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Analyzing powers for arp elastic scattering between 57 and 139 MeV
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Analyzing powers formp elastic scattering at bombarding energies below Ali&232) resonance were
measured at TRIUMF using the CHAOS spectrometer and a polarized spin target. This work presdata
at six incident energies of 57, 67, 87, 98, 117, and 139 MeV, and a singkata set at 139 MeV. The higher
energy measurements cover an angular range o&#5,<180° while the lower energies were limited to
101°< 6, ,<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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[. INTRODUCTION forward scatteringm= differential cross sections near 30
MeV are critical for the extrapolations.

. . Additional interest arises from possible isospin breaking
-The value of the p|on-nucleon sigma FerlflT(N), an €X- iy the pion-nucleorSwave amplitude, which has been in-
plicit measure of chiral symmetry breaking due to0 NONZerggreq in the analysis of low-energyN data by Gibbst al.
guark masses, has been in dispute in part due to lack of hl%] and, more recently, by Matsindg]. Both analyses,
quality, consistent measurements of low-energy pion-nucleofhich rely exclusively on data below 100 MeV, report an
observables. Chiral perturbation theory has relaled to  approximate 7% effect in the difference between elastic and
the baryon mass spectrum and hence to the strése®  single charge exchange real p&rvave amplitudes.

quark conteny=2(p|ss|p)/({p|uu+dd|p)) of the nucleon A large set of back-angle, pion-nucleon differential cross
wave function. TherN observables can be related to the section data below 100 MeV exists. Measurements in the
3, term using extrapolations of the scattering amplitudes tdorward regions at very low energies is experimentally chal-
the subthreshold=0, t=2u2) Cheng-Dashen poiritL]. lenging and little dgta are available at pr_esent. Such measure-
Estimates of th& _, term from the Karlsruh@<H80) partial ~ Ments are the subject of CHAOS experim&T78(8], pres-

wave analysi$PWA) by Hohler[2] and Koch and Pietarinen €Ntly under analysis. ,
[3], which use exclusively pre-meson-factory data, imply It is advantageous to measure spin observables, such as

S =64+8 MeV (y=0.2+0.2). Newer analysis using the analyzing powers 4,), rather than additional differential
VIgI/GWU PWA [4], which incorporates modern pion- cross sections. Analyzing powers are the results of an inter-
nucleon measurements, have raised this valug tq= 84 ference between the spin-fli) and spin-nonflip(H) am-

K litudes and hence sensitive to smaller, nonresonant partial
+5 MeV (y=0.5+0.1) [5]. To properly constrain future b P

. ..~ waves. Moreover, the analyzing power
phase shift analyses and to reduce the uncertainties in the yzing p

extrapolations, accurate low-energy measurements of both . v .

differential cross sections and spin observables are needed, _ ¢ —¢ _ Y/N—Y/N*  2Im(GH")

In particular, bothw ™~ analyzing powers near 50 MeV and Y plgl+Plgl  PLYINI+PIYUN!  (|G]2+|H[?)
@
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ponent of the spin of the target protons, which is perpendicufor all the readout electronics. The low rate WC3 was
lar to the pion scattering plane. switched off in the incoming and outgoing beam regions. A
Previous analyzing power measurements were focused @y4° angular section of WC4 was replaced with a 36° section,
energies around th&(1232) resonance. The TRIUMF data |eaving an 18° gap in the incoming beam region. Three cells
of Sevior etal. [9] cover a large energy rang®8-263  ere deactivated in the outgoing beam regish.was situ-
MeV), but a limited angular range. There are seven addizted where WC4 would have been in the incoming beam
tional data sets, published by Aldet al. [10] ("), Raue  region, at a radius of approximately 65 cm. All the incident
etal.[11] ("), and Amsleret al.[12] (") above 95 MeV.  peam pions were detected by the proportional chambers
More recently, Wieseet a_I. [13] published four _data points \wc1 and WC2. Knowledge of the average beam momentum
at 68.3-MeVr ™. Finally, in a measurement using the same e magnetic field in conjunction with the WC1 and

gxperfmental.setup repot[ted {lze:;; data were tizen_lfﬁr a MUy 2 hit information allowed track reconstruction of the in-
er of energies across thi ) resonancld]. These cident pions to the target at the center of the magnet.

data were norm_allzed at one energy, 139-MeV, to the Pions scattered from the target were typically detected by
statistically precise data of Seviet al. Improvements of the . - . .

. . all four wire chambers, as shown in Fig. 1. At higher incident
polarized target now allowed extension of these measure- ies. th | ton is also tracked throuah all
ments below 100 MeV, as well as an independent verificatio €am energies, the recoll proton s also tracke ougnh a

detectors. At the two lowest pion energies, the detection of

of the polarization normalization. th I t tons was limited to two or three
With the target polarization problems resolved, new, low-. ese low momentum pro

energy analyzing power data in the~ channel were col- inner chambers. The protons that were only detected by the

lected with the CHAOS spectrometer and are presented herd"er chambgrs are termed short—tr.ack. protons.
The magnitudes of the magnetic fields were chosen to

provide the greatest curvature for the scattered pions without
trapping the lowest-momentum scattered particles. The field
A. CHAOS was scaled with the incident momentum in order to maintain

. imi [ inci m energies.
All data were collected using the CHAOS spectrometera similar scattering geometry at all incident bea 9

and a dedicated spin-polarized targ#5] in the M11 pion For this experiment, a value pf B~153 MeV/cT was used.

: o The M11 beam channel was tuned to pion energies of
channel at TRIUMF. A detailed description of CHAOS can ;35 9" 1158 980, 87.2, 66.9, and 57.2 MeV at the center of
be found in Ref[16] and references therein, but the compo-

nents crucial to this work are described below. the polarized target. The energy determination was based on

The spectrometer consisted of four low-mass, cylindrical™me-0F-flight measurements performed for a previous ex-
P ' Y periment[19] in this channel. The systematic error in the

concentric ”aCk'F‘g chambe_rs and Ia}yers of part_mlg Identlfl'mean pion kinetic energy was estimated to be 0.3%. How-
cation counters immersed in a vertical magnetic field pro- ~ . .
. o ; . ever, the lows ™ particle flux from the channel necessitated
vided by a cylindrical dipole magnet with an open geometry. relatively large momentum bite. varving from 1% to 49
The inner two wire chambe@VC1 and WC2 are propor- a refatively 1arge momentu €, varying 010 ho'h
tional vertex chambers with radii of 11.5 and 22.3 cm, re-The corresponding beam energy widths are quoted_ with the
. . - tabulated results. The consequence of the energy distribution
spectively. A drift chambefWC3 [17]) was positioned at a . di din Sec. IVB
radius of 34.4 cm. The struck-wire information from WC1, IS discussed in Sec. '
WC2, and WC3 was used in a second-level trigde]. The _ _
drift time information from WC3 was digitized and used to B. Trigger requirements
improve off-line tracking, but was not part of the trigger  Event filtering was accomplished in CHAOS by three lev-
system. Positioned in the tail of the magnetic field at a radiugls of on-line triggering. The first-level triggddLT) [20]
of 62—-66 cm was a vector drift chamb@vC4). This cham-  was based on the multiplicity of hits in th&E, counters.
ber, with 100 cells of eight anode wires each, vastly im-The second-level triggef2LT) [18] analyzed the data from
proved the particle tracking and momentum resolution. SurwC1, WC2, and WC3 and made decisions based on the pos-
rounding the WC4 detector were two layers of plasticsible number of scattered tracks, their polarity, momentum,
scintillation counters and an outer layer of lead-glass Cherand the distance of closest approach to the center of CHAOS.
enkov counters. The counters were arranged in 20 blocks;he third level (3LT) was a software trigger running on a
each 18° wide. Th&E; counters were 3-mm-thick NE110 VMEbus data acquisition computer. Data were written to
plastic and faced the target at a radius of 71 cm. Behind eaghermanent storage using thieAs [21] acquisition software.
AE, counter were two adjacent 9°-wide scintillatake,, Each of theAE; counters was potentially an active con-
and AE,, made of 12-mm-thick NE110 plastic. Data from tributor to the hit multiplicity that formed the output of the
AE, and Cherenkov detectors were not used in the analysisLT. For the higher-energy measurements where the recoil
of this experiment. TheAE; counter modules subtended proton was energetic enough to reach the counter blocks for
+7° in the vertical direction and defined the out-of-planea large range of scattering angles, the minimum event mul-
acceptance. In the horizontal scattering plane the acceptantplicity was set to two hitg§a “doubles” 1LT) but for the 67-
was nominally 360°, except for a single 18° section removedind 57-MeV measurements, the hit multiplicity was reduced
at the beam entrance. to only a single hit(“singles” 1LT). In both cases, hits in the
A four-element scintillation counter hodoscop®l) de- AE, counters were not demanded since many of the low-
fined the incident beam, and also provided the time referencenergy particles were stopped in th&; counters. Note that

Il. EXPERIMENTAL APPARATUS
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lead—glass
/ cherenkov

beam

FIG. 1. Typical@™ p coincidence event at 57
MeV. The beam pion enters through the four-
segment scintillato81, is detected in wire cham-
bers WC1 and WC2, and traced to the target at
center. The scattered pion traverses all four cham-
bers and stops in the scintillatosE, or in the
lead-glass detectors. The recoil proton is detected
in chambers WC1 and WC2 only, corresponding
to a short-track event.

entrance

beam exit

the 1LT logic could not distinguish the geometric location of  The final, third-level(3LT) stage consisted of software
the hits, a task which was left to the third-level softwarerequirements in the VME data acquisition computer, and per-
trigger. As for all CHAOS experiments, one of the 18° formed event rejection based on the partial readout of the
blocks was removed to allow the unhindered entry of thedata. It is required that the time of flight of particles from the
beam into the spectrometer and, similarly, one block wagion production target t®1 corresponds to pions, reducing
removed at the beam exit. A conseguence of removing th@lectron an_d_muon Conta.mination. When in CoinCiQEnt trig-
counter block at the beam exit is to create a hole in theJer mode, it is also required for the 3LT that the hit combi-
spectrometer acceptance, exactly where most forward recdp@tion in theAE, counters correspond to that expected from
protons would be detected. A special counter block consistl2stic7p scattering kinematics.
ing of only theAE; andAE, counters was therefore inserted
at the beam exit. Pulse height discrimination was used to ] . e ]
allow protons to participate in the trigger of an event, while A Spin-polarized targg{l5] operating in frozen-spin mode
pions could not. was de5|g_ned for use in th_e CHAQS spectrometer. The target

A passed 1LT started the second-level trigger, and proWas identical to that described in Rgf4] except for the use

pf frozen butanol beads rather than a frozen slab. The target

cell consisted of a (3025x5) mnt (WXHXT) copper
vessel of 25.4am wall thickness. The target material was a
mixture of butanol (GHyOH) and EHBA (Sodium Bis

C. Spin-polarized target

the drift chamber timing signals. The 2LT performed a triple
computational loop over all struck-wire numbers from the
three inner wire chamber@VC1-WC3. For this experi-

. 2-ethyl-2-hydroxbuty-rat@-)] oxochromate(V) monohy-
ment, the 2LT was operated in one of two modes, labeleq . Cr(V)). The relative concentrations were<3.0'° mol-
standard or short track, depending upon the incident momery

Standard d icall d wh he 1LT cules of EHBA to 1 cc of butanol. Water was added to the
tum. Standard moge was typically used when the WaSixture in a 1:20 ratio by volume. Butanol beads approxi-

set to “doubles.” In standard mode, the trigger s_earches fOFnater 1 mm in diameter were formed by freezing in liquid
candidate tracks and performs cuts on the polarity and closyitrogen. To obtain sufficiently long polarization relaxation
est distance of approach to the targgt. The shortjtrack Modmes (400 h), once polarized, the target temperature was
was used when the 1LT was set to “singles.” In this mode, aept below 100 mK. This was achieved using a standard
single, positive polarity track(the recoil protoh was dilution refrigerator technique. The mixing chamber sur-
searched for in forward regions of WC1 and WC2, using therounded the cell, with thé'He/fHe interface immediately
angle difference between the WC1 and WC2 hits. Furtheabove the target cell. The refrigerator cooled the cell from
2LT criteria for both the standard and short-track mode in-1.2 K to the operating temperature of 60—70 mK.

cluded valid hits in the incoming beam regions of WC1 and

WC2. This condition efficiently eliminated events with 1. Polarization procedure
muons from in-flight pion decay that entered CHAOS at the The CHAOS magnetic field served as the polarization
wrong angle with respect to the nominal beam axis. holding field during the data acquisition, but it did not have
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the required strength or the 1 inlBomogeneity to serve as frequency away from the resonance. Background signals
a polarizing magnet. A separate superconducting solenoidiere acquired over the same frequency range over which the
(PS, outside of CHAOS, provided the necessary homogefeal NMR signals were measured. The magnetic field was
neous 2.5 T field for polarization. A third magnet, the holdingreadjusted to 2.508 T and the foreground signal was mea-
coil (HC), also superconducting, was situated immediatelysured over a frequency range wide enough to include off-
above the butanol target cell inside the cryostat and was reesonance regions. Multiple foreground and background sig-
quired only during transit of the cryostat from the polarizing nals (usually 3—6 were averaged and the signal areas were

magnet to the center of CHAOS. then determined using the expression
The polarization procedure consisted of the following
steps. The target was dynamically polarized in the PS, and 512
the final polarization achieved was measured as described Atherm= 21 S—(a+ Bf)B;+ v, (2
=

below. The PS was ramped from 2.5 T40.3 T. The HC

was then energized to provide0.3 T in its fringe field, and

the target was raised about 50 cm until it cleared the top ovhereS is the foreground signal at frequenty, B; is the

the PS. The PS was then rolled clear and the target wddackground signal, and, B, y are fitting parameters deter-

lowered 1.4 m through the open 16-cm-diameter bore hole oiined by minimizing the appropriate® over regions away

the CHAOS magnet until it reached beam height. Thefrom the resonance peak.

CHAOS field was then ramped up to 0.3 T at the center, after Typical polarizations achieved with this target are ap-

which the HC was ramped off. The CHAOS field was finally Proximately 0.8. The NMR technique introduces an overall

ramped up to the field required for thep scattering mea- uncertainty of 3.7% in all the polarization measurements of

surements. After completing the data taking, the same sdhis work. This systematic error is dominated by the varia-

quence was reversed. tions in the background signal observed during the TE mea-
The average loss of the polarization during this transporsurements.

tation sequence was determined from target nuclear magnetic

resonancéNMR) measurements before and after data acqui- IIl. DATA ANALYSIS
sition. Repeated trial round trips, in which the target was o
inserted and immediately extracted from the CHAOS mag- A. Beam normalization

net, showed that typical transit losses were 3-5% of the To reduce systematic error, the target polarization was
original polarization. Polarization decay times at the operatflipped while maintaining the beam energy. The time be-
ing field of CHAOS were always in excess of 400 h, result-tween spin flips of the target atoms depended upon which
ing in negligible decay during the data recording. energy was currently being measured, but a typical run lasted
three days. The 360° acceptance of CHAOS can be used to
avoid the need for beam counting, a technique used and de-
The magnitude of the target polarization was determinedcribed earlier in Ref.14]. The rotational symmetry inherent
from measurements of the proton NMR signal. The NMRto the scattering of a spin-0 projectile from a spin-1/2 par-
coil was a single wire loop, made ¢f-mm-diametercop- ticle polarized perpendicular to the scattering plane requires
per, coated with teflon and permanently embedded inside the
target cell. It was part of an external two-a@meter cir- Ay()==Ay(=0). ©)
cuit, driven at the proton Larmor frequen€¢¥07.0 MHz at
B=2.508 T). To increase the signal-to-noise ratio, the signafince the CHAOS spectrometer measures most angles in the
from the compensating arm was subtracted from that of théeft (0°<6,<180°) hemisphere simultaneously with those
NMR arm containing the embedded coil. The combined sigin the right hemisphere (186¢6,<360°), Eq.(3) can be
nal was amplified, fed into a phase sensitive detector, andsed to obtain the relative normalization of the spin-up and
digitized. Since spin-spin interactions broaden the Zeemagpin-down scattering yield. Let be the ratio of all spin up
absorption lines, the resonance frequency was scafined to spin down normalization factors, including the beam
512 steps of 2 kHzaround the Larmor frequency. The inte- countsN! andN, and pion decay and counting efficiencies.
grated NMR signal is proportional to the target polarization.The analyzing power can then be written as
The standard technique to obtain an absolute calibration

2. NMR measurements

of the target polarization is to compare the integrated dy- Y= av!
namic NMR signal area with the NMR signal obtained at A= ST T ool (4)
some equilibrium temperature, where the polarization at the PYi+aP'Y

field H and temperaturd is determined by the Boltzmann
distribution. These thermal equilibriufTE) signals were wherea can be fit by minimizing
taken every 3 days. The magnetic field strength was deter-

mined from the NMR center frequency and the temperature M2 A () + A — 6:)]2

3 . 2 [ y( I) y( I)] ° o
(=1.2 K) from the *He vapor pressure was measured di-  x?=, . S, 0°<6,<180° (5)
rectly above the target cell. i OA(0)°+ SA(— )

To obtain background signals for the NMR measurement,
the magnetic field was lowered by 3% to shift the Larmoror
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FIG. 2. The new analyzing powers compared to existing data sets for 139-, 117-, and 98-M@&évioret al.[9], Hofmanet al.[14],
and Alderet al. [10]) and 139-MeV#" (Sevioret al. [9] and Hofmanet al. [14]). In each case the solid line is the SM95 phase-shift
solution, the dotted line the SM02 solution, and the dashed line the KH80 solution. The lower graphs show, on a smaller scale, the SM95
solution subtracted from the new experimental analyzing powers.

n [A(6)—Ay(6)]2 either or both polarities exigivhich can occur when more
XZZE Y p2 , 0°<$;<360°, (6) than one pion exits the channel during the same primary
: SA(6;) beam burst then the momentum and scattering angle of

where n is the total number of data pointangles. The each track is calculated. Elastic kinematics are used to deter-

second expression, which uses some antisymmetric functighine which negative polarity track to associate with the
A,, such as an existing phase shift solution, is more conveR!on: and which positive one to identify with the proton,
nient because it does not require all data at measured anglégnsidering all combinations of tracks. For the singie

6 to have counterparts at 6 (due to missing trigger blocks data set, the same methodology is employed, except that only
or deadened chamber sectiprihe sensitivity of the results positive pairs of tracks are considered for the final states.

to the specific choice of antisymmetric functions was inves-

tigated and none was found. Furthermore, the tabulated val- C. Background reduction

ues for analyzing powers use tl&atistical average of the
values obtained af and — 6, which is only weakly depen-
dent ona.

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

Background reactions are expected from the carbon and
oxygen in the butanol target, tHtHe/*He coolant mixture,
the target cell, and cryostat windows. For all the data pre-
ented here, the off-line analysis required identification of
oth a pion and recoil proton. This condition reduced the
hgular coverage but eliminated elastic scattering fidm
2 1 nuclei and all other reactions that do not produce a pion
%nd a proton in the final state. Kinematic cuts on the proton
momentum and scattering angle and on the pion momentum
as well as on the reaction vertex were used to isolate the
elastic 7p events. Only an insignificant number of three-
For thew ™ data, particle identification was accomplished body quasielastic events whose kinematics overlap the elas-
using the polarity of the found tracks. If multiple tracks for tic p kinematics and fell within the limited<£7°) out-of-

B. Particle identification
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FIG. 3. The analyzing powers compared to phase shift solutions 87-, 67-, and 57MeM each case the solid line is the SM95 phase
shift solution, the dotted line the SM02 solution, and the dashed line the KH80 solution. The lower graphs show the new experimental
analyzing powers subtracted from the SM95 solution. The lower right panel illustrates the effect of convoluting the SM95 analyzing power
predictions with the experimental beam energy distribution at50.2 MeV 7~ p. The effect is only significant at this incident pion energy.

plane acceptance were expected. To measure the quasielastaross individual bins, the pion’s average angle is not neces-
contribution to the spectrometer’s signal, data from a carbosarily the central value of the bin, i.e.9{— 6,)/2, but can
slab were obtained, and virtually no quasielastic events wergiffer from that value by 0.5°—-3.3°.

found in the final analysis.

D. Scattering angle corrections E. Systematic errors

Due to the rapidly changing cross section and analyzing The advantage of asymmetry measurements is the cancel-
power across an angular bin, the valueAgfmeasured in an lation of many factors associated with absolute cross sections

angular bin of widthd,— 6;=10° is actually experiments. For these measurements, there exist only two
) significant contributions to the systematic error, namely, the
f fAt(e)p(e)de 3.7% uncertainty in the target polarizatioR'¢) and the
0o variations observed in the pion yield due to small sensitivi-
(Ay)= e (7)) ties to the kinematic cuts. Three cut gates must be defined for
L p(6)do each scattering bin of each measurement: proton angle, pro-
(0]

ton energy, and pion energy. Due to the finite resolution of
the spectrometer, the yield histograms tend to have long tails,
wherep( 6) is the probability distribution for a pion to scatter especially on the low-energy side. To estimate the error, the
betweend and #+d# and be detected by CHAOS. The cut gates were altered, and slightly fluctuating asymmetries
anglesd,, 6; defined the lower and upper bounds of the bin.were observed. All three cut gates for each bin were made
The changing cross section is accounted for by calculating0% wider and 10% narrower. As expected, the wider gates
the statistically weighted scattering angle using the distribusystematically lowered the analyzing powers, and the narrow
tion of pion scattering angles observed during the measuregates caused random fluctuations in the valueApf The
ment. Since therp differential cross section, as well as systematic error for each bin is determined to be half the
CHAOS's geometrical acceptance and efficiencies, varylifference betwee, using the wide and narrow gates.
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TABLE |. Measured analyzing powers at 139, 117, and 98 MeV. The statistical and systematic errors are
shown, but the 3.7% overall polarization normalization error is not. Standard and short track refer to the two
trigger modes in which the data were acquired.

07 Ay (0) = 6A(stat)x 5A,(sys) 07 Ay(0) = 6A(stat)* 5A,(sys)
138.9£0.7 MeV, * (standard 138.9+0.7 MeV, =~ (standard
72.52 0.4720.017+0.002 73.96 0.0320.027+0.003
83.66 0.422-0.009+ 0.002 84.22 0.0110.026+0.003
94.33 0.362-0.007+0.001 94.83 —0.060+0.022+0.001
104.44 0.2450.007+0.001 104.63 —0.132+0.018+0.005
114.02 0.156:0.007+0.001 114.48 —0.193+0.013+0.004
123.21 0.085:0.005+0.001 123.21 —0.210+0.010+0.004
131.96 0.0590.005+0.001 131.52 —0.202+0.011+0.001
140.47 0.039:0.004+0.001 140.55 —0.182+0.010+0.001
148.72 0.019-0.004+0.001 148.56 —0.159+0.010+0.001
156.67 0.004:0.004+0.001 156.67 —0.123+0.009+0.001
164.54 0.013:0.004+0.001 164.46 —0.080+0.010+0.001
172.30 0.008:0.004+0.001 172.07 —0.049+0.011+0.001
179.92 0.006:0.001+0.001 179.46 —0.028+0.015+0.005
116.8-0.7 MeV 7~ (standard 98.0+-0.7 MeV =~ (standargl
75.68 0.034:0.071+0.008
84.35 0.042-0.030+0.007 85.04 0.01# 0.084+0.001
93.88 —0.001+0.020+0.001 93.65 0.092 0.030+0.007
103.80 —0.056+0.016+0.002 103.28 0.00%0.023+0.001
113.62 —0.111+0.012+0.002 112.94 —0.069+0.020+0.002
122.49 —0.189+0.010+0.001 121.77 —0.132+0.013-0.003
131.75 —0.219+0.009+0.001 129.96 —0.169+0.013-0.001
139.93 —0.201+0.009+0.001 139.36 —0.203+0.013+0.002
148.03 —0.167+0.010+0.002 147.55 —0.167+0.015+0.001
156.33 —0.108+0.010+0.001 156.11 —0.134+0.014+0.002
164.31 —0.084+0.009+0.001 164.03 —0.082+0.015+0.001
171.87 —0.025+0.010+-0.001 171.76 —0.052+0.017+0.004
179.38 —0.018+0.013+-0.001 179.37 —0.012+0.020+0.003

These systematic errors, along with the statistical errorspublished data. The Seviet al.[9] 7~ data set at 98 MeV
are listed in the data tables. It should be noted that the sy$s in good agreement. The Aldgt0] data agree as well, but
tematic errors due to the cuts are much smaller than thhave large statistical errors.
statistical error, typically by a factor of 5-10.

B. Comparison to phase shift predictions

IV. RESULTS .
The present results are compared to the last published

The data are shown in Figs. 2 and 3 and tabulated ifphase shift analyses of VPI/GWU groipM95 [22)]), the
Tables | and II. Only the statistical errors are shown in themore recentSM02) results of the same grol@3] and those
figures. The 3.7% overall normalization uncertainty due toof the Karlsruhe groupkKH80 [2,3]). Due to the proximity of
the target pOlarization measurements is not shown either Ia Barralet Crossing point at 57 MeV, the ana|yzing power
the tables or plots. predictions change rapidly with incident energy and angle.
To properly evaluate the agreement with the existing phase
shift solutions that are calculated at one energy, these solu-
tions have been averaggdonvoluted with the incident

There exist several measurements that overlap with thbeam energy profile and differential cross section given by
data of this work. Hofmaret al. [14] published threer™ the respective PWA's.
data sets at 139.5 MeV, a singte” set at 116.8 MeV and The momentum bite of th# 11 channel varied from 1%
two 7~ sets at 86.8 MeVnot shown. These data agree very (at 139 MeV to 4% (full width) at 57 MeV. Individual pions
well with the present work. In particular, the agreement atare tracked using theEANT based simulation to the center
139-MeV 7+ confirms the normalization of these previously of the target. The resulting nearly Gaussian energy distribu-

A. Comparison to previous work
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TABLE Il. Measured analyzing powers at 87, 67, and 57 MeV. The statistical and systematic errors are
shown, but the 3.7% overall polarization normalization error is not.

07 m. Ay(0) = 5A(stat)= 6A(sys) 07 m. Ay(0) = A (stat)= 5A(sys)
87.2+0.8 MeV, =~ (standargl 87.2-0.8 MeV, =~ (short track
94.13 0.218:0.168+0.133 93.52 0.24830.128+0.027
103.34 0.085:0.075+0.006 103.25 0.0440.059+0.004
112.72 —0.046+0.057+0.007 112.82 0.0290.035-0.003
121.58 —0.052+0.055+0.003 121.40 —0.070+0.031+0.007
130.16 —0.110+0.039+0.004 130.16 —0.093+0.031+0.003
138.99 —0.138+0.040+0.002 139.07 —0.172+0.030+0.005
147.56 —0.093+0.045+0.005 147.48 —0.152+0.032+0.003
156.02 —0.131+0.045+0.003 155.94 —0.138£0.033+0.003
163.99 —0.018+0.045+0.019 163.91 —0.099+0.034+0.001
171.87 —0.066+0.052+0.005 171.78 —0.017£0.038+0.004
179.36 0.012-0.062+0.022 179.36 —0.030£0.046+0.005
66.9+0.9 MeV, 7~ (standard 66.9+0.9 MeV, 7~ (short track
101.82 0.1180.031+0.008
112.52 0.09%0.081+0.013 111.76 0.1360.021+0.002
121.06 0.125:0.052+0.002 120.60 0.0940.021+0.004
129.34 0.148 0.051+0.002 129.43 0.1160.023+0.004
138.61 0.076:0.048+ 0.004 138.26 0.0360.026+0.004
147.03 0.093:0.049+0.004 146.86 0.0680.031-0.010
155.26 0.02%0.048+ 0.004 155.35 —0.002£0.034+0.005
163.35 —0.056+0.058+0.003 163.43 —0.062£0.051+0.003
171.26 0.03%0.077+0.030 171.50 —0.123+0.064+0.001
179.52 —0.107+0.107+0.020 179.19 —0.068+0.065+0.011

tion is fit. The weighted analyzing powers are calculated us- As can be seen from Figs. 2 and 3, the beam averaged

ing SM95 phase shif(solid line) predictions agree very well
with the present measurements, although the statistical errors
at 67- and 87-MeV&r~ are too large to draw strong conclu-

AYE. O)W(E, §)dE sions. The agreement with thegKarIsruhe solugon KH80

(Ay(0))= > , (8  (dashed linesis poorer, especially at 98, 117, and 189. A

J w(E,6)dE direct comparison between all the data presented here and
0 these two PWA solutions yields ¢¢ of 1.15 for SM95 and
6.72 for KH80. The newer SMO02 solutiofdotted ling,
which uses different Coulomb corrections and includes new

o0

where A/(E, 0) is the analyzing power predicted by the
phase shift analysis. The weighting factetE, 6) is defined

by TABLE lll. Measured analyzing powers at 57 MeV.
d =
W(E,0)=y(E) % (E,0), 9) 0 m. Ay (0) = oA (stat)x 5A,(sys)
57.2-0.9 MeV, 7~ (short track

where (E) is the Gaussian beam energy profile extractedl01.74 0.1780.029+0.001
from the Monte Carlo studies armtb/dQ) is from the appro- 111.95 0.175:0.019+0.001
priate PWA. Beam energy uncertainties are also quoted i420.33 0.18%0.015+0.001
Tables I, I, and 111 129.38 0.20% 0.015+0.001

The effect of this convolution at 57-MeWMable Ill) 7~ is 137.99 0.1830.017+0.001
shown in the bottom right panel of Fig. 3. There is a notice-146.55 0.216:0.020+0.004
able reduction in the analyzing power compared to that prei55.01 0.212:0.025+0.001
dicted at the central beam energy. Any phase shift solutione2.99 0.282-0.034+0.008
that is compared to these measurements must take this effecto.os 0.252-0.135+0.025
into account. The effect is significant only near 170° at 57179 67 0.064 0.097+0.029

MeV, but also noticeable at 67 MeV.
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pionic atom data, matches less well at all energies excephcident beam energies of 116, 98, 87, and 57 MeV, the
57 MeV. present results clearly favor the SM95 PWA of the VPI Soli-
dus GWU group over that of the KH80 analysis and

V. SUMMARY strengthens the case for a higher value of h&erm.

This work presentedrp elastic analyzing powers at a
single #* and six w~ energies below the\(1232) reso-
nance. This is the first time that™ p analyzing power mea- We wish to thank TRIUMF for the support given to the
surements below 87 MeV have been available. Systematiexperiment, in particular the efforts of the TRIUMF polar-
errors due to beam counting have been minimized by usin@ed target group. We also gratefully acknowledge financial
the 360° acceptance of the CHAOS spectrometer. A speciaupport from the Natural Sciences and Engineering Research
trigger detecting low momentum recoil protons allowed all Council of Canada, the Istituto Nazionale di Fisica Nucleare
data to be collected in coincidence mode, suppressing quasif Italy, the Australian Research Council, the U.S. Depart-
elastic backgrounds. ment of Energy, the German ministry of education and re-

The 139-MeV#x* data are in agreement with the previous search(Grant No. BMBF 06T987), and the California State
data published by Hofmaet al. and by Seviort al. At the  University Sacremento Foundation.
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