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9Be(p, n )'OC reaction in the 200—250 MeV proton energy range
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Measurements of the dependence on incident proton energy of the analyzing power A&(8) for

pm production on nuclei are reported for the Be(p, m )' C reaction leading to the ground
state (g.s.) and the first three excited states of ' C. For the transition to the g.s. the analyzing

po~er shows little dependence on proton energy while for transitions leading to the '
C335 and

C66p states it varies considerably with incident proton energy. Nuclear structure dependence

of the Az(8) is also observed fog the first time in pm reactions.

NUCLEAR REACTIONS Be(p, m )' C; measured A&(0) for ' Cz, ,
'

C335 C528 and C66p transitions; E-=200, 225, 250 MeV; calculated-
P

rp(e).

A unique aspect of exclusive pion production (pion
production where the residua1 nucleus is left in a de-
finite state) is the very high momentum transfer
characterizing the reaction. "While the nuclear Fer-
mi momentum is -270 MeV/c, the minimum
momentum transfer in a (p, sr) reaction is -480
MeV/c. For incident protons of 250 MeV one can
reach up to 800 MeV/c of momentum transfer for
backward angle pion emission. Since the single-
nucleon wave functions drop rapidly with increasing
momentum, ' the large momentum transfer in the ex-
clusive (p, sr) reaction accounts for their small cross
sections as compared to inclusive (p, m) reactions.

Because of the extremely small cross sections asso-
ciated with exclusive (p, sr ) reactions where experi-
mental difficulties are compounded by additional fac-
tors such as the need for good background rejection
and acceptable resolution, little data exist. A charac-
teristic feature of the few ( p, sr ) reactions that have
been measured is the lack of any significant angular
dependence of the differential cross sections. 4 7 In
fact, such featureless data have been interpreted as
evidence of a multistep production mechanism. The
first measurement (inclusive) of the spin dependence
of m production from nuclei showed a flat and
slightly negative analyzing power as a function of
kinetic energy, ' whereas the first analyzing powers re-
ported for the exclusive 9Be(p, n )'oC(g. s.) reac-
tion, measured at 200, 225, and 250 MeV, indicated
a fairly large positive value over most of the large an-
gles of the angular range.

In this Communication we report the first mea-
surements of the 9Be(p, st )'oC reaction leading to
states of ' C other than the ground state, as well as

the ground state, for incident proton energies of 200,
225, and 250 MeV. Although the 9Be( p, m )' C'
reaction has been studied at a number of energies be-
fore [Tv =185 MeV, '

T~ =613 MeV, '2 and T~ =600
MeV (Ref. 13)] such earlier work was restricted to
the use of unpolarized beam.

Details of the experimental hardware as well as the
data acquisition system and analysis techniques will

be described in a later publication. In summary, the
experimental apparatus involved a 65 cm Browne-
Buechner magnetic spectrograph; the detector system
consisted of a three-scintillator telescope used as a
fast trigger for event definition and three helically
wound multiwire proportional chambers (M%PC) for
track reconstruction (and thence momentum defini-
tion). The data acquisition system consisted of a
PDP 11/34 computer with disk, magnetic tape, and
graphics peripherals, The spectrometer solid angle
(by geometry) is of the order of —3 msr although
the effective solid angle depends on incident pion en-
ergy. The target thickness was 155 mg/cm2 of
reactor-grade graphite bombarded by average proton
beam current of —8 nA. The beam polarization,—70/o, as well as the beam current were monitored
by a CH2 polarimeter detecting both the scattered and
recoil protons.

The pions were identified on the basis of: energy
loss in the scintillators, particle time of flight, and
track definition using the MWPC's. The total back-
ground not associated with pions was reduced to
& 1% of the total number of pions. The background
due to scattered pions as well as decay muons is
-4% of the total number of pions. A characteristic
pion excitation spectrum is shown in Fig. l.
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FIG. 1. Pion excitation spectrum for 46' and T~ =225
MeV.
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Our results for the analyzing power A~(8) for the
(p, m ) reaction (Figs. 2—5) show striking differences
from that of positive pion production at 200 MeV. '

In the latter 'Be(p, m+))BBe reaction the A~(8)
values for both ' Be ground and 3.37 MeV excited
states mere negative through the whole angular range.
At T~ =200 MeV our (p, n ) results are restricted to
the angular range below HL, =90'. The analyzing
power to the ground-state transition, however, is in
agreement with that reported in Ref. 11 although our
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FIG. 3. Analyzing power Ay(0) for the C(g.s.) at

Tz =225 MeV (solid circles) and Tz =250 MeV (open cir-
cles). The triangles are the results for the Be(p, ~+)-
' Be(g.s, ), also at T =225 MeV from Ref. 15. Error bars
reflect statistics only. Lines drawn to guide the eye.

06-

04-

02

1.0 .

08

0.6

9 lo
Be(p, 7T ) Cp M

Tp= 200 MeV

Tp= 225 MeV

Tp=250 MeV

-02

80 100 120 140 " 160
8, 0.2-

-0.4 —0.2

-0 6-
-0.4-

-0.8-
-0,8-

I I I I I I

2 0 40 60 80 100 120 140 160
(9„

FIG. 2. Results of the analyzing power Ay(8) at T& 200
MeV for the ground state (solid circles) for the
Be(p, m )' C reaction. The open circles are the results in

Ref. 11. Error bars reflect statistics only. The solid line is

to guide the eye for the ground-state analyzing power.
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FIG 4 Ay (8) results for the transition to the C3 35 for
T~ =200 MeV (crosses), T~ =225 MeV (solid circles), and

T~ =250 MeV (open circles). Statistical errors only.
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FIG. 5. A&{8) results for (a) the C52s transition at Tz =225 MeV and Tz =250 MeV, and (b) the ' Cs so transition at
T =225 MeV and T~ =250 MeV. For comparison the solid line indicates the ' C(g.s.) dependence at the same energies. Sta-
tistical errors only.

results suggest a sharper minimum at HL,
=46' than

expected from Ref. 11. In fact the shape of the
A~(II) at 200 MeV as reported in Ref. 11 with the ad-

dition of our 46' analyzing power (Fig. 2) is very
similar to those measured by us at T~ =225 and 250
MeV (Fig. 3)'5 implying very little, if any, energy
dependence. The two states that do show a dramatic
dependence on energy are the "C3 35 and the ' C6 6o

states (Figs. 4 and 5). Interpretation of the analyzing

power appropriate to the 5.28 MeV state is complicat-
ed by the fact that both 5.22 and 5.38 MeV states
contribute. ' Unfortunately, the theoretical situation
regarding the (p, rr ) reaction is particularly un-
developed. No detailed model calculations exist. Re-
cently a model was proposed assuming pion produc-
tion by direct knockout from the pionic field in the
nucleus. " Although this model is still in a prelimi-
nary form, it does predict a positive A~(8) for
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FIG. 6. Spin-averaged yields Yp(8) for the Be(p, m )' C leading to the ground state and the '
C335 state at (a) Tp =200,

(b) 225, and (c) 250 MeV. The T~ =200 MeV cross section for the ' C(g.s.) from Ref. 11 is included for comparison normal-
ized to our 46' yield reported in this paper. Statistical errors only.
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ground-state transitions at all pion angles at T~ =200
MeV. The parameters used in the calculations were
optimized for "C but are expected to be similar for
light nuclei in general. At its present level the model
fails to reflect the negative Ar(8) at the forward an-

gles or the differences in energy dependence which
we observe for the (p, rr ) reaction to different ex-
cited states. The model is, however, sensitive to nu-
clear structure and predicts large differences in the
Ar(8) for different transitions.

The angular distribution Yo(8) of the unpolarized
yield for the transition to the 3.35 MeV state in ' C is
strongly forward peaked at all proton energies (Fig.
6). We also see evidence for more angular structure
in the (unpolarized) differential cross section for the
transition to 'oC(g. s.) (Fig. 6) than has previously
been reported near threshold. '" In this respect, our
results are more similar to those measured previously
at higher energy. ' If negative pion production from

nuclei arose from a multistep process, as has been
previously inferred, one would expect a rather
featureless angular distribution for the differential
cross section as well as the analyzing power. In light
of the significant structure presented here in the an-
gular distributions for both differential cross sections
as well as analyzing power, a more fundamental pro-
duction mechanism (such as that of Gibbs") appears
necessary. Clearly, more (p, n ) reaction data are
required in order to experimentally determine the
general features of this pion production reaction near
threshold.
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