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Angular distributions of the analyzing powers for 7*p and 7~ p elastic scattering have been mea-
sured in a single-scattering experiment employing a polarized proton target. Measurements were
obtained for pion energies of 98, 139, 166, 215, and 263 MeV. The addition of these data to the ex-
isting wp database significantly reduces the uncertainties in all S and P phase shifts for 7p reactions

over the delta resonance.

I. INTRODUCTION

Pion-nucleon elastic scattering is the simplest and most
fundamental process involving pions in intermediate en-
ergy physics, yet many of the phase shifts describing 7rip
scattering have large uncertainties. This situation can be
traced in part to the paucity of precision spin-dependent
data for these reactions. Spin-dependent data, such as
analyzing powers, are sensitive to interference between
amplitudes so that smaller, nonresonant partial waves
can be as important as the resonant P;; partial wave
which dominates the differential and total cross sections.

Recently, there has been renewed interest!' in the #N
system due to the connection between wN observables
and the o term. The o term can be related to the strange
quark content of the proton via chiral perturbation
theory. The 7N observables can. be related to the o term
via the s-wave scattering length ay. Although this con-
nection occurs at the unphysical (negative energy)
Cheng-Dashen point, it is important to have precise
knowledge of the phase shifts at higher energies in order
to make a more accurate extrapolation to the unphysical
region. Quite apart from their usefulness in contributing
to our understanding of the o term, new #p analyzing
power data, and the resulting improvement in our
knowledge of the partial-wave amplitudes, are fundamen-
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tally important to our understanding of pion interactions
with nuclei. These amplitudes form the input to micro-
scopic theories which deal with pion-nuclear 7 A4 interac-
tions, as well as nucleon-nucleus interactions.

Recent measurements®3 of the 7tp differential cross
section at low energies lie as much as 20% below the
presently accepted phase-shift solutions. This astonish-
ing discrepancy is the focus of many current wN experi-
ments. Although the present experiment was performed
primarily at energies above the region where the largest
discrepancies are found, improvement in our knowledge
of the partial waves in the energy region of this experi-
ment has a bearing on the low-energy phase-shift solu-
tions by virtue of dispersion relations which connect the
two energy regions. For these reasons, the data presented
in this paper should contribute to our understanding of
the issues already mentioned.

For 77 p elastic scattering there are only three reason-
ably complete angular distributions of analyzing power
measurements below 263 MeV, one at 236 MeV (Ref. 4)
and those at 166 and 194 MeV.®> There is a four-angle
measurement at 95 MeV and there are single-angle mea-
surements® at 176 and 185 MeV. For 7 p scattering,
there are only two analyzing power measurements below
263 MeV, one at 98.0 MeV (four angles) and the other at
238 MeV,® although some older data’ exist at 229 and
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250 MeV. The uncertainties associated with many of
these data are large, especially for 7™ p.

With the development of techniques to measure spin
observables of the wd elastic scattering reaction,® 10 a
complete set of analyzing power data for both 77 and
7~ p can be obtained relatively simply and quickly. This
investigation used these techniques with the aim of pro-
viding a definitive systematic data set for 7+p and 7 p
elastic scattering over the delta resonance. The experi-
ment was carried out on the M11 pion channel at TRI-
UMF. Data were gathered simultaneously at six pion
scattering angles using six pion counter telescopes and six
recoil proton counters. The polarized proton target was
developed at TRIUMF. It included a *He-*He dilution
refrigerator and a superconducting split-pair magnet.

With a target polarized normal to the scattering plane,
the analyzing power A4 (8) is, according to the Madison
convention,

ot—o~

o"P +o Pt —(PT+P )0’

where o and o~ refer to the measured differential cross
sections with spin direction (+) and spin direction (—),
respectively. The (+) direction is defined by the cross
product of the incoming and outgoing pion momenta.
The positive direction thus defined pointed downward in
the laboratory reference frame. The direction of polar-
ization is positive along the target magnetic field. PV
and P~ refer to the target polarization in the positive and
negative directions, respectively. The measured back-
ground differential cross section is o®, which is unpolar-
ized and therefore independent of the direction of target
polarization.

A(8)=

II. POLARIZED TARGET

The polarized target consisted of 2.4 cc of frozen 1-mm
diameter beads contained in a thin walled teflon basket
measuring 22 mmX 18 mmX6 mm. The beads were
composed of a mixture of N-butyl alcohol (C,HyOH) and
5% H,0 into which EHBA-Cr’ (Ref. 11) was dissolved to
a density of 6X 10" molecules/ml. The packing fraction
of the butanol beads was approximately 0.7. The teflon
basket, which also served as a support for an NMR pick-
up coil, was immersed in a mixture of 3He-*He in the
mixing chamber of a dilution refrigerator.

Microwaves used for the dynamic polarization of the
target were provided by a 100 mW impact avalanche
transit-time (IMPATT) tunnel diode source capable of
delivering frequencies between 69 and 72 GHz. As the
target polarization increased, the microwave power to the
target microwave cavity was gradually lowered from 2 to
0.25 mW. The frequency delivered was stabilized by
computer feedback to a tolerance of 1 MHz. The positive
polarization state was achieved by applying microwaves
at 70.450 GHz and the negative state with 70.870 GHz.
This frequency change was the only experimental param-
eter varied from one polarization to the other.

The polarizing field of 2.55 T was provided by two su-
perconducting coils in a Helmholtz configuration with a
vertical magnetic field axis. The data were acquired with
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the target in the frozen spin mode at a holding field of
1.25 T. The magnitude of the polarization achieved
varied from run to run but was typically 75% for the neg-
ative state and 65% for the positive state.

The magnitude of target polarization was determined
from measurements of the proton NMR signal. The
NMR pickup coil consisted of a 7 turn coil of 0.1-mm di-
ameter copper wire which surrounded the target materi-
al. A circuit design was used which removed all active
electronics from the refrigerator. The rf NMR signals
were measured at the end of a 3A/2 cable. The Q curve
was canceled with an equivalent tuned circuit at room
temperature. The real part of the NMR signal was mea-
sured using a synchronous detector.

The target polarization was obtained from analysis of
the NMR signals using the thermal equilibrium (TE)
technique. The TE technique involves comparing the to-
tal area of the dynamically polarized proton NMR signal
with the total area of the TE NMR signal. The TE polar-
ization can be deduced from the known values of temper-
ature and magnetic field, assuming a Maxwell-Boltzmann
distribution, according to

_uB
kT’

uB

P(TE)=
(TE)=tanh T

where u is the proton magnetic moment, B is the magnet-
ic field, k is Boltzmann’s constant, and 7 is the tempera-
ture. For values of B=2.5506 T and and T=1 K, the TE
polarization was 0.002 606. The temperature of the tar-
get was obtained by averaging the readings of two cali-
brated resistors in the mixing chamber of the dilution re-
frigerator. The temperature calibrations of the thermom-
eters were made by comparison with *He and “He vapor
pressure measurements to an accuracy of 19%. The dilu-
tion temperature was capable of reaching temperatures of
approximately 100 mK. During the microwave bom-
bardment, however, the temperature of the target rose to
approximately 0.3 K. The magnitude of the magnetic
field was measured by utilizing the more conventional as-
pects of the proton NMR signal, namely that the NMR
central frequency is proportional to the magnetic field
strength. In practice, the current in the polarizing mag-
net was adjusted until the proton NMR signal frequency
was centered at 108.600+0.002 MHz. This frequency
corresponds to a magnetic field of 2.5506+0.0003 T.
Once the magnitude of the TE polarization was calcu-
lated, the magnitude of dynamic polarization was ob-
tained from the ratio of the integrated areas of the dy-
namic and TE NMR signals. The determination of the
NMR background was made by averaging the measured
background on both sides of the NMR signal. This pro-
cedure was performed the same way for both the dynam-
ic and the TE NMR signals. Finally the background un-
der the proton NMR signal was determined by a linear fit
to the background on either side of the NMR signal. The
NMR signal intensity was measured as the NMR fre-
quency was swept between 108.344 and 108.856 MHz,
i.e., over a frequency range of 512 kHz in 256 two kHz
steps. In order to estimate the NMR background in this
region, one requires measurements just below and just
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above these limits in order to avoid the region sensitive to
proton spin flips. In principle one could merely sweep
the NMR frequency in regions just below 108.344 MHz
and just above 108.856 MHz. However, the NMR circuit
is highly tuned and in practice it is quite difficult to select
precisely all of the tuning parameters (such as the cable
length, the tuned circuit and the NMR center frequency,
and the phases of the RF signals to the synchronous
detector). Therefore, instead of varying the NMR fre-
quency interval, the proton NMR signal was swept out of
this frequency interval by slightly adjusting the magnetic
field of the target. For this experiment, the NMR back-
ground was obtained by averaging measurements ob-
tained at magnetic field strengths 1% above and 1%
below the nominal 2.55-T value. The uncertainty in the
integrated area of the TE NMR signal resulting from this
procedure was determined by the standard deviation of
the measured values obtained at intervals during the
course of the experiment. The final value was the average
of four sets of ten TE measurements.

III. EXPERIMENTAL PROCEDURE

The detection system used for the measurements is
shown in Fig. 1. The main characteristics of the detec-
tion system are as follows: A solid angle of 27 msr for
each of six independent arms (i=1,6) was defined by a
scintillator (72;) of dimensions 9.0 cm X 30.0 cm located
1 m from the polarized target. Together with another

Incident Beam from Mi11

Target coils
P target

FIG. 1. The experimental arrangement. The incident beam
passes through the two scintillators S1 and S2 before striking
the target. The beam is bent by the magnetic holding field of
the polarized target but the combined effect of the central field
and return field of the superconducting solenoid is to direct any
particle initially aimed at the center of the target onto the
center of the target. Six counter arms used to detect the pions
and protons so that data are acquired simultaneously at six pion
scattering angles. The scintillator thicknesses are not to scale.
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scintillator (1;) at 0.5-m radius with dimensions 9.0
cm X 16.5 cm, this constituted one of six pion telescopes.
Each of the scintillators in the pion telescopes was 3.2-
mm thick.

Each pion telescope was placed in coincidence with an
associated recoil proton arm consisting of three scintilla-
tors. The first scintillator (P1;) at a radius of 1.3 m from
the target was a thin (3.2-mm) scintillator of dimensions
9.0 cm X 40.0 cm which provided time-of-flight (TOF) as
well as energy loss (AE) information. Following this
counter were two further scintillators (P2;, P3;) of di-
mensions 9.0 cm X41.0 cm and thicknesses 1.27 and 0.64
cm, respectively. These scintillators were available for
further energy-loss information, but were found not to be
needed. A more detailed description of the experimental
setup can be found in Refs. 9 and 10.

The flux of the incident beam was counted directly
with scintillators S1 and S2 in coincidence, each of which
was 1.6-mm thick. The size of S2 was chosen such that
its image at the target would be smaller than the target.
The intensity of protons in the incident positive pion
beam was reduced by using a differential degrader near
the midplane of the M11 channel. Those protons remain-
ing in the beam were eliminated by placing pulse-height
requirements (S2) on S2 in the beam scaler and in the
event trigger, so that pions were accepted but protons of
similar momentum were not. The event trigger was
defined as

§$1-82-82-71;-72;-P1; .

Pions were distinguished from contaminant electrons and
muons by the cyclotron rf referenced TOF to S2. The in-
cident pion flux was typically 2 MHz for 7", although
this rate fell to 0.6 MHz for runs at 263 MeV. For the
7~ measurements, the incident beam rate was typically 1
MHz, except at 263 MeV where the rate was 0.3 MHz.
The position of the target within its cryostat was verified
by exposing photographic film placed downstream of the
target to the beam from M11. The horizontal divergence
of the beam was less than 1°. The vertical divergence of
the beam was also constrained to be less than 1° by the
vertical dimension of the in-beam scintillator S2. The in-
cident beam energies in this experiment were 98.0%0.5,
138.8+0.5, 166.0+0.5, 214.6+0.5, and 263.01+0.5 MeV
for both the 7% and 7~ measurements. These energies
and uncertainties are based on the established'? calibra-
tion procedure for the M11 channel. The quoted energies
are the mean values at the center of the polarized target
and take into account energy loss through the S1 and S2
scintillators, air, polarized target material, and surround-
ing heat shield. The momentum acceptance of the M11
channel for the 7~ p runs corresponding to each of these
bombarding energies was, respectively, Ap/p =x1.1,
+0.9, +0.6, =1.1, and +1.1%. The 77'+ﬁ measurements
were all made with a momentum acceptance of +0.25%.
The magnetic field at the target was held at 2.5 T while
polarizing and was lowered to 1.25 T for data taking.
This reduced the effect of the magnetic field on the parti-
cle trajectories and enabled a larger angular range to be
measured. It is important to note that the direction of
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the magnetic field at the target was the same for P* and
P, hence the particle trajectories were not affected by a
polarization change. Generally two data runs were made
in a particular state before the polarization was reversed
and six data runs were taken for each angle and energy
set. A typical data taking sequence would be +(change
energy)+ — — + + —(change energy) —, etc. Taking data
in this sequence enables potential systematic uncertainties
to be more easily identified. The polarization was mea-
sured before and after each set of two runs with the same
polarization. The polarization decay rate was determined
for each polarization state; it was typically 0.0035/h,
runs were 2 h long, and the time between polarization
measurements was 4-5 h. This information was used to
determine the average target polarization for each run.

The influence of the polarizing magnetic field of the
target on the particle trajectories was determined by
means of a ray tracing computer code. This code was
used to determine the laboratory angles for the two detec-
tor arms corresponding to the appropriate mp elastic
scattering kinematics. The angular range accessible to
measurement was limited by the requirement of our ex-
perimental technique that the recoil proton be detected in
coincidence with the scattered pion. Consequently the
most forward pion angle measured at energies below 215
MeV was where the recoil proton had just enough energy
to escape the target and reach the P1 scintillator. At 215
and 263 MeV the angular range was limited by the physi-
cal dimensions of the support table for the scintillator
telescopes.

Final analysis of the data was performed by construct-
ing software polygons around the =p elastic events
identified in two-dimensional histograms of the proton
TOF vs the proton energy loss in the P1 scintillator. A
typical two-dimensional histogram with such a polygon is
shown in Fig. 2. In addition, software filters were placed
on the pion TOF and energy loss in the 72 scintillator to
select elastically scattered pions in the 7 arm. The result-
ing scatterplot provides particle identification and clearly
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FIG. 2. A typical two-dimensional plot of the proton TOF vs
the proton energy loss in Pl. Events inside the polygon were
taken to be mp elastic scattering events.
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distinguishes mp elastic events from other processes.
Typical foreground and background histograms of the
difference between scattered proton TOF and scattered
pion TOF from target to detector are shown in Fig. 3.
These are raw histograms with no software filters.

Measurements were made of the background arising
from quasielastic mp scattering from the contaminant car-
bon, oxygen, and helium nuclei in the polarized target
and coolant. To achieve this, the butanol bead target was
replaced with graphite granules of similar dimensions.
However, because pure graphite has a different density
than that of frozen butanol, the background target had
twice the effective target thickness of carbon. The main
source of background was expected to be the target
coolant which was a mixture of liquid *He and “He and
which provides about 5 times as many scatterers as the
carbon and oxygen in the butanol. The normalization of
the background yield therefore depends on the relative
cross sections for quasifree 7p elastic scattering on car-
bon and helium.

To determine the relative normalization of the back-
ground yield we compared the number of counts in the
region away from the two-body kinematic peak with the
foreground target to the number with the background

target. The comparison showed an equal number of
7000 L L L
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FIG. 3. Typical raw spectra of the difference between pion
TOF and proton TOF for foreground and background runs at
two different angles. These data were obtained for 7" p elastic
scattering at 166 MeV. Note that the background at the back-
ward angle is much larger than at the forward angle.
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counts per unit beam even though there were twice as
many carbon nuclei in the background target. This
showed that the dominant source of background was
indeed the helium nuclei of the target coolant. Further
evidence that the background is predominantly due to the
target coolant can be found in the work of Brack et al.?
In that experiment, absolute differential cross sections for
7p elastic scattering were measured with essentially the
same detection apparatus as in this work, but with a solid
CH, (polyethylene) target. They found that the back-
ground due to the carbon of their target was typically
about a factor of 10 smaller than our measured back-
grounds. Since the present experiment also used a target
that basically consists of carbon and hydrogen, our much
larger background can be attributed to the helium of the
target coolant. The number of scatterers was taken to be
the same for the foreground and the background. These
background measurements were made at the end of the
experiment running period, for each of the angles and en-
ergies and magnetic fields at which foreground data were
acquired.

Many of the experimental uncertainties associated with
differential cross-section measurements, such as the tar-
get thickness, solid angle, and counter efficiencies, cancel
out in the expression for A4 (0) and therefore do not con-
tribute to the uncertainties in the present experiment. It
was observed that the size of the background varied from
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FIG. 4. Analyzing powers for 7" p and 7 p elastic scattering
at 98 MeV. The vertical lines show the range of values predict-
ed by the old phase-shift solution. The solid curves are from the
new solution. The dashed curves bracketing the solid curves
show the uncertainty of the new solution.
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around 1% of the foreground at forward angles to
around 15% at backward angles. Changing the back-
ground normalization by even a factor of 1.5 gives rise to
a maximum shift of only 0.01 in 4 (6). The impact of a
background renormalization by up to a factor of 1.5 was
less than the quoted uncertainty in A4 (6) for every angle
and energy studied in this experiment. The polarizations
used in the above expression were the values averaged
over each run as described earlier.

The uncertainty in the measured analyzing power was
determined by forming the quadratic sum of the uncer-
tainties in each of the above quantities weighted by the
partial derivative of 4 with respect to each quantity, i.e.,

2
Ad=(ac* P |24 | piao |24
do o
+(Ac?)? 94 2
dob
_,| 94 94
+L(APT+AP ™) —
16 Pt  apP~

The uncertainties Aot and Ao® were the statistical un-
certainties. The uncertainties in P+ and P~ were highly
correlated as they were based on the same normalization
as discussed above. For that reason the individual contri-
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FIG. 5. Analyzing powers for 7*p and 7 p elastic scattering
at 139 MeV. The vertical lines show the range of values predict-
ed by the old phase-shift solution. The solid curves are from the
new solution. The dashed curves bracketing the solid curves
show the uncertainties of the new solution. The diamond and
square data points are for two different sets of angles for the six
pion detectors.
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butions to the total uncertainty due to P and P~ were
averaged and then included in the quadratic sum. The
uncertainty in the magnitude of the target polarization
was 1.6%. The typical statistical uncertainty in the rela-
tive differential cross sections varied from 0.4% for w1 p
at 166 MeV to 4% for 7 p at 98 MeV. The statistical
uncertainty in the background measurement varied from
1to 10 %.

IV. RESULTS

The measured analyzing powers are displayed in Figs.
4-8 and listed in Table I. The uncertainties quoted in the
table and shown in the figures are the combined systemat-
ic and statistical errors as described earlier. The dia-
mond and square data points shown in Figs. 5-8 refer to
the two sets of angular settings for the six detectors that
were used.

There were only two energies at which the measured
analyzing power data could be directly compared with
the results of others, i.e., 7" p at 98 MeV (Ref. 6) and 7' p
at 166 MeV.> This comparison is shown in Fig. 9. It can
be seen that the present measurements are in general
agreement with the earlier measurements except around
90° for 7+ p at 166 MeV. It is also evident that the uncer-
tainties of the present measurements are far smaller than
those of the earlier measurements. The general level of
agreement of the new data with the older data can be in-
ferred from the predictions of the “old” phase-shift solu-
tions. These are displayed in Figs. 4-8 as vertical bars
which cover the range of possible values for the analyzing
powers and so reflect the uncertainties of the earlier data.
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FIG. 6. Analyzing powers for 7*p and 7 p elastic scattering
at 166 MeV. The other details are as in Fig. 5.
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FIG. 8. Analyzing powers for w*p and 7 p elastic scattering
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TABLE 1. Measured analyzing powers for #Tp elastic

scattering.
TP TP
T, (lab) O Oc.m.
(MeV) (deg) A(6) (deg) A(0)
98 96.7 0.277+0.012 93.8 0.10+0.04
112.1 0.142+0.009 103.4 —0.01+0.03
126.6 0.068+0.007 112.6 —0.0410.04
140.2 0.044+0.006  121.5 —0.12£0.04
153.2 0.020+0.006  130.2 —0.15+0.04
165.6 0.026+0.012
139 75.2 0.468+0.011 70.6 0.07£0.03
78.1 0.446+0.009 78.7 0.003+£0.014
83.7 0.45+0.01 81.3 0.04+0.02
89.1 0.401+0.008 89.0 —0.00+0.02
99.8 0.300%0.008 94.0 —0.047+0.015
109.9 0.191+0.006  103.6 —0.14£0.02
119.7 0.119+0.006  108.3 —0.1814+0.016
129.0 0.060+0.005 117.4 —0.18+0.02
137.9 0.035+0.005 121.8 —0.238+0.014
146.5 0.018+0.004  130.3 —0.21£0.02
154.8 0.021+0.005 134.5 —0.2294+0.013
162.9 —0.005+0.006
166 68.6 0.406+0.009 62.2 —0.01+0.04
71.5 0.433+0.009 65.0 —0.030+0.012
77.3 0.458+0.009 73.3 —0.024+0.015
88.4 0.443+0.009 81.0 —0.06+0.01
99.1 0.339+0.008 89.1 —0.087+0.017
109.3 0.220+0.007 96.5 —0.120+0.012
119.0 0.128+0.006  103.8 —0.188+0.019
128.3 0.054+0.005 111.0 —0.19£0.01
137.1 0.031£0.005 117.5 —0.204%+0.017
145.7 0.004+0.005 124.0 —0.170+0.011
153.9 0.006+0.005 130.4 —0.184+0.017
161.8 —0.006+0.006 136.6 —0.16+0.01
215 67.8 0.370+0.008 51.4 —0.32+0.05
70.8 0.393+0.008 54.4 —0.24+0.02
76.6 0.452+0.009 63.2 —0.20+0.02
87.9 0.478+0.009 68.9  —0.194%0.011
98.6 0.390+0.01 77.2 —0.161+0.016
108.8 0.240+0.009 85.2 —0.159+0.015
118.5 0.111+0.01 95.3 —0.12+0.02
127.7 0.048+0.007  105.0 —0.141+0.02
136.5 0.002+0.008 114.2 —0.18£0.02
144.9 —0.016+0.007 123.0  —0.148+0.019
152.9 —0.010+0.009 1314 —0.11£0.02
160.7 —0.007+0.007 139.4  —0.113+0.016
263 67.6 0.313+0.007 51.3 —0.52+0.03
70.7 0.346+0.008 51.3 —0.50+0.03
76.5 0.386+0.008 66.2 —0.431+0.03
88.0 0.464+0.012 74.8 —0.41+0.03
98.8 0.397+0.011 83.0 —0.35£0.03
109.0 0.21540.015 88.2 —0.25+0.03
118.6 0.049+0.011 98.3 —0.11£0.05
127.7 —0.009+0.012  107.9 —0.02+0.04
136.4 —0.06x0.01 117.0 0.07+0.05
144.6 —0.055+0.012  125.6 0.041+0.05
152.1 —0.07£0.01 133.8 0.00£0.06
160.1 —0.056+0.012  141.6 0.05+0.04

The effects of the newly measured analyzing powers on
the phase-shift analyses are given in Table II and in Figs.
4-8. These were determined by means of the program
SAID.!® Single-energy analyses were first performed at
five energies from 100 to 250 MeV on data excluding the
new measurements. The S- and P-wave phase shifts de-
rived from these fits are given in Table II as the old solu-
tion. Our data were then included in the data base and
the analyses repeated:with the results given in Table II as
the “new” solution. Figures 4-8 illustrate predictions of
analyzing powers with the new solutions as the solid line,
with the dashed banding to indicate the uncertainties.

Inclusion of the new data leads to a considerable reduc-
tion in the errors on the analyzing power predictions in
most cases, but it is most pronounced for 7 p at 139,
166, and 215 MeV where our data lead to a factor of
10-20 reduction in the uncertainties. This can be traced
to the paucity of spin-dependent data for the reactions in
the region of the delta resonance. Although there are
quite extensive data for differential cross sections in this
energy region, these data provide sensitivity mainly to the
dominant Ps; partial wave of the delta resonance. Conse-
quently, the other partial waves that contribute to mp
elastic scattering at resonance energies have not been sat-
isfactorily determined until now. The analyzing powers
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FIG. 9. Comparison of the present measurement (diamonds)
with the 7 p data of Alder et al. (Ref. 6) at 98 MeV (open
squares) and the 77 p data of Amsler et al. (Ref. 5) at 166 MeV
(open squares). The solid curves are the predictions calculated
with sAID (Ref. 13) using the sM88 phase-shift solution.
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TABLE I1. Phase shifts in degrees for 7¥p elastic scattering.

T, Partial Old New
MeV wave solution solution
100 Sh 8.59+0.16 8.69+0.15
S —8.65+0.17 —8.87+0.13
Py, —0.89+0.13 —0.82+0.12
Py —1.70+0.10 —1.61+0.09
Py —1.97+0.10 —2.00+0.09
Py 22.29+0.06 22.23+0.06
125 Sh 8.76+0.20 8.84+0.15
S —9.4+0.5 —10.43+0.14
Py, —0.7£0.2 —0.81+0.12
Py —2.18+0.16 —2.11£0.13
P, —2.84+0.18 —2.90+0.10
Py, 37.14%+0.10 36.95+0.06
175 S1 9.2+0.4 10.02+0.18
S —13.9+0.5 —13.361+0.18
Py, —0.1+1.2 1.12+0.11
P, —1.2%+0.5 —1.1+£04
Py, —4.91+0.5 —4.30+£0.12
P, 78.2+0.2 78.30+0.16
200 Sn 10.8+0.6 10.58+0.14
S —15.3+04 —15.5+0.2
P, 29+1.2 2.42+0.14
Py —2.3+0.6 —2.3+0.5
Py, —5.6+:04 —5.23+0.14
Py 97.6+0.3 97.5+0.3
250 Sh 10.9+0.4 11.0£0.2
S —18.17+0.19 —18.19+0.18
Py, 7.8+0.3 7.6+0.2
P —2.46+0.17 —2.54+0.16
P, —6.7£0.3 —7.00£0.16
Py 121.57+0.12 121.60+0.11

for the 7~ p reaction are particularly sensitive to the iso-
spin } partial waves, while the differential cross sections
in this energy region are sensitive primarily to the T =3
~ partial waves. Therefore the analyzing powers for this
reaction predicted by a partial-wave analysis were quite
uncertain at 139, 166, and 215 MeV, i.e., in the region of
the delta resonance.

It is worth noting that where the uncertainties in the
predictions for the analyzing powers from the old solu-
tions are small, such as for 263 MeV 7r+13’, our data are in
excellent agreement with those calculations. Such con-
sistency lends support both to the existing data base at
these energies and to the accuracy attained in this experi-
ment.

The general effect of the new data on the phase shifts is
a substantial reduction of uncertainties, rather than a
change of values. The major exception is the P;; phase
shift at 175 MeV, where the old solution gives
—0.1°%£1.2° and the new solution gives 1.1°+0.1°. The
exact energy dependence of this phase shift is particularly
important because pion absorption through the P, chan-
nel has been identified as a major source of uncertainty in
Faddeev calculations of spin observables for wd elastic
scattering.>!%!* The other appreciable effects of our data
are on the S;;, S;;, and P;, partial waves. The uncer-
tainties for these partial waves are reduced by factors of
between 2 and 5. Our analyzing power data have been in-
cluded in the data base used for smss. '*

Differential cross sections were calculated for 7~ p and
wtp at 125 and 200 MeV using the program SAID (Ref.
13) to determine what differences could be found between
the predictions from the old and new phase-shift solu-
tions listed in Table II. The differences in the differential
cross sections were found to be exceedingly small; they
were a maximum of 1.6% for 7~ at 125 MeV.

It is clear that measurements of the analyzing powers
at pion energies below 98 MeV would be useful, since no
data are available in that energy region. The technique
used in the present experiment cannot be readily em-
ployed for such measurements since the recoil proton
would have too low an energy to reach the proton
counter. :
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