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A systematic study of inclusive pion scattering from targets of He, ' C, Ni, and Pb
has been performed at incident ~+ kinetic energies of T +

——100, 160, 220, and 300 MeV.

Particular attention was paid to the kinematic region where energy losses were greater than
typical single-particle binding energies. The spectra of scattered pions were integrated to
yield angular distributions and total inelastic-scattering cross sections. The spectra for all
targets are similar, showing a peak near that expected for a single-step quasifree scattering
process.

NUCLEAR REACTIONS He, ' C, 8Ni, Pb, (rr+, sr+ ), T +
——100,

160, 220, 300 MeV; measured d cr/d 0 + dE + .

I. INTRODUCTION

The present experiment studied the systematic
properties of inclusive pion scattering spectra using
incident pions in the 6(1232) energy region from a
variety of nuclear targets. The kinematic region of
pion energy losses greater than typical single-particle
binding energies occupies a substantial fraction of
the reaction cross section; therefore, measurements
of the basic properties of this region are essential to
a more complete understanding of how pions pro-
pagate in nuclei. Previous studies of inelastic
scattering tended to be either exclusive experiments
dealing with final states making up a small fraction
of the inelastic yield, ' or were taken using one or
two targets, sometimes over a rather limited
kinematic regime, or were low-resolution cloud
chamber and emulsion experiments. The present
study covers a wide range of targets, incident ener-
gies, and scattering angles with moderate resolution
to provide a basis for determining the important re-
action mechanisms. An earlier paper on this experi-
ment presents some preliminary results, with em-
phasis on comparisons between He and other nu-
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FIG. 1. The QQD spectrometric used in the present
measurements is shown in top (a) and sited (b) view 5.
The mean flight path through the spectrometer, from S1
to S3 was 5.3 m. The scintillators have been omitted from
the top view for clarity.
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Momentum
Scattering angle
Position on target
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TABLE I. Spectrometer characteristics.
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FIG. 2. A typical inelastic spectra from a ' C target is
shown. The shaded area was eliminated from the energy
integration to approximately obtain the inelastic cross sec-
tion dc /dQ.

II. EXPERIMENTAL APPARATUS

The P channel at the Los Alamos Meson Physics
Facility (LAMPF) provided an incident pion beam
of 10 —10 pions/sec in the kinetic energy region
from T + ——100—300 MeV. ' The beam spot on tar-

get was typically 2 cm (FWHM) in diameter, the
beam momentum spread was +1.5% (FWHM). An
argon ion chamber upstream from the target con-
tinuously monitored the beam flux during the exper-
iment.

To carry out the present measurements in a
reasonable amount of beam time, it was necessary to
construct a new, moderate resolution, large-
acceptance QQD magnetic spectrometer, described
in detail elsewhere "The. design and important
characteristics of the spectrometer are shown in Fig.
1 and Table I, respectively. The mean flight path
was 5.3 m, corresponding to a pion survival fraction
of 40% at 100 MeV/c, the lowest momentum mea-
sured here. A helium bag enclosing the pion flight
path reduced somewhat the degradation of the reso-
lution due to multiple scattering. Four x-y sensing
wire chambers measured the trajectory of the pion,
with three planes of scintillators providing timing
information for particle identification and trigger-
ing.

The solid targets (384 mg/cm ' C, 574 mg/cm
Ni, and 594 mg/cm Pb) were in the form of

6.4)& 10.2 cm slabs. The cryostatic He target
volume was a 30.5 cm long by 7.6 cm diam cylinder
described in Ref. 12. Software cuts on the position
an target af the scattered pion along with the rela-
tively small beam spot eliminated background
scattering from target support structures.

For each event, the position on target, the scatter-
ing angles (8 and P), and the momentum, were de-
rived from the wire chamber coordinates using a
least-squares fitting procedure, described in Ref. 11.
A cut on the trajectory consistency value from this
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FIG. 3. The extrapolation used in estimating the in-
tegrated cross sections are shown. In (a) the area under
the four term Legendre polynomial fit to the data
represented by the solid line was taken as o.;„,~. In (b) the
area under the data points and the solid line was taken as
do. /dQ. The dashed lines are reasonable estimates of
possible errors.
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Target

TABLE II. Data. (All data taken using ~+ 's. )

Energies Angles
(in MeV) (in degrees lab)

58Ni 208Pb

as
4He

100, 160, 220
300
100, 160, 220
100
100, 160, 220

30 —146' in 20 increments
30 —120' in 30 increments
30'—146' in 20 increments
30'—146' in 20' increments
30'—146 in 30' increments

procedure reduced the muon contamination in
der/dO to less than 4%. Protons were easily dif-
ferentiated from pions on the basis of time-of-flight
measurements. Positrons, primarily from pair pro-
duction following (m+, ~ ) reactions, were estimated
to contribute less than 1% to the final spectra. A
typical spectrum, as shown in Fig. 2, consists of
four-momentum bites of 20% each, averaged over a
+4' scattering-angle bite and overlapped by 5% in
momentum as a consistency check. Corrections
were made for the dead time, the pion-survival frac-
tion, the momentum-dependent acceptance of the
spectrometer, and energy loss in the target. Back-
grounds measured using the empty cryostat were
subtracted from the He data. The absolute normal-
ization of the incident pion flux was obtained by
measuring ~+-p scattering and comparing to known
values. ' ' A polyethylene target was used in
measuring this normalization for the solid targets,
and a Styrofoam cylinder of the same dimensions as
the cryostat target volume was used for normalizing
the He data. The overall normalization error is ap-
proximately 15%, point-to-point errors in the spec-
tra are about 10%. To obtain inelastic angular dis-
tributions it was necessary to extrapolate the spectra
to zero cross section at the Coulomb barrier. Addi-
tional extrapolations were made in integrating the
angular distributions to obtain total inelastic cross
sections. Examples of these extrapolations with esti-
mates of errors are shown in Fig. 3. The integration
of the spectra was carried out over the region of en-
ergy losses greater than 5 MeV to approximately ex-
clude the elastic peak, as indicated in Fig. 2.

Table II contains a listing of targets, angles, and
incident pion energies for which data were obtained.
Spectra for all targets at T + ——160 and 220 MeV
are shown in Figs. 4 and 5. Inclusive inelastic angu-
lar distributions for T + ——160 and 220 MeV are
displayed in Fig. 6. The total integrated cross sec-
tions for inelastic scattering are shown in Table III
and Fig. 7. Numerical tabulations of differential
cross sections for all energies and targets are avail-
able on microfilm. '

IV. DISCUSSIQN QF DATA

A striking feature of the inelastic spectra is the
presence of a broad peak which moves to lower ener-

gy at larger angles. This peak follows the trend of
the free ~-X elastic peak; the free mNenerg. -y is in-
dicated by arrows on the spectra shown in Fig. 4.
This feature dominates the scattered pion inelastic
spectra at T +

——160, 220, and 300 MeV. It is sug-
gestive of a single-step m-X scattering process, where
the width of the peak could be attributed to the Fer-
mi motion of the nucleons. Previous measurements
have shown similar quasifree behavior for He at
T +=90—320 MeV and 8 +=30 —135 (Ref. 3),
' 0 at T + ——115, 165, and 240 MeV,
0 + ——30'—134' (Ref. 4), and ' C, ' ' Ca at
T +

—180 and 290 MeV, 0 +
——60' and 120' (Ref.

5). Our measurements show that this behavior is
common to a wide variety of nuclei, from He to

Pb, over a scattering angle range of
0 + =30'-146 .

The reaction mechanism seems to be rather in-
sensitive to the details of nuclear structure. The
spectra shown in Figs. 4 and 5 are similar in shape
from ' C to Pb. A significant difference in the
spectral shapes occurs at 50', where the ' C data
seems more forward peaked and to have a propor-
tionally smaller low-energy tail. The He spectra
also show a characteristic quasifree peak. This peak
is somewhat narrower than that found for the
heavier nuclei. Kinematic and nuclear structure
considerations may be responsible for this differ-
ence.

Figure 8 shows a simple plane-wave impulse ap-
proximation calculation normalized to the ' C data
at T +

——160 MeV. This normalization is angle
dependent, the calculation does not reproduce the
magnitude or shape of the angular distributions.
Here, the nucleus is assumed to be a degenerate Fer-
mi gas, with a 221-MeV/c Fermi level, a value used
in fitting 500 MeV/c inclusive electron scattering
measurements. ' The free m.-nucleon T matrix as
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parametrized by Landau and Salomon' is em-
ployed. This calculation reproduces the width of the
spectra rather well, and considering that it ignores
all binding energy effects, it gives a reasonable value
for the peak position. The effects of elastic scatter-
ing and absorption are ignored so that it is not
surprising that the angular distribution is not repro-
duced in this calculation. Recently, more sophisti-
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FIG. 4. The inelastic spectra at T + ——220 MeV are

shown. The elastic peak and low-lying excited states have
been suppressed in this figure. (Energy losses &5 MeV
are excluded. )
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FIG. 5. The inelastic spectra at T + ——160 MeV are

shown with the elastic peak suppressed as in the preced-
ing picture.

0.02-

cated calculations, using the isobar hole model and
ircluding medium corrections to the m Nt matrix, -

have been carried out for He (Ref. 3) and ' 0 (Ref.
18). Good agreement with the shape and magnitude
of the quasifree region was obtained for incident en-
ergies of 163 MeV and greater. The interaction of
the 5 with the rest of the nucleus is claimed to be an
important factor in these calculations. To date,
these calculations have only been applied to light
nuclei. The similarity of the spectra for all nuclei
observed in the present data suggests that such
models may also be applicable to heavier nuclei.

Previously, it was noted that the m-nuclear angu-
lar distributions at back angles are rather similar
from target to target and bear a strong resemblance
to the free Ir+-p angular distribution. ' ' As
shown in Fig. 6, the present Ir-nuclear angular dis-
tributions are roughly consistent with the shape of
the free m+-p distributions. However, there seems to
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FIQ. 6. Inelastic angular distribution at T + ——160 and 220 MeV are shown. The solid lines are the free ~+p cross sec-

tions normalized to the data.

be a trend towards a steeper backward angular dis-
tribution on heavier nuclei. At forward angles, the
~-nucleus distributions rise slower than those for m-

N scattering. This may in part be due to the Pauli
blocking of low-momentum transfer events; the
momentum transfer to the struck nucleon must be
great enough to excite it to an unoccupied state.
The tight binding and lack of excited states in He
seem to enhance this effect. Geometric shadowing
effects would also tend to suppress forward quasi-
free scattering.

It has proven useful to express the various com-
ponents of the reaction cross section as power laws
in A to make clear the gross behavior of these chan-
nels. As shown in Fig. 7, the inelastic cross sections
measured in the present experiment rise as
where N=0.40+0.09 averaged over all energies and
excluding "He. Previous values obtained for this ex-
ponent using positive pions in the resonance region

are N =0.45+0.03 by McKeown et al. ' (here only
the integrated yield over the backward hemisphere
was considered), and N =0.44+0.05 by Ashery
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TABLE III. Total inelastic cross sections. (Absolute
errors are 30% at 100 and 300 MeV and 20% e1sewhere. )
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FIG. 7. The total inelastic cross sections are shown as
a function of A. The solid lines are proportional to A
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et al. As we also show in Fig. 7, the measure-
ments of Ashery et al. at 165 MeV are consistent
with the present values. An advantage of the
present experiment is that the inelastic and elastic
components of the spectra could be directly separat-
ed. All of these measurements are consistent with
inelastic scattering increasing slower than the
geometrically varying total reaction cross section
with respect to A.

V. CONCLUSION

The inelastic spectra from the wide variety of tar-
gets studied here seem to be dominated by a single-
step scattering mechanism. The specific details of
the target nucleus have little effect on the gross
features of the spectra. It has been suggested that
absorption is responsible for suppressing multiple
scattering, and thus enhancing the single-step frac-
tion of the inelastic spectra. Measurements of ex-
clusive processes, such as 2 (rr, ~'X), may help lead
to a more clear understanding of the various reac-
tion mechanisms. Such experiments on He are par-
ticularly important as the final-state interaction of
the nucleon is minimized, thus simplifying the inter-
pretation of the results.

~ ~ 1 ~ ~
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40 l20 20080 l60
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FIG. 8. The plane wave impulse approximation calcu-
lation, described in the text, is shown normalized to the
' C data by the factor x.
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