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The angular distributions of both the differential cross section ~and the analyzing power are presented for
the B(p, m+ ) 8 reaction leading to the ground and first excited states of B. The differential cross sec-
tion shows very little angular structure or energy dependence, but the analyzing power exhibits a consider-
able energy dependence for both states. This dependence, similar to that observed for the t2C(p, m+)t3C
reaction, may be a signature of the fact that single-particle final states are involved.

For some time now, there has been the expectation that
proton-induced pion production reactions, A(p, m+)3+1,
would constitute a useful spectroscopic tool for the investi-
gation of high momentum components of nuclear wave
functions once the production process itself was sufficiently
well understood. As a result, reactions of this type have at-
tracted considerable attention over the past several years. '
So far, however, even though much data now exist, the
basic production process is still unclear.

In the meantime, experiments have tended to look for
systematic trends in the data for clues in understanding the
basic reaction mechanism. One such clue could be the
strong energy dependence of the analyzing power observed
for the ground state transition of the '2C(p, m+)'3C reac-
tion. ~ This strong dependence, in contrast with the weak
dependence observed for 98e ( p, m+ ) 'cBe„reaction, 5 en-
couraged us to investigate another even A nucleus.

In this Brief Report the angular distributions of the
analyzing power and differential cross section for incident
proton energies of 200, 225, 250, and 260 MeV are present-
ed and compared with the corresponding situation in the
other light nuclei. In this respect, a possible trend due to
single-particle final states is pointed out.

The experiment was performed at the TRIUMF cyclotron
using an extracted polarized beam of 20 and 30 nA intensi-
ty. The spin polarization of the beam was typically 75%.
The beam intensity as well as its polarization were moni-
tored using polarimeters based on p-p elastic scattering from
thin CH2 (polyethylene) targets. 6 7

The areal thickness of the boron targets (all enriched to
92% 'cB), of the order of 100 mg/cm2, were known to
better than 1%. The background due to the 8% contamina-
tion of "8 in the target was carefully checked. For the data
presented here, where only the ground and first excited

states are considered, the "B backgrounds in this region
contributed less than 1% to the two states for all measure-
ments.

The basic apparatus used to detect and identify the pions
was a 65 cm Browne-Buechner magnetic spectrograph.
Three scintillators provided time-of-flight and energy-loss
information as well as the event definition. The pion trajec-
tory and thus the pion momentum was determined by three
helically wound multiwire proportional chambers. A de-
tailed description- of the experimental arrangement is
described elsewhere. '0

The overall efficiency and acceptance of the spectrograph
was calibrated relative to the known cross sections of the
pp de+ reaction. " In this case, the incident proton ener-
gy and pion angle were chosen so that the pion energy was
identical to that investigated in the 'aB(p, m. +)"B reaction.
In addition, a Monte Carlo simulation of the spectrograph
was applied to the A ( p, rr+ )A + 1 reaction to determine the
line shape associated with the spectrograph. The generation
of "tails" in the momentum distribution of a single line due
to multiple pole-face scattering in the spectrograph itself is a
significant effect. ' The reliability of the Monte Carlo in
modeling this effect was checked by comparison with the
strong pp dm+ line. The full details of the calibration are
described in Ref. 10. The line shapes so determined were
then used to fit the "B spectra. One example of a typical
energy spectrum along with its fit is shown in Fig. 1.

The analyzing power Azo(8) and the spin-averaged (un-
polarized) differential cross section do-/dO(8) were calcu-
lated using the relations

do. ( l )/d& —der( l )/d& (1)P( j )da (t )/dQ+P( t )do ( g )/dn '
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FIG. 1. Energy spectrum of m. + produced at 50 c.m, from 225 MeV incident protons with spin down. Line shape fits for the first two
states are shown by the solid line.

and

do (0) P( t )dcr( f )/dQ+ P( J )da( t )/dQ (2)dQ' P(t)+P(l)
where P and dcr/d 0 are the magnitudes of the beam polari-
zation and spin-dependent differential cross section, respec-

tively. The arrows indicate the spin direction according to
the Madison convention. '

The results are shown in Figs. 2 and 3. In Fig. 2(a) the
200 MeV results from Ref. 13 are also shown. The absolute
normalization of the two sets of data agree remarkably well.
In this energy region there also exist some forward angle
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measurements at 250 MeV. ' The results in Ref. 14, how-
ever, must be renormalized up by a factor of 1.9 for the
transition to the ground state and up by a factor of 4.5 for
the transition to the 2.12 MeV state in order to have agree-
ment with the results reported in this work.

Only the relative uncertainties are indicated in the figures.
In addition, there is an overall systematic uncertainty of—15% for the differential cross sections and —2% for the
analyzing powers. The relative error consists of both the
counting statistics and the random fluctuations in the beam
current measurements (mainly due to the wrinkling of the
thin polarimeter targets). The majority of the systematic
uncertainty in the differential cross section arises from the
uncertainty in the calibration of the effective solid angle of
the spectrograph. The systematic uncertainty assigned to
the effective solid angle is mainly caused by systematic un-
certainties in the pp d~+ cross sections and absolute
beam current normalization. The systematic uncertainty of
the analyzing powers is due to the uncertainty in the analyz-
ing power of the polarimeters.

The differential cross section shows very little structure,
although there may be a slight change in slope for the for-
ward angle cross sections for both states occurring between
225 and 250 MeV incident proton energy. The analyzing
powers, however, show a considerable energy dependence
for both states. Comparison of these results with that from
other A(p, 7r+)3+ 1 reactions [ 98e(p, n +) toBe (Ref. 5)

and '2C(p, m+)'3C (Ref. 4)] should help define the general
trends associated with pion production. For example, the
analyzing powers for transitions to both the ground and first
excited states of '0Be as well as the 9.5 MeV excited state of
' C show very little energy dependence, whereas for transi-
tions to the ground and first excited states of "B as well as
to the ground state of "C, a very strong (and similar)
dependence is observed. A demonstration of this trend is
shown in Fig. 3(a).

A possible interpretation of the energy dependence in the
latter case might be that of specific effects associated with
single-particle final states. ' Since the analyzing powers
depend principally on spin-orbit coupling, it seems plausible
that final states not described as a single particle (toBes. .
' Be3 37 M v C9 5 M v) would be candidates of an averaging
effect and thus exhibit a "smoothed out" energy depen-
dence. On the other hand, single-particle final states (like
'3Cs, ) could be expected to manifest a strong energy depen-
dent analyzing power. The '

Bg state, a single-hale state,
would be expected to act like a single-particle state. The
"B2~2M,v state, a two-hole one-particle state, also shows
this strong single-particle energy dependence. Since parti-
cles (including holes) like to couple to zero spin, it would
not be unreasonable to expect. the 2.12 MeV state of "B to
act as an effective single-particle state. In order to deter-
mine whether or not the effects observed are truly signa-
tures of single-particle final states, additional nuclei should
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FIG. 3. The A~o(a) are shown for the transition leading to (a) the ttBs, and (b) the ttB2 t2M, v. As well the 200 and 250 MeV Azo
results of Refs. 4 and 5 are shown in (a} to demonstrate the general trends seen in the energy dependence of AN~. The lines serve only as a
guide to the eye.
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be studied. In particular, we suggest analyzing power mea-
surements of ' O(p, 7r+) "0 and Ca(p, n+) 'Ca reactions
leading to low lying states which should exhibit a behavior
similar to that of ' B(p, n+) "B.
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