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Analyzing Powers for Pion Charge Exchange on Polarized ' C
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Results of the first pion single-charge-exchange experiment on a polarized nuclear target are reported.
Analyzing powers A~, for the (tt+, ttv) reaction at T, + =163 MeV on a polarized "C target were mea-
sured over an angular range between 20 and 60 in the laboratory system. Calculations in the
distorted-wave impulse approximation do not reproduce these new data.

PACS numbers: 25.80.Fm, 24. 10.Eq, 24.70.+s, 27.20.+n

We report first results arising from a new approach to
the study of isovector spin-dependent interactions of
pions in nuclei. These results are obtained from a mea-
surement of the analyzing power of the (tr+, tr ) reaction
on a transversely polarized ' C target at a beam energy
of 163 MeV.

Parity and rotational invariance determine the elemen-
tary pion-nucleon interaction t matrix to be of the form

tb, =f(8)+ig(8)n o, .

where n =(kxk')/~kxk'~ (k and k' are the momenta of
the incident and outgoing pions), and tr is the Pauli spin-

or for the nucleon. The complex amplitudes f(8) and

g(8) each have isoscalar and isovector parts. Elastic
pion scattering is primarily sensitive to the isoscalar
terms, and analyzing powers for z —elastic scattering at
energies near the P33 resonance from polarized protons'
and polarized nuclei in the 1p shell have recently been
reported. Although the asymmetries from the elementa-
ry process are sizable, those for spin- 2 nuclear targets
were found to be small. ' The interpretation of these re-
sults is not yet clear.

There is currently very little information on the isovec-
tor part of g(8) since pion single-charge-exchange
(SCX) cross sections at forward angles are dominated by
the isovector part of f(8) and no experiments to date

A, (8) = (da/d n) l
—(der/d n) l

(da/d n )l+ (dtT/d n) i

2 Im(FG*)
JF(8) /'+ /G(8) f' '

(2)

where the arrow indicates the nucleon spin direction rel-
ative to i and the denominator is equal to the spin-
averaged cross section. It is important to note from Eq.
(2) that the analyzing power A~ is sensitive to the impor-
tant phase relationship between F(8) and G(8). Our ex-
periment provides information on the isovector part of
that phase in the nuclear medium for the first time.

The ' C spin-parity of 2 keeps the number of spin-
dependent observables to a minimum and therefore rep-
resents a sound starting point for exploring pion-nucleus
spin physics. The isobaric-analog state (IAS) transition
to the ground state of ' N has minimal background, and
the ' C(tr+, tt ) unpolarized cross sections have been

have isolated a transition dominated by spin transfer.
However, SCX reactions on targets with spin create new
possibilities. In the case of spin- 2 targets, the pion-
nucleus amplitude may be written in a form similar to
Eq. (1), but with effective-medium-modified amplitudes
F(8) and G(8) replacing the elementary ones. In addi-
tion to cross sections, the amplitudes yield analyzing
powers given by (with 100% target polarization)
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previously measured at 165 MeV.
Measurements were made at the low-energy pion

channel at the Clinton P. Anderson Meson Physics Facil-
ity (LAMPF) with the LAMPF rr spectrometer which
was positioned at laboratory scattering angles of 25,
38, and 55 . It was set at a distance of 1.5 m from the
target for the 25 measurements and at 1.0 m for the
38 and 55 measurements. The angular acceptance
was about 24 at the 1-m setting and about 18 at 1.5
m. The angular resolution of the spectrometer was
about 6', and two or three separate angles were binned
from the data at each spectrometer setting.

The target material consisted of about 10 cm of
frozen beads, about 1.5 mm in diameter, composed of
ethylene glycol OH-(CH2)z-OH doped with 7 x 10'
molecules/ml of EHBA-Cr . The carbon was en-
riched to 99% ' C atoms. The beads were contained in a
Teflon basket which was placed inside a thin-walled
copper cell. The cell was 2 cm thick and the effective
thickness of the carbon was about 620 mg/cm . The tar-
get cell was cooled to about 0.5 K with a He evapora-
tion refrigerator. A polarization normal to the scattering
plane of about 27% was induced by using the dynamic
nuclear polarization technique in a uniform magnetic
field of 2.5 T. The target polarization was measured
with the nuclear-magnetic-resonance (NMR) method.
The NMR signal was normalized by using the thermal
equilibrium technique.

The relative z+ beam intensity was measured by
means of two toroidal current monitors through which
the primary proton beam passed and by an ion chamber
through which the z+ beam passed. The absolute beam
intensity was determined periodically by measuring the
''C(P) activity produced in thin scintillator disks. It
was helpful for comparisons of the derived cross sections
with those from Ref. 4, but was not needed for the
analyzing powers.

Backgrounds arising from accidental two-photon coin-
cidences and from the cryostat were subtracted from the
raw data. The background spectra were obtained by us-

ing a replica of the real polarized target with water re-
placing the ethylene glycol target beads and the He re-
frigerant. The yield due to non-' C contaminants in the
IAS region is small, due to a favorable Q value for the
IAS transition of +2.89 MeV; the nearest significant
contaminant reaction He(x+, x )3p is separated from
the IAS by 4.7 MeV. The spectra were then analyzed by
fitting one or more peaks, along with background func-
tions, to the low-excitation region. The shape of the
peak was determined from a Monte Carlo simulation of
the entire experimental arrangement and it correctly
reproduces the signal shape observed with the same ex-
perimental apparatus for the elementary z p z n re-
action. The peak shape had a full width at half max-
imum of about 5 MeV.

Figure 1 shows spectra for detected events with
X=~E~ —E2~//(E~+E2) ~ 0.15, where E~ and E2 are
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the laboratory energies of the two photons resulting from
the z decay. Structure that can be associated with
three separate states is evident. The spectra cannot be
well described with fits based on the assumption of a sin-
gle peak with a phenomenological background, and the
extracted cross sections were typically less than those re-
ported in an earlier experiment. The kinematics of such
a peak were also inconsistent with ' C. However, good
fits were obtained by including peaks for two excited
states as well. The positions of the three peaks were
found to follow the kinematics of the ground state and
states near 3.5- and 7.4-MeV excitation in ' C. The
summed cross sections of the ground state and 3.5-MeV
state are in good agreement with the earlier results.

The features seen in Fig. 1 were present in all of the
other spectra as well. Separate fits were made to the
spin-up and spin-down spectra. We assumed that the
same shape of the background, adjusted only in normali-
zation, could be used for both spin orientations of each
angle bin. Various phenomenological forms for the
background were tested. A third-order polynomial form
produced results that agreed with those obtained with
the adopted exponential-plus-constant form. Both of
these forms had essentially zero magnitudes at the ' N
proton-decay threshold of 1.94 MeV.

The summed yields from the spin-up and spin-down

FIG. 1. Spectra for the "C(x+,x ) reaction at 163 MeV
and at 22.4 . The solid curve is the fitted sum of three peaks
shown individually as dash-dotted curves. The dashed curve
represents the fitted nuclear background. The crosses repre-
sent the data prior to subtraction of the instrumental back-
ground.
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spectra agree with the yields obtained from independent
fits to the summed spectra. The events in the empirical
difference spectra were too few to be useful for fitting
directly. However, the diAerences in the fits to the spin-
up and spin-down spectra were consistent with these
diAerence spectra.

The analyzing powers were computed from the expres-
sion

Ay(8) =(N+ N)/—(N+P +N P+), (3)

where N+ (N ) is the normalized yield of good
charge-exchange events with the target polarized parallel
(antiparallel) to the normal to the scattering plane, and
P+ and P are the corresponding target polarization
values. The features of the analyzing powers were stable
to changes in details of the fitting procedure such as the
forms of the background and constraints on the absolute
or relative positions of the peaks. Fits that included the

state at 2.36 MeV gave no statistical improvement
and were otherwise unsatisfactory. This state and its
analog in ' C are known to be very weakly populated in

inelastic-scattering and charge-exchange reactions. '

The observed first-excited state corresponds to the collec-
tively enhanced 2, 2+ doublet separated by about 3.5
MeV from the IAS. The peak at the best-fit excitation
energy of 7.4 MeV involves transitions to several states.

The experimental results are shown in Figs. 2 and 3.
The cross sections for the excited state are comparable to

those for the IAS, but differ in their angular dependence.
The analyzing powers for the two states are quite
diAerent. At this time the relative contributions of the

and 2 states to the yields for the 3.5-MeV group
are unknown.

The error bars include statistical and fitting uncertain-
ties associated with the determination of N+ and N, as
well as uncertainties arising from background subtrac-
tions. The fitting uncertainty was estimated from the re-
sults obtained from variations of the peak-fitting pro-
cedures and ranged from 0.05 to O. l l. Many of the un-
certainties that apply to diAerential cross sections cancel
out in the expression for A~(8). An estimate of the sys-
tematic uncertainty of A~ for each angle setting of the
spectrometer was obtained from comparisons of the
analyzing powers extracted from sets of runs with the
same polarization orientation. False (nonzero) asym-
metries can arise from fluctuations in the ion chamber
and beam-toroid counters used to monitor the relative
beam Aux, Auctuations in the steering of the beam, and
statistical uncertainties associated with the determina-
tion of the target polarization. Such systematic errors of
0.04-0.06 were combined in quadrature with the statisti-
cal errors associated with Eq. (3). Not included in Figs.
2 and 3 is an additional systematic uncertainty in the
target polarization, estimated to be about 4.0%. This
uncertainty arises from possible errors in the tempera-
ture calibration for the thermal equilibrium measure-
ments as well as from biases in estimating the back-
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FIG. 2. Cross sections and analyzing powers for the

"C(x+,x ) reaction at 163 MeV to the isobaric-analog state.
The cross sections from Doron er al. (Ref. 4) are shown as

open squares. The curves are results of DWIA calculations by
Siegel (solid), and by Mach (CK wave functions, dashed; Tia-
tor wave functions, dot-dashed).

—0.5

—1.0
0

~ s s I s s s s I ~ s s s I s

20 40 60

8, (deg. )

FIG. 3. Cross sections and analyzing powers for the
'C(z+, x ) reaction at 163 MeV to the —', , —', + doublet at 3.5

MeV. The solid curves, for the —', state only, have the same

meaning as in Fig. 2.
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ground under the peak in the NMR spectra.
The cross sections and analyzing powers are compared

with the results of theoretical distorted-wave impulse-
approximation (DWIA) calculations in Figs. 2 and 3.
The calculations by Siegel reproduce the observed IAS
cross sections well. ' Cohen and Kurath (CK) wave
functions' were used for the nuclear structure. Al-
though the results follow the trend of the analyzing
powers at forward angles, the magnitudes are typically
too large and the structures are too sharp. The calcula-
tions also do not describe well the excited-state cross sec-
tions and analyzing powers, although the —', transition
has not yet been included. Similar calculations by Mach
with both CK and Tiator wave functions' for the IAS
transition give a better, but not perfect, description of
the analyzing powers; however, the cross sections are less
satisfactory. '

The DWIA calculations of Siegel and Mach diA'er pri-
marily in the detailed modeling with which the elementa-

ry pion-nucleon amplitudes are converted to the pion-
nucleus amplitudes F(0) and G(0). Both sets of calcu-
lations appear not to be strongly sensitive to the assumed
model of nuclear structure, at least not to those that are
limited to wave functions in the Ip shell (cf., e.g. , Ref.
13). Typically, the analyzing powers are less sensitive to
changes of the models than are the cross sections.

The magnetic form factor for electron scattering from
' C, which is also sensitive to spin-dependent effects, ap-
pears to require nuclear structure wave functions that go
beyond the 1p shell. ' Although the momentum
transfers of greatest sensitivity are a bit larger than those
reached by the present data (about 1.4 fm '), a satis-
factory description of the present analyzing-power data
may require an extended model of nuclear structure. At-
tention should also be given to as yet unknown
modifications of the elementary pion-nucleon interaction

by the nuclear medium, especially its spin-dependent
features.
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