pro-
portion of the total cross section in the SCX chan-
nel. Our estimating procedure includes this effect
and thus predicts a larger total SCX cross section
than a procedure using only total cross sections (by
as much as a factor 1.5 at 114 MeV, for instance).

Our estimate of the total SCX cross section being
only slightly smaller than the measured value' is
consistent with the agreement of the two channels at
backward angles, where most of the cross section
lies. Currently, therefore, the only significant differ-
ence between the two channels is at the forward an-
gles. Below resonance multiple pion scattering ap-
pears to be very small, so that this is unlikely to pro-
duce differences between the two channels, while
speculations ' of large anomalies in the isovector
channel are not supported by the current limited
amount of SCX data.

V. mNCLUSION

We have shown that inelastic pion scattering from
'60 is dominated by single quasifree pion-nucleon
interactions for incident energies spanning the
5(1232) resonance. The contribution to the inelastic
cross section from multiple pion-nucleon collisions
within the nuclear appears to be small at 114 MeV,
but at 240 MeV it is about one quarter of the-
(m+,~+ ) cross section. The partial reaction cross
sections show that below resonance the inelastic (in-
cluding SCX) and pion absorption channels are of
comparable magnitude, but that absorption declines
in importance rapidly above resonance. The data
provide an overview of the inelastic cross section on
' 0 with sufficient detail to be explicitly sensitive to
the interaction dynamics involved. Calculations by
Thies in the 8-hole model successfully reproduce
the quasifree cross sections.
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Estimates of the yield of pions from multiple
quasifree collisions rely heavily on the forward-angle

energy spectra where there is good kinematic separa-
tion of these pions from those in the single-

scattering peak. At 240 MeV comparison with
DCX and electron-scattering data and also with the
calculations of single-scattering processes provides a
convincing identification of the yield from multiple
scattering at forward angles. The result that about
one quarter of the inelastic cross section of 249 mb
at 240 MeV arises from multiple pion collisions fol-
lows by assuming the isotropy of this yield, as indi-
cated by the DCX data. While much of the low-

energy tail in the forward-angle spectra at 240 MeV
clearly comes from multiple-scattering processes,
and while there is a noticeable but smaller yield at
163 MeV, the calculations of Thies indicate that
much of the low-energy yield in the 114-MeV 30'
spectrum may be from single-scattering processes.

The very strong pion-nucleon interaction implies
a substantial multiple pion interaction probability,
and so other factors must enter to reduce the inelas-
tic pion yield from such processes to the small
values observed. We have suggested (Sec. IVA3)
three such factors: Pauli blocking, the energy
dependence of the m-N interaction, and competitive
reaction channels, notably pion absorption. We may
expect that these factors vary in efficacity with the
incident pion energy. The higher the incident
momentum, the less important is Pauli blocking. If
the incident energy is above resonance, the pion will
still have enough energy after one quasifree collision
to have a very strong interaction. Finally, the pion-
absorption cross section peaks well below resonance,
and is relatively small at 240 MeV (Table III). It is
not possible to isolate the role of any one of these
mechanisms, from each other or from the pion-
nuclear dynamics as a whole, but the data we have
presented indicate that at 114 MeV they combine to
strongly suppress inelastic pions from multiple col-
lisions, while above resonance the mechanisms are
weakened, resulting in a significant yield of such
pions at 240 MeV. Thus we are able to link qualita-
tive aspects of the results together to form an under-
standing of the relationship between the various pro-
cesses occurring in the pion reactions and see how
the balance between different parts of the reaction
cross section changes across the resonance. We can-
not, however, deduce from the data why the absorp-
tion cross section should have the strength it does,
nor why it declines so fast above resonance.

It is usually considered that inelastic pion scatter-
ing is a peripheral process (because of the strength
of the interaction) and that pion absorption, which
requires the participation of two nucleons, is a more
central phenomenon, ' this is confirmed by the A

dependence of the partial cross sections. Our data
show that at 240 MeV the cross section for multiple
collisions where the pion survives is comparable to
that of pion absorption (90 mb). Therefore it is
reasonable to expect that, for the less peripheral ab-
sorption processes, one or more quasifree interac-
tions before the absorption are more likely than in
the case where the pion survives. This implies that
the absorption of the pion often occurs at an effec-
tive energy well below the incident value (at least if
that is over 200 MeV), and this may be confirmed
by the large nucleon multiplicities measured in the
(m,p) reaction. Therefore the elementary md% a.b-
sorption process in nuclei must decline with increas-
ing energy above resonance even more quickly than
implied by the m-nucleus total absorption cross sec-
tion.

The dominance of single quasifree scattering in
the inelastic pion spectra facilitates their interpreta-
tion and allows comparison with theoretical calcula-
tion of that process. The shapes of the spectra and
the magnitude of the cross section are sensitive to
the interaction dynamics over the entire energy
range of the spectra. In the b, -hole model of Thies
the nuclear-medium modifications to the free pion-
nucleon interaction are characterized as interactions
of the recoiling 6 with the residual nucleus. The
6-nucleus interaction is described by a complex po-
tential determined phenomenologically from the
elastic and total pion-nuclear cross sections. His re-
sults show that it is possible to successfully con-
struct a model that acknowledges the special dynam-
ical processes that dominate the pion-nucleus in-
teraction at these energies and therefore may be used
as a framework for more detailed study. By demon-
strating the strong influence of nuclear-medium ef-
fects on the quasielastic channel, the importance of
considering medium effects in interpreting other nu-
clear reactions, where their effect may not be so ob-
viously apparent, is emphasized.

The experiment reported here has furnished data
on one nucleus covering a major reaction channel
through the 6(1232) resonance region, which is suf-
ficiently comprehensive and detailed to provide both
qualitative insight into the reaction dynamics and an
extensive quantitative test of theoretical models.
Similar experiments have now been performed
over a range of nuclear masses that will provide in-
formation on how the balance between single- and
multiple-scattering processes and pion absorption
depends on the nuclear size and on the neutron ex-
cess. Our global understanding of pion-nucleus in-
teractions is now quite good. In order to proceed to
a more detailed understanding, where we may learn
about the microscopic dynamics of the 6-nucleus in-
teraction and of pion-absorption processes, extensive
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coincidence measurements of quasifree scattering,
(sr, AN), and of absorption, (sr, NN), are required.
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