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We have measured the cross sections of the reaction "C(n. +,m +p)"Bin a coincidence experiment at 100 and 130
MeV and compare our results with the cross sections calculated in the plane-wave impulse approximation.

NUCLEAR REACTIONS C(7l', r'p) 8, e =100 and 130 MeV; measured
o(E, E„E&,8„8$ in coincidence; compared with plane wave impulse approxi-

mation.

Experimental studies of the (n, mN) reaction in
nuclei have used the activation method' and nuc-
lear emulsions. ' An inclusive counter experiment
measuring only the protons' was inconclusive be-
cause of background problems. In the same ex-
periment some data were taken in a coincidence
mode and used to obtain ratios for the cross sec-
tions 0' and cr on "C, "Al, and 'Pb.

Other experiments have been concerned with
particular aspects of the (s, mN) interaction such
as the excitation of certain final states as evi-
denced by the z emission of the residual nuclei. '
Theoretical. ' and experimental' studies have been
made of the ratio of the cross sections for positive
and negative pions. In a recent paper' we reported
the observation of the reaction "C(s', w'p}"B in

the course of an experiment designed to study
cluster effects in nuclear pion capture. We have
now studied this reaction in more detail and pre-
sent here our experimental results and a compari-
son with the plane wave impulse approximation
(PWIA).

The experiment was performed at the low energy
pion channel of the Clinton P. Anderson Meson
Physics Facility (LAMPF). In the pion arm we
used a 10 cm thick NaI(Tl) detector preceded by
two Si surface barrier detectors of 800 mm' area
and 1 mm thickness. This system allowed us to
stop and identify pions with T ~ 95 MeV. In the
proton arm we used an intrinsic Ge detector of 12
mm thickness and 35 mm diameter preceded by
a 1 mm thick Si(Li) detector. This array was

able to stop and identify protons of T ~70 MeV.
. The thickness of the graphite target was 169
mgjcm' and the energy spread of the incident pion
beam was +1 MeV. The cross section depends
strongly on the kinematic conditions. ' We there-
fore discuss here briefly the kinematics of the
(s',p, "B) system: In a scatterplot of T, vs T,
[Fig. 1(a}]the events are clustered along a line
that corresponds to the ground state of "B. Be-
cause the pion and the proton are so much lighter
than the "B, they share most of the available en-
ergy and this ground-state line is nearly straight.
There is lateral structure in this line due to the-
here barely resolved —excited states of "B at 2. 02
and 5.2 MeV [see also Fig. 2(a)]. The continuum
below the line is due to the excitation of "B into
the particle unstable region. The background
events in the unphysical region above the line are
largely due to p-e decays in our pion detector.

'The events are kinematically determined by the
energy of the incident pion T„ the pion and proton
angles [130 MeV, -120', 40' in the example of
Fig. 1(a)], the mass of the residual nucleus, and
the energy of the scattered pion T,. For a given
state of the residual nucleus one can thus calcu-
late T, as well as the recoil momentum p4 as a
function of T, : Curve (a), Fig. 1(b) shows p» for
the ground state of "B. The regions of large re-
coil momenta correspond to large momentum com-
ponents in the nuclear wave function. For such
momenta one would expect the cross section to be
small, in qualitative agreement with the distribu-
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FIG. 1. (a) Scatter plot of proton energy T3 vs pion
energy T2. The band corresponds to particle stable
states of B. Events above are background, below are
background plus particle unstable states. The cutoffs at
T2- 95 MeV and T3 70 MeV are due to the finite thick-
ness of our detectors. The low energy cutoffs were
introduced by us. (b) (a): p4 (left scale), (b): kine-
matic factor K (arbitrary units), (c): m23 (right scale)
as functions of T2.

tion of the events in Fig. 1(a). Also shown are the
phase space, curve (5), and the invariant mass
m», curve (c). It should be noted that m» varies
considerably with T, even though 1', remains un-
changed; i.e., our experiment probes a reg'ion of
the (—,, —,') resonance for each choice of the incident
energy

When one uses a scintillation detector for pion
detection, muons, from n-p, decays inside the
detector, may decay during the acceptance period
of the linear gates (-1 p, sec) depositing an un-
known amount of energy. Also, some pions may
interact in the detector causing the emission of
neutrons whose energy remains unobserved.

If, as in our experiment, the energy spectra of
the scattered pions are similar for the various
measurements, these effects will have little in-

e 1 2p' (mb/sr )exp
FIG. 2. (a) Cross section (rel. ) as a function of the 8

excitation energy. Insert: proton pole diagram used in
the PWIA. (b) (a): single proton density in momentum
space according to Mougey et al. (Ref. 9), (b) free
(g,p) cross section. The regions covered by our experi-
ment for Tq=130 MeV, 8 =-120', 8&=40' are empha-
sized. (c) Comparison of normalized PWIA and mea-
sured cross sections.

fluence on the relative cross sections. In order
to further reduce uncertainties we have restricted
the following comparison with the P%'IA to the
easily identifiable contributions from the particle
stable states of "B, considering all events with an
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TABLE I. Cross sections in mb/sr for the reaction IC(&+, II+p) B for all final states/par-
ticle stable states only. The relative values should be within the stated error limits. The
errors of the absolute values could be twice as large.

Tg = 100 MeV Tg =130 MeV

400 60' 80' 400 60

-82'

—85'

-86.5'

-90'

-98'

-100'

-120'

-135'

0.45+ 0.04
0.29+ 0.03

0.69+0.13
0.43 + 0.03

0.98+0.04
0.59+0.03

0.44 + 0.03
0.27 + 0.02

0.17+0.14
0.07+ 0.01

1.46 + 0.07
0.65 + 0.04

2.2 + 0.11
1.16+0.08

3.4+ 0.09
1.6 +0.07

3.2+ 0.13
1.7+ 0.1

1.6+ 0.07
0.83 + 0.05

0.86+ 0.06
0.33+ 0.04

excitation energy of more than 9.75 MeV as com-
ing from particle unstable states. [See Fig. 2(a). ]

We have measured the cross sections at the
combinations of the experimental parameters,
given in Table I, have ordered them according to
size, regardless of the kinematic conditions undec
which they were taken, and have calculated for
each set of conditions the cross section in the
PWIA.

This approximation, symbolized by the graph
shown in Fig. 2(a) (insert), assumes that the in-
cident pion (1) scatters off one of the nuclear pro-
tons knocking it out of the nucleus (0) to become
a free proton (3), while the residual nucleus (4)
recoils.

The PWIA cross section is the product of the
phase space factor K, the probability n„(P4) of
having a proton of momentum p4, as given by the
proton momentum density at the lower vertex 8,
and the (II,p) cross section for scattering on a
free proton of such a momentum at the upper ver-
tex A. :

d 43 d(T(m33 ~ t)
d( 3)d( 3)dtdy y(P4)4dt Pt

where t =(P3 -PI} is the invariant momentum
transfer and Qr the Treiman-Yang angle. m33
=[(P3+P3) ]I~3 is the invariant mass of the out-
going (II'p) pair, and m3 that of the exchange pro-
ton.

~I+exPer PWIA)2 (2)

and find it to be ~ for the ground state events or
14 for all events. Figure 2(c) shows that after this
normalization the agreement between theory and
experiment is quite satisfactory. The absolute
cross sections, corrected for detector effects,
integrated over all final states of "8, and the
cross sections for the particle stable-states only,
are given in Table I.

We conclude: While other reaction mechanisms
dominate the pion nucleus cross section, certain

For the actual calculation we have used the
C P -state proton momentum distribution from

the (e,e 'P) experiment of Mougey et at.' and the
tabulated cross sections for free (II',p) scattering,
selected at those incident pion energies which gave
the values of rn23 observed in our experiment.

Figure 2(b} shows the proton momentum distri-
bution in ' C and the free (II,p) cross section; the
regions probed with one particular choice of para-
meters in our experiment are emphasized.

The PWIA does not take into account the exis-
tence of other reaction mechanisms e.g. , pion
absorption. The calculated cross sections must
therefore be normalized to the experimental ones.

We have determined a common normalization
factor n by minimizing
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clearly identifiable events constituting about i4
of the maximum possible are reasonably well des-
cribed by the PWIA. Of these events about 50%
leave the residual nucleus in the ground state or
one of the lower particle stable excited states.
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