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Analyzing powers for pp elastic scattering between 57 and 139 MeV
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Analyzing powers forpp elastic scattering at bombarding energies below theD(1232) resonance were
measured at TRIUMF using the CHAOS spectrometer and a polarized spin target. This work presentsp2 data
at six incident energies of 57, 67, 87, 98, 117, and 139 MeV, and a singlep1 data set at 139 MeV. The higher
energy measurements cover an angular range of 72°<uc.m.<180° while the lower energies were limited to
101°<uc.m.<180°. There is a high degree of consistency between this work and the predictions of the
VPI/GWU group’s SM95 partial wave analysis.
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I. INTRODUCTION

The value of the pion-nucleon sigma term (SpN), an ex-
plicit measure of chiral symmetry breaking due to nonz
quark masses, has been in dispute in part due to lack of
quality, consistent measurements of low-energy pion-nucl
observables. Chiral perturbation theory has relatedSpN to
the baryon mass spectrum and hence to the strange~sea!

quark contenty52^pus̄sup&/(^puūu1d̄dup&) of the nucleon
wave function. ThepN observables can be related to t
SpN term using extrapolations of the scattering amplitudes
the subthreshold (n50, t52m2) Cheng-Dashen point@1#.
Estimates of theSpN term from the Karlsruhe~KH80! partial
wave analysis~PWA! by Hohler@2# and Koch and Pietarinen
@3#, which use exclusively pre-meson-factory data, imp
SpN56468 MeV (y50.260.2). Newer analysis using th
VPI/GWU PWA @4#, which incorporates modern pion
nucleon measurements, have raised this value toSpN584
65 MeV (y50.560.1) @5#. To properly constrain future
phase shift analyses and to reduce the uncertainties in
extrapolations, accurate low-energy measurements of
differential cross sections and spin observables are nee
In particular, bothp2 analyzing powers near 50 MeV an
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forward scatteringp6 differential cross sections near 3
MeV are critical for the extrapolations.

Additional interest arises from possible isospin break
in the pion-nucleonS-wave amplitude, which has been in
ferred in the analysis of low-energypN data by Gibbset al.
@6# and, more recently, by Matsinos@7#. Both analyses,
which rely exclusively on data below 100 MeV, report a
approximate 7% effect in the difference between elastic
single charge exchange real partS-wave amplitudes.

A large set of back-angle, pion-nucleon differential cro
section data below 100 MeV exists. Measurements in
forward regions at very low energies is experimentally ch
lenging and little data are available at present. Such meas
ments are the subject of CHAOS experimentE778 @8#, pres-
ently under analysis.

It is advantageous to measure spin observables, suc
analyzing powers (Ay), rather than additional differentia
cross sections. Analyzing powers are the results of an in
ference between the spin-flip~G! and spin-nonflip~H! am-
plitudes and hence sensitive to smaller, nonresonant pa
waves. Moreover, the analyzing power

Ay5
s↑2s↓

P↓s↑1P↑s↓ 5
Y↑/N↑2Y↓/N↓

P↓Y↑/N↑1P↑Y↓/N↓ 5
2Im~GH* !

~ uGu21uHu2!
~1!

is subject to quite different systematic errors. Usual cr
section normalization quantities such as solid angle, num
of target nuclei, pion decay fraction, and detection efficien
cancel out, leaving only thepp yield (Y↑↓), the beam nor-
malization (N↑↓), target polarization (P↑↓), and background
as the sensitive quantities. The↑↓ arrows indicate thez com-
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ponent of the spin of the target protons, which is perpend
lar to the pion scattering plane.

Previous analyzing power measurements were focuse
energies around theD(1232) resonance. The TRIUMF da
of Sevior et al. @9# cover a large energy range~98–263
MeV!, but a limited angular range. There are seven ad
tional data sets, published by Alderet al. @10# (p2), Raue
et al. @11# (p1), and Amsleret al. @12# (p1) above 95 MeV.
More recently, Wieseret al. @13# published four data points
at 68.3-MeVp1. Finally, in a measurement using the sam
experimental setup reported here, data were taken for a n
ber of energies across theD(1232) resonance@14#. These
data were normalized at one energy, 139-MeVp1, to the
statistically precise data of Sevioret al. Improvements of the
polarized target now allowed extension of these meas
ments below 100 MeV, as well as an independent verifica
of the polarization normalization.

With the target polarization problems resolved, new, lo
energy analyzing power data in thep2 channel were col-
lected with the CHAOS spectrometer and are presented h

II. EXPERIMENTAL APPARATUS

A. CHAOS

All data were collected using the CHAOS spectrome
and a dedicated spin-polarized target@15# in the M11 pion
channel at TRIUMF. A detailed description of CHAOS ca
be found in Ref.@16# and references therein, but the comp
nents crucial to this work are described below.

The spectrometer consisted of four low-mass, cylindri
concentric tracking chambers and layers of particle iden
cation counters immersed in a vertical magnetic field p
vided by a cylindrical dipole magnet with an open geome
The inner two wire chambers~WC1 and WC2! are propor-
tional vertex chambers with radii of 11.5 and 22.3 cm,
spectively. A drift chamber~WC3 @17#! was positioned at a
radius of 34.4 cm. The struck-wire information from WC
WC2, and WC3 was used in a second-level trigger@18#. The
drift time information from WC3 was digitized and used
improve off-line tracking, but was not part of the trigg
system. Positioned in the tail of the magnetic field at a rad
of 62–66 cm was a vector drift chamber~WC4!. This cham-
ber, with 100 cells of eight anode wires each, vastly i
proved the particle tracking and momentum resolution. S
rounding the WC4 detector were two layers of plas
scintillation counters and an outer layer of lead-glass Ch
enkov counters. The counters were arranged in 20 blo
each 18° wide. TheDE1 counters were 3-mm-thick NE11
plastic and faced the target at a radius of 71 cm. Behind e
DE1 counter were two adjacent 9°-wide scintillatorsDE2l
and DE2r made of 12-mm-thick NE110 plastic. Data fro
DE2 and Cherenkov detectors were not used in the anal
of this experiment. TheDE1 counter modules subtende
67° in the vertical direction and defined the out-of-pla
acceptance. In the horizontal scattering plane the accept
was nominally 360°, except for a single 18° section remov
at the beam entrance.

A four-element scintillation counter hodoscope (S1) de-
fined the incident beam, and also provided the time refere
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for all the readout electronics. The low rate WC3 w
switched off in the incoming and outgoing beam regions
54° angular section of WC4 was replaced with a 36° secti
leaving an 18° gap in the incoming beam region. Three c
were deactivated in the outgoing beam region.S1 was situ-
ated where WC4 would have been in the incoming be
region, at a radius of approximately 65 cm. All the incide
beam pions were detected by the proportional chamb
WC1 and WC2. Knowledge of the average beam momen
and the magnetic field in conjunction with the WC1 a
WC2 hit information allowed track reconstruction of the i
cident pions to the target at the center of the magnet.

Pions scattered from the target were typically detected
all four wire chambers, as shown in Fig. 1. At higher incide
beam energies, the recoil proton is also tracked through
detectors. At the two lowest pion energies, the detection
these low momentum protons was limited to two or thr
inner chambers. The protons that were only detected by
inner chambers are termed short-track protons.

The magnitudes of the magnetic fields were chosen
provide the greatest curvature for the scattered pions with
trapping the lowest-momentum scattered particles. The fi
was scaled with the incident momentum in order to maint
a similar scattering geometry at all incident beam energ
For this experiment, a value ofp/B'153 MeV/cT was used.

The M11 beam channel was tuned to pion energies
138.9, 116.8, 98.0, 87.2, 66.9, and 57.2 MeV at the cente
the polarized target. The energy determination was base
time-of-flight measurements performed for a previous
periment @19# in this channel. The systematic error in th
mean pion kinetic energy was estimated to be 0.3%. Ho
ever, the lowp2 particle flux from the channel necessitate
a relatively large momentum bite, varying from 1% to 4%
The corresponding beam energy widths are quoted with
tabulated results. The consequence of the energy distribu
is discussed in Sec. IV B.

B. Trigger requirements

Event filtering was accomplished in CHAOS by three le
els of on-line triggering. The first-level trigger~1LT! @20#
was based on the multiplicity of hits in theDE1 counters.
The second-level trigger~2LT! @18# analyzed the data from
WC1, WC2, and WC3 and made decisions based on the
sible number of scattered tracks, their polarity, momentu
and the distance of closest approach to the center of CHA
The third level~3LT! was a software trigger running on
VMEbus data acquisition computer. Data were written
permanent storage using theMIDAS @21# acquisition software.

Each of theDE1 counters was potentially an active co
tributor to the hit multiplicity that formed the output of th
1LT. For the higher-energy measurements where the re
proton was energetic enough to reach the counter blocks
a large range of scattering angles, the minimum event m
tiplicity was set to two hits~a ‘‘doubles’’ 1LT! but for the 67-
and 57-MeV measurements, the hit multiplicity was reduc
to only a single hit~‘‘singles’’ 1LT !. In both cases, hits in the
DE2 counters were not demanded since many of the lo
energy particles were stopped in theDE1 counters. Note that
7-2



r-
-
at
m-

ted
g

ANALYZING POWERS FORpp ELASTIC SCATTERING . . . PHYSICAL REVIEW C 66, 025207 ~2002!
FIG. 1. Typicalp2p coincidence event at 57
MeV. The beam pion enters through the fou
segment scintillatorS1, is detected in wire cham
bers WC1 and WC2, and traced to the target
center. The scattered pion traverses all four cha
bers and stops in the scintillatorsDE2 or in the
lead-glass detectors. The recoil proton is detec
in chambers WC1 and WC2 only, correspondin
to a short-track event.
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the 1LT logic could not distinguish the geometric location
the hits, a task which was left to the third-level softwa
trigger. As for all CHAOS experiments, one of the 18
blocks was removed to allow the unhindered entry of
beam into the spectrometer and, similarly, one block w
removed at the beam exit. A consequence of removing
counter block at the beam exit is to create a hole in
spectrometer acceptance, exactly where most forward re
protons would be detected. A special counter block cons
ing of only theDE1 andDE2 counters was therefore inserte
at the beam exit. Pulse height discrimination was used
allow protons to participate in the trigger of an event, wh
pions could not.

A passed 1LT started the second-level trigger, and p
vided the gate for the digitization systems and the stop
the drift chamber timing signals. The 2LT performed a trip
computational loop over all struck-wire numbers from t
three inner wire chambers~WC1–WC3!. For this experi-
ment, the 2LT was operated in one of two modes, labe
standard or short track, depending upon the incident mom
tum. Standard mode was typically used when the 1LT w
set to ‘‘doubles.’’ In standard mode, the trigger searches
candidate tracks and performs cuts on the polarity and c
est distance of approach to the target. The short-track m
was used when the 1LT was set to ‘‘singles.’’ In this mode
single, positive polarity track~the recoil proton! was
searched for in forward regions of WC1 and WC2, using
angle difference between the WC1 and WC2 hits. Furt
2LT criteria for both the standard and short-track mode
cluded valid hits in the incoming beam regions of WC1 a
WC2. This condition efficiently eliminated events wit
muons from in-flight pion decay that entered CHAOS at
wrong angle with respect to the nominal beam axis.
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The final, third-level~3LT! stage consisted of softwar
requirements in the VME data acquisition computer, and p
formed event rejection based on the partial readout of
data. It is required that the time of flight of particles from th
pion production target toS1 corresponds to pions, reducin
electron and muon contamination. When in coincident tr
ger mode, it is also required for the 3LT that the hit com
nation in theDE1 counters correspond to that expected fro
elasticpp scattering kinematics.

C. Spin-polarized target

A spin-polarized target@15# operating in frozen-spin mode
was designed for use in the CHAOS spectrometer. The ta
was identical to that described in Ref.@14# except for the use
of frozen butanol beads rather than a frozen slab. The ta
cell consisted of a (3032535) mm3 (W3H3T) copper
vessel of 25.4-mm wall thickness. The target material was
mixture of butanol (C4H9OH) and EHBA „Sodium Bis
@2-ethyl-2-hydroxbuty-rato~2-!# oxochromate~V! monohy-
drate Cr~V!…. The relative concentrations were 531019 mol-
ecules of EHBA to 1 cc of butanol. Water was added to
mixture in a 1:20 ratio by volume. Butanol beads appro
mately 1 mm in diameter were formed by freezing in liqu
nitrogen. To obtain sufficiently long polarization relaxatio
times (.400 h), once polarized, the target temperature w
kept below 100 mK. This was achieved using a stand
dilution refrigerator technique. The mixing chamber su
rounded the cell, with the4He/3He interface immediately
above the target cell. The refrigerator cooled the cell fro
1.2 K to the operating temperature of 60–70 mK.

1. Polarization procedure

The CHAOS magnetic field served as the polarizat
holding field during the data acquisition, but it did not ha
7-3
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J. D. PATTERSONet al. PHYSICAL REVIEW C 66, 025207 ~2002!
the required strength or the 1 in 104 homogeneity to serve a
a polarizing magnet. A separate superconducting solen
~PS!, outside of CHAOS, provided the necessary homo
neous 2.5 T field for polarization. A third magnet, the holdi
coil ~HC!, also superconducting, was situated immediat
above the butanol target cell inside the cryostat and was
quired only during transit of the cryostat from the polarizi
magnet to the center of CHAOS.

The polarization procedure consisted of the followi
steps. The target was dynamically polarized in the PS,
the final polarization achieved was measured as descr
below. The PS was ramped from 2.5 T to;0.3 T. The HC
was then energized to provide;0.3 T in its fringe field, and
the target was raised about 50 cm until it cleared the top
the PS. The PS was then rolled clear and the target
lowered 1.4 m through the open 16-cm-diameter bore hol
the CHAOS magnet until it reached beam height. T
CHAOS field was then ramped up to 0.3 T at the center, a
which the HC was ramped off. The CHAOS field was fina
ramped up to the field required for thepp scattering mea-
surements. After completing the data taking, the same
quence was reversed.

The average loss of the polarization during this transp
tation sequence was determined from target nuclear mag
resonance~NMR! measurements before and after data acq
sition. Repeated trial round trips, in which the target w
inserted and immediately extracted from the CHAOS m
net, showed that typical transit losses were 3 –5 % of
original polarization. Polarization decay times at the ope
ing field of CHAOS were always in excess of 400 h, resu
ing in negligible decay during the data recording.

2. NMR measurements

The magnitude of the target polarization was determin
from measurements of the proton NMR signal. The NM
coil was a single wire loop, made of~1-mm-diameter! cop-
per, coated with teflon and permanently embedded inside
target cell. It was part of an external two-armQ-meter cir-
cuit, driven at the proton Larmor frequency~107.0 MHz at
B52.508 T). To increase the signal-to-noise ratio, the sig
from the compensating arm was subtracted from that of
NMR arm containing the embedded coil. The combined s
nal was amplified, fed into a phase sensitive detector,
digitized. Since spin-spin interactions broaden the Zeem
absorption lines, the resonance frequency was scanne~in
512 steps of 2 kHz! around the Larmor frequency. The inte
grated NMR signal is proportional to the target polarizatio

The standard technique to obtain an absolute calibra
of the target polarization is to compare the integrated
namic NMR signal area with the NMR signal obtained
some equilibrium temperature, where the polarization at
field H and temperatureT is determined by the Boltzman
distribution. These thermal equilibrium~TE! signals were
taken every 3 days. The magnetic field strength was de
mined from the NMR center frequency and the temperat
('1.2 K) from the 3He vapor pressure was measured
rectly above the target cell.

To obtain background signals for the NMR measureme
the magnetic field was lowered by 3% to shift the Larm
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frequency away from the resonance. Background sign
were acquired over the same frequency range over which
real NMR signals were measured. The magnetic field w
readjusted to 2.508 T and the foreground signal was m
sured over a frequency range wide enough to include
resonance regions. Multiple foreground and background
nals ~usually 3–6! were averaged and the signal areas w
then determined using the expression

Atherm5(
i 51

512

Si2~a1b f i !Bi1g, ~2!

whereSi is the foreground signal at frequencyf i , Bi is the
background signal, anda, b, g are fitting parameters deter
mined by minimizing the appropriatex2 over regions away
from the resonance peak.

Typical polarizations achieved with this target are a
proximately 0.8. The NMR technique introduces an over
uncertainty of 3.7% in all the polarization measurements
this work. This systematic error is dominated by the var
tions in the background signal observed during the TE m
surements.

III. DATA ANALYSIS

A. Beam normalization

To reduce systematic error, the target polarization w
flipped while maintaining the beam energy. The time b
tween spin flips of the target atoms depended upon wh
energy was currently being measured, but a typical run las
three days. The 360° acceptance of CHAOS can be use
avoid the need for beam counting, a technique used and
scribed earlier in Ref.@14#. The rotational symmetry inheren
to the scattering of a spin-0 projectile from a spin-1/2 p
ticle polarized perpendicular to the scattering plane requ

Ay~u!52Ay~2u!. ~3!

Since the CHAOS spectrometer measures most angles in
left (0°,up,180°) hemisphere simultaneously with tho
in the right hemisphere (180°,up,360°), Eq.~3! can be
used to obtain the relative normalization of the spin-up a
spin-down scattering yield. Leta be the ratio of all spin up
to spin down normalization factors, including the bea
countsN↑ andN↓ and pion decay and counting efficiencie
The analyzing power can then be written as

Ay5
Y↑2aY↓

P↓Y↑1aP↑Y↓ , ~4!

wherea can be fit by minimizing

x25(
i

n/2
@Ay~u i !1Ay~2u i !#

2

dAy~u i !
21dAy~2u i !

2
, 0°,u i,180° ~5!

or
7-4
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FIG. 2. The new analyzing powers compared to existing data sets for 139-, 117-, and 98-MeVp2 ~Sevioret al. @9#, Hofmanet al. @14#,
and Alderet al. @10#! and 139-MeVp1 ~Sevior et al. @9# and Hofmanet al. @14#!. In each case the solid line is the SM95 phase-s
solution, the dotted line the SM02 solution, and the dashed line the KH80 solution. The lower graphs show, on a smaller scale, t
solution subtracted from the new experimental analyzing powers.
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@Ay~u i !2Ap~u i !#

2

dAy~u i !
2

, 0°,u i,360°, ~6!

where n is the total number of data points~angles!. The
second expression, which uses some antisymmetric func
Ap , such as an existing phase shift solution, is more con
nient because it does not require all data at measured an
u to have counterparts at2u ~due to missing trigger blocks
or deadened chamber sections!. The sensitivity of the results
to the specific choice of antisymmetric functions was inv
tigated and none was found. Furthermore, the tabulated
ues for analyzing powers use the~statistical! average of the
values obtained atu and2u, which is only weakly depen-
dent ona.

The values ofa ranged from 0.63 to 1.82, dependin
upon how much beam time was allotted to the spin-up
spin-down measurements, and contributed a systematic
to the measurements of approximately 0.5%. There is
further systematic error in the analyzing power attributed
the beam counting.

B. Particle identification

For thep2 data, particle identification was accomplish
using the polarity of the found tracks. If multiple tracks f
02520
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either or both polarities exist~which can occur when more
than one pion exits the channel during the same prim
beam burst!, then the momentum and scattering angle
each track is calculated. Elastic kinematics are used to de
mine which negative polarity track to associate with t
pion, and which positive one to identify with the proto
considering all combinations of tracks. For the singlep1

data set, the same methodology is employed, except that
positive pairs of tracks are considered for the final states

C. Background reduction

Background reactions are expected from the carbon
oxygen in the butanol target, the4He/3He coolant mixture,
the target cell, and cryostat windows. For all the data p
sented here, the off-line analysis required identification
both a pion and recoil proton. This condition reduced t
angular coverage but eliminated elastic scattering fromZ
.1 nuclei and all other reactions that do not produce a p
and a proton in the final state. Kinematic cuts on the pro
momentum and scattering angle and on the pion momen
as well as on the reaction vertex were used to isolate
elastic pp events. Only an insignificant number of thre
body quasielastic events whose kinematics overlap the e
tic pp kinematics and fell within the limited (67°) out-of-
7-5
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FIG. 3. The analyzing powers compared to phase shift solutions 87-, 67-, and 57-MeVp2. In each case the solid line is the SM95 pha
shift solution, the dotted line the SM02 solution, and the dashed line the KH80 solution. The lower graphs show the new expe
analyzing powers subtracted from the SM95 solution. The lower right panel illustrates the effect of convoluting the SM95 analyzin
predictions with the experimental beam energy distribution at 57.060.2 MeVp2p. The effect is only significant at this incident pion energ
la
bo
e

in

r
e
in
tin
bu
ur
s
ar

es-

cel-
ions
two

the

ivi-
for

pro-
of

ails,
the
ries
ade
tes

row

the
plane acceptance were expected. To measure the quasie
contribution to the spectrometer’s signal, data from a car
slab were obtained, and virtually no quasielastic events w
found in the final analysis.

D. Scattering angle corrections

Due to the rapidly changing cross section and analyz
power across an angular bin, the value ofAy measured in an
angular bin of widthu02u f510° is actually

^Ay&5

E
uo

u f
At~u!r~u!du

E
uo

u f
r~u!du

, ~7!

wherer(u) is the probability distribution for a pion to scatte
betweenu and u1du and be detected by CHAOS. Th
anglesu0 , u f defined the lower and upper bounds of the b

The changing cross section is accounted for by calcula
the statistically weighted scattering angle using the distri
tion of pion scattering angles observed during the meas
ment. Since thepp differential cross section, as well a
CHAOS’s geometrical acceptance and efficiencies, v
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across individual bins, the pion’s average angle is not nec
sarily the central value of the bin, i.e., (u f2u0)/2, but can
differ from that value by 0.5° –3.3°.

E. Systematic errors

The advantage of asymmetry measurements is the can
lation of many factors associated with absolute cross sect
experiments. For these measurements, there exist only
significant contributions to the systematic error, namely,
3.7% uncertainty in the target polarization (P↑↓) and the
variations observed in the pion yield due to small sensit
ties to the kinematic cuts. Three cut gates must be defined
each scattering bin of each measurement: proton angle,
ton energy, and pion energy. Due to the finite resolution
the spectrometer, the yield histograms tend to have long t
especially on the low-energy side. To estimate the error,
cut gates were altered, and slightly fluctuating asymmet
were observed. All three cut gates for each bin were m
10% wider and 10% narrower. As expected, the wider ga
systematically lowered the analyzing powers, and the nar
gates caused random fluctuations in the value ofAy . The
systematic error for each bin is determined to be half
difference betweenAy using the wide and narrow gates.
7-6
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TABLE I. Measured analyzing powers at 139, 117, and 98 MeV. The statistical and systematic erro
shown, but the 3.7% overall polarization normalization error is not. Standard and short track refer to t
trigger modes in which the data were acquired.

uc.m.
p Ay(u)6dAy(stat)6dAy(sys) uc.m.

p Ay(u)6dAy(stat)6dAy(sys)

138.960.7 MeV, p1 ~standard! 138.960.7 MeV, p2 ~standard!
72.52 0.47260.01760.002 73.96 0.03260.02760.003
83.66 0.42260.00960.002 84.22 0.01160.02660.003
94.33 0.36260.00760.001 94.83 20.06060.02260.001
104.44 0.24560.00760.001 104.63 20.13260.01860.005
114.02 0.15660.00760.001 114.48 20.19360.01360.004
123.21 0.08560.00560.001 123.21 20.21060.01060.004
131.96 0.05960.00560.001 131.52 20.20260.01160.001
140.47 0.03960.00460.001 140.55 20.18260.01060.001
148.72 0.01960.00460.001 148.56 20.15960.01060.001
156.67 0.00460.00460.001 156.67 20.12360.00960.001
164.54 0.01360.00460.001 164.46 20.08060.01060.001
172.30 0.00860.00460.001 172.07 20.04960.01160.001
179.92 0.00060.00160.001 179.46 20.02860.01560.005

116.860.7 MeV p2 ~standard! 98.060.7 MeV p2 ~standard!
75.68 0.03460.07160.008
84.35 0.04260.03060.007 85.04 0.01460.08460.001
93.88 20.00160.02060.001 93.65 0.09260.03060.007
103.80 20.05660.01660.002 103.28 0.00160.02360.001
113.62 20.11160.01260.002 112.94 20.06960.02060.002
122.49 20.18960.01060.001 121.77 20.13260.01360.003
131.75 20.21960.00960.001 129.96 20.16960.01360.001
139.93 20.20160.00960.001 139.36 20.20360.01360.002
148.03 20.16760.01060.002 147.55 20.16760.01560.001
156.33 20.10860.01060.001 156.11 20.13460.01460.002
164.31 20.08460.00960.001 164.03 20.08260.01560.001
171.87 20.02560.01060.001 171.76 20.05260.01760.004
179.38 20.01860.01360.001 179.37 20.01260.02060.003
or
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These systematic errors, along with the statistical err
are listed in the data tables. It should be noted that the
tematic errors due to the cuts are much smaller than
statistical error, typically by a factor of 5–10.

IV. RESULTS

The data are shown in Figs. 2 and 3 and tabulated
Tables I and II. Only the statistical errors are shown in
figures. The 3.7% overall normalization uncertainty due
the target polarization measurements is not shown eithe
the tables or plots.

A. Comparison to previous work

There exist several measurements that overlap with
data of this work. Hofmanet al. @14# published threep1

data sets at 139.5 MeV, a singlep2 set at 116.8 MeV and
two p2 sets at 86.8 MeV~not shown!. These data agree ver
well with the present work. In particular, the agreement
139-MeVp1 confirms the normalization of these previous
02520
s,
s-
e

in
e
o
in

e

t

published data. The Sevioret al. @9# p2 data set at 98 MeV
is in good agreement. The Alder@10# data agree as well, bu
have large statistical errors.

B. Comparison to phase shift predictions

The present results are compared to the last publis
phase shift analyses of VPI/GWU group~SM95 @22#!, the
more recent~SM02! results of the same group@23# and those
of the Karlsruhe group~KH80 @2,3#!. Due to the proximity of
a Barralet crossing point at 57 MeV, thep2 analyzing power
predictions change rapidly with incident energy and ang
To properly evaluate the agreement with the existing ph
shift solutions that are calculated at one energy, these s
tions have been averaged~convoluted! with the incident
beam energy profile and differential cross section given
the respective PWA’s.

The momentum bite of theM11 channel varied from 1%
~at 139 MeV! to 4% ~full width! at 57 MeV. Individual pions
are tracked using theGEANT based simulation to the cente
of the target. The resulting nearly Gaussian energy distri
7-7
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TABLE II. Measured analyzing powers at 87, 67, and 57 MeV. The statistical and systematic erro
shown, but the 3.7% overall polarization normalization error is not.

uc.m.
p Ay(u)6dAy(stat)6dAy(sys) uc.m.

p Ay(u)6dAy(stat)6dAy(sys)

87.260.8 MeV, p2 ~standard! 87.260.8 MeV, p2 ~short track!
94.13 0.21860.16860.133 93.52 0.24360.12860.027
103.34 0.08560.07560.006 103.25 0.04460.05960.004
112.72 20.04660.05760.007 112.82 0.02960.03560.003
121.58 20.05260.05560.003 121.40 20.07060.03160.007
130.16 20.11060.03960.004 130.16 20.09360.03160.003
138.99 20.13860.04060.002 139.07 20.17260.03060.005
147.56 20.09360.04560.005 147.48 20.15260.03260.003
156.02 20.13160.04560.003 155.94 20.13860.03360.003
163.99 20.01860.04560.019 163.91 20.09960.03460.001
171.87 20.06660.05260.005 171.78 20.01760.03860.004
179.36 0.01260.06260.022 179.36 20.03060.04660.005

66.960.9 MeV, p2 ~standard! 66.960.9 MeV, p2 ~short track!
101.82 0.11860.03160.008

112.52 0.09760.08160.013 111.76 0.13660.02160.002
121.06 0.12560.05260.002 120.60 0.09460.02160.004
129.34 0.14860.05160.002 129.43 0.11060.02360.004
138.61 0.07660.04860.004 138.26 0.03060.02660.004
147.03 0.09360.04960.004 146.86 0.06860.03160.010
155.26 0.02760.04860.004 155.35 20.00260.03460.005
163.35 20.05660.05860.003 163.43 20.06260.05160.003
171.26 0.03160.07760.030 171.50 20.12360.06460.001
179.52 20.10760.10760.020 179.19 20.06860.06560.011
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tion is fit. The weighted analyzing powers are calculated
ing

^Ay~u!&5

E
0

`

Ay~E,u!w~E,u!dE

E
0

`

w~E,u!dE

, ~8!

where Ay(E,u) is the analyzing power predicted by th
phase shift analysis. The weighting factorw(E,u) is defined
by

w~E,u!5c~E!
ds

dV
~E,u!, ~9!

wherec(E) is the Gaussian beam energy profile extrac
from the Monte Carlo studies andds/dV is from the appro-
priate PWA. Beam energy uncertainties are also quote
Tables I, II, and III.

The effect of this convolution at 57-MeV~Table III! p2 is
shown in the bottom right panel of Fig. 3. There is a notic
able reduction in the analyzing power compared to that p
dicted at the central beam energy. Any phase shift solu
that is compared to these measurements must take this e
into account. The effect is significant only near 170° at
MeV, but also noticeable at 67 MeV.
02520
-

d

in

-
-
n
ect
7

As can be seen from Figs. 2 and 3, the beam avera
SM95 phase shift~solid line! predictions agree very wel
with the present measurements, although the statistical e
at 67- and 87-MeVp2 are too large to draw strong conclu
sions. The agreement with the Karlsruhe solution KH
~dashed lines! is poorer, especially at 98, 117, and 139p2. A
direct comparison between all the data presented here
these two PWA solutions yields axn

2 of 1.15 for SM95 and
6.72 for KH80. The newer SM02 solution~dotted line!,
which uses different Coulomb corrections and includes n

TABLE III. Measured analyzing powers at 57 MeV.

uc.m.
p Ay(u)6dAy(stat)6dAy(sys)

57.260.9 MeV, p2 ~short track!
101.74 0.17860.02960.001
111.95 0.17560.01960.001
120.33 0.18760.01560.001
129.38 0.20560.01560.001
137.99 0.18360.01760.001
146.55 0.21060.02060.004
155.01 0.21260.02560.001
162.99 0.28260.03460.008
170.95 0.25260.13560.025
179.67 0.06460.09760.029
7-8
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pionic atom data, matches less well at all energies exc
57 MeV.

V. SUMMARY

This work presentedpp elastic analyzing powers at
single p1 and six p2 energies below theD(1232) reso-
nance. This is the first time thatp2p analyzing power mea
surements below 87 MeV have been available. System
errors due to beam counting have been minimized by us
the 360° acceptance of the CHAOS spectrometer. A spe
trigger detecting low momentum recoil protons allowed
data to be collected in coincidence mode, suppressing qu
elastic backgrounds.

The 139-MeVp1 data are in agreement with the previo
data published by Hofmanet al. and by Sevioret al. At the
,

th

.

F

02520
pt

tic
g

ial
l
si-

incident beam energies of 116, 98, 87, and 57 MeV,
present results clearly favor the SM95 PWA of the VPI So
dus GWU group over that of the KH80 analysis a
strengthens the case for a higher value of theS term.
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