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Observation of the Quasifree Reactions '2C(n +, -m+-p ) at 245 MeV
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The inclusive reactions ' C(7i, & P) were studied at 245 MeV over a broad kinematic
ruing e by coincidence measurement of the outgoing particles. The & -P angular correla-
tions, proton energy spectra, and the ratio of positive- to negative-pion cross sections
are all consistent with those expected from quasifree scattering. For positive pions,
quasifree scattering accounts for (30+ 3)% of the inclusive pion inelastic scattering to
backward ~myles, The rest is attributed to the (&+,&+n) reaction and to multistep pro-
cesses.

PACS numbers: 25.80.+f

The pion-induced knockout reaction has attracted
much interest because of its important role in
pion-nucleus interactions and its potential applica-
tions in nuclear structure research. Radioactiv-
ity studies of the reactions "C(&', &N) "C have
shown' that the ratio of cross sections for m'-
and & -induced reactions deviates strongly from
both the ratio for free pion-nucleon scattering
and the expected ratio from plane-wave impulse-
approximation calculations. These results indi-
cate that processes other than simple quasifree
scattering take place, and they have been inter-
preted" in terms of nucleon charge exchange in
the final-state interaction. Measurements of the
angular distribution and energy spectra of in-
elastically scattered pions ' indicate that quasi-
free processes dominate pion inelastic scattering
to backward angles. Some pion-proton coinci-
dence measurements have been made, "but the
limited kinematic range covered by these experi-
ments is insufficient to determine the role of
quasifree scattering.

We report results of an experiment designed

to measure cross sections for quasifree knockout
reactions on "C at 245 MeV. The experiment
was performed at the rM3 channel of the Schwei-
zerisches Institut fur Nuklearforschung accelera-
tor. Cross sections and energy spectra of pro-
tons in coincidence with scattered positive and

negative pions were measured. The scattered
pions were detected by three telescopes, each of
which consisted of two 5 & 5 && 5-cm' cubes of
plastic scintillator with 5-mm-thick scintillators
in front and back of the cubes. The front surfaces
of the telescopes were 50 cm from the target and
their centers were separated from each other by
1o . Energy-loss measurements identified pions
over the whole energy region, but their energy
spectrum was not measured.

The coincident protons were detected with an
array of sixteen scintillators, each 5&10&100
cm', arranged in two layers to cover an area of
0.8x1 m', with the front surfaces 111 cm from
the target. In addition, a 1-mm-thick scintilla-
tor was placed in front of the array. Pulse-
height and time-of-flight information was re-
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corded for each scintillator, with the time differ-
ence between pulses in the phototubes mounted
at the ends of each scintillator giving the vertical
position of the detected particle. The informa-
tion was sufficient to identify protons and to
measure their energy with moderate resolution.
The pion beam was monitored by two thin plastic
scintillators mounted on the beam axis and a
collimating scintillator with a 5 x5-cm hole, in
which the target was mounted. Protons present
in the beam were eliminated by degraders in the
transport channel and muon and electron con-
taminations were measured by time of flight.

Calibration measurements were made with a CH,
target. Free m'-p scattering was detected in coin-
cidence at several angles to provide proton-ener-
gy calibration and checks on the absolute-cross-
section measurements. The overall energy reso-
lution measured with the CH, target, including
kinematic broadening, energy losses, and elec-
tronics, was 18 MeV. The proton angular resolu-
tion was 5 in the horizontal plane and 4' in the
vertical plane. The low-energy cutoff for proton
detection was 30 MeV. Pions were detected in
the angular range of 70 -140 in steps of 10 .
The proton-detector array could be moved so that
protons could be measured from 140 to 30 rela-
tive to the beam direction, covering simultaneous-
ly a vertical angular range -21 ~ q ~ 21'. For
each pion detection angle, protons were detected
over an angular range of at least 100 for n' and

80' for &, centered around the angle for free
pion-proton scattering. Measurements without
target were taken to determine the background.

Figure 1 shows the angular correlation between
the pions (detected at a fixed angle) and the pro-
tons, for both positive and negative incident pions.
The data are presented for the reaction plane
(Ay=+6') and integrated over the outgoing pion
and proton energies. The out-of-plane angular
correlation is the same. The errors shown are
relative, and contain statistical and angle-depen-
dent systematic uncertainties. There is an addi-
tional overall normalization uncertainty of 8%.
These curves, and those obtained for all the
other pion scattering angles, show a strong peak
centered near the angle for free pion-nucleon
scattering, superimposed on a low "background. "
A proton-energy spectrum measured at the peak
of the angular correlation curve is shown in Fig.
2. Again, a peak centered near the energy cor-
responding to free &-p scattering can be seen.
The width of the peak, adjusted for experimental
energy resolution is 37 + 3 MeV for &' scattering
and 50+10 MeV for II scattering (full width at
half maximum). The energy spectrum at angles
away from the angular correlation peak is some-
what shifted in peak position and somewhat broad-
er, but always falls off to very low values, well
above the experimental cutoff energy. We can
therefore conclude that the shape of the angular
correlation is not appreciably affected by this
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FIG. 1. Pion-proton angular correlations for positive
(squares) and negative (crosses) pions detected at 120'.
The scale for & scattering (right-hand side} is that
for &+ scattering (left-hand side) multiplied by the
ratio of free 7l p to r+p scattering cross sections.
The solid curves are the results of Gaussian fits to
the data. The arrow marks the angle for free AN scat-
tering.
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FIG. 2. Energy spectra of protons detected in coin-
cidence with positive (squares) and negative (crosses)
pions scattered at 110 . The arrow marks the angle
for free &N scattering.
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cutoff.
Each pion-proton angular correlation was fitted

by a least-squares method by a sum of two Gaus-
sian curves whose peak positions, amplitudes,
and widths were treated as free parameters. The
solid curves in Fig. 1 show the result. We obtain,
for all cases, one narrow and one broad Gaussian.
The peak of the narrow Gaussian curve lies near
the angle corresponding to free v-p scattering.
The standard deviation of the narrow Gaussian
is consistent with the Fermi momentum of a pro-
ton in carbon. The broad Gaussian component
(shown by dashed curves in Fig. 1) has a standard
deviation of about 40 for all the measured angu-
lar correlations. As can be observed in Fig. 1,
the broad Gaussian for v scattering is relatively
higher than that for m' scattering.

These results indicate that we may associate
the narrow Gaussian component in the angular
correlation with quasifree pion-proton scattering,
while the broad Gaussian represents the effects
of pion multiple scattering and of nucleon final-
state interactions. The relative contribution
from pion multiple scattering is expected to be
similar for ~' and & . The component which
corresponds to nucleon final-state interaction is
expected to be larger for & because of a con-
tribution from the (&, & n) reaction followed by
a nucleon charge exchange, a process which is
expected to be relatively small for v'. It is not
surprising, therefore, that differences between
the angular correlations and energy spectra for
m' and & can be observed.

The inclusive "C(n', ~') cross section at the
same bombarding energy, 245 MeV, was pre-
viously measured. ' In order to determine the
contribution to this cross section from the quasi-
free reaction "C(v', ~'p), we integrated the area
under the narrow Gaussian component in the pion-
proton angular correlation, including the data ob-
tained outside the reaction plane, and found that
over the angular range of 90' + 8, ~140' this con-
tribution is (30+ 3) /&. Apart from a small con-
tribution from the quasifree (~', &'n) reaction
the rest is attributed to pion multiple scattering
and to nucleon-nucleus final-state interactions.
The separation of the contributions from each
of the latter two processes requires a better
understanding of at least one of them. '

The results of the integrations of the quasifree
scattering are shown in Fig. 3(a) as a function of
8, for both positive and negative pions (the scale
for the latter is multiplied arbitrarily by 10).
The solid curve represents the results of free
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FIG. 3. {a) Angular distributions of quasifree
C(&+,r+p) (squares) and C(&,m p) (crosses, mul-

tiplied by 10). The curve is the angular distribution
for free &+p scattering. (b) Ratios of the quasifree 7t+

to ~ cross sections. The curve is the free &+p to
& p cross-section ratio.

pion-proton scattering, "showing a good agree-
ment. Figure 3(b) shows the cross-section ratio
of the quasifree (w', v'p) to (n, v p) scattering
compared with the ratio for free pion-nucleon
scattering, and again the agreement is good.
These results give further support to the way we
identify the quasifree process and can explain why
the observed ratios are so different in experi-
ments which are not selectively sensitive to quasi-
free scattering such as radioactivity studies.

We thank Professor C. Joseph for allowing us
to use the detector array, Dr. P. Schrager for
his assistance in its operation, and Dr. I. Navon
for his help in the preliminary stages of the ex-
periment. Illuminating discussions with Profes-
sor J. M. Eisenberg and Professor Z. Fraenkel,
and Dr. F. Lenz, Dr. E. Moniz, Dr. E. Levin,
and Dr. J. Lichtenstadt are gratefully acknowl-
edged. The Tel Aviv University group is grate-
ful for the warm hospitality of the Schweizeriseh-
es Institut fiir Nuklearforschung. This work was
supported in part by the Israeli Commission for

1273



VOLUME 46, NUMBER 19 PHYSICAL REVIEW LETTERS 11 MAY 1981

Basic Research and by the Swiss Institute for
Nuclear Research.

'B. J. Dropesky et al. , Phys. Rev. C 20, 1844 (1979).
~P. W. Hewson, Nucl. Phys. A133, 659 (1969).
3M. M. Sternheim and R. R. Silbar, Phys. Rev. C 21,

1974 (1980).
I. Navon et 4., Phys. Rev. Lett. 42, 1465 (1979).

I. Navon et a/. , Phys. Rev. C 22, 717 (1980).
6C. H. Q. Ingram, in Meson-Nuclea~ I'hysics —1979,

edited by E. V. Hungerford, GI, AIP Conference Pro-
ceedings No. 54 (American Institute of Physics, New

York, 1979), p. 455.
L. W. Swenson et a/. , Phys. Rev. Lett. 40, 10 (1978).
H. J. Ziock et al ., Phys. Rev. Lett. 43, 1919 (1979).
'J. P. Schiffer, Nucl. Phys. A335, 339 (1980).
P. J. Bussey et al. , Nucl. Phys. B58, 363 (1973).

1274


