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Analyzing powers formrp elastic scattering were measured using the CHAOS spectrometer at energies
spanning theA(1232 resonance. This work presents data at the pion kinetic energies 117, 130, 139, 155,
169, 180, 193, 218, 241, and 267 MeV and data at 87, 117, 193, and 241 MeV, covering an angular range
of 50°< 6. ,,<180° at the higher energies and 808, ,,<180° at the lower energies. Unique features of the
spectrometer acceptance were employed to reduce systematic errors. Single-energy phase shift analyses indi-
cate the resulting;,; and S3; phases favor the results of the SM95 phase shift analysis over that of the older
KH80 analysis[S0556-28188)06512-1

PACS numbgs): 13.75.Gx, 24.70ts, 25.80.Dj

I. INTRODUCTION the uncertainties in the extrapolations.

Isospin breaking in the pion-nucled&wave amplitude

For more than a decade the low-energy pion-nucleon dasas heen inferred in the analysis of low-energyl data by
tabase has continued to suffer from discrepancies that hindefipps et al. [6] and, more recently, by Matsindg]. Both

the _extraction of important aqd f_undamental quantities iNanalyses, which rely exclusively on data below 100 MeV,
particle physics. The determination of the pion-nucleonreport an approximate 7% effect in the difference between
sigma term & ), the search for isospin breaking, and theelastic and single-charge-exchange real-f@wave ampli-
value of the pion-nucleon coupling constarit,(,) all re-  tude. _ _ _ _
quire low-energy pion-nucleon scattering data of high accu- A large set of pion-nucleon differential cross section data
racy. exists, but there are discrepancies between the various mea-
The sigma term, an explicit measure of chiral symmetrysurements that_ far exceed qyoted+systemat|c errors. This
breaking due to nonzero quark masses, has been of particulgfoblem is particularly severe in the” channel below 100
interest. Chiral perturbation theory has related it to theMeV. New differential cross sectior(6)] data are unlikely
baryon mass spectrum and hence to the strdsgg quark to resolve the discrepancies. Spin observables, such as ana-
content [y=2(p|§s|p}/((p|Uu+Ed|p))] of the nucleon Iyz_mg_powers, are Fhe resu_lts of an |r_1terference between
wave function. TherN observables can be related to the  SPIN-flip (G) and spin-non-flip ki) amplitudes and hence
term using extrapolations of the scattering amplitudes to thgensitive to smaller, nonresonant partial waves, while the
subthreshold =0, t=2x2) Cheng-Dashen poift.]. Esti- differential and total cross sections are dominated by the
mates of theS term using the widely accepted Karlsruhe resl\(;lnamng pahrtlal W?Ve.'
(KH80) partial-wave analysi€PWA), using exclusively pre- oreover, the analyzing power

meson-factory data, by Hter [2] and Koch and Pietarinen ol —al YTINT=Y]IN]|
[3] imply y=0.2+0.2. Newer analyses have both lowered Ay= =

[4] and raised5] this value. Accurate data in the low-energy PloT+PTol  PLYTINT+PTYI/N]
regime will constrain future phase shift analyses and reduce 2 Im(GH*)

~ (G AP @
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ground as the only sensitive quantities. Th& arrows Cerenkov Counter

indicate the spin direction of the target protons perpendicular '

to the pion scattering plane. ////,——\\ Y
There are far fewer analyzing power measurements than

measurements of differential cross sections. Before the 1996 Sl,p

7" data of Wieseet al.[8] (four angles at 68.3 MeMhere \\‘s

was no measurement below 95 MeV. The data of Sevior

et al.[9] at TRIUMF are the most precise and dominate the

database between 98 and 263 MeV for bath and 7.

There are three other data sets that overlap with the energie: T

of this experimentAlder et al.[10], Raueet al.[11], Amsler

et al.[12]) and they will be compared to in Sec. VI \
Experiment E560 at TRIUMF used the CHAOS spec- 86 cm ’

trometer [13] to measurewp elastic scattering analyzing

powers with the intent of resolving discrepancies in the low-

energy pion-nucleon database while simultaneously contrib-

uting valuable new data. Part I, described in this paper, ac-

quired data at 16r" energieg117, 130, 139, 155, 169, 180,

193, 218, 240, 267. Me)and 47.7 energleS(S?, 117, 193, ion enters through the four-segment scintilla&r, is detected in

241 ,Mew' These higher energies, and resulting Iarger_ CrLt’sg/ire chambers WC1 and WC2, and traced to the target at center.

sections, were chosen due to the low target polarizatiohne scattered particles traverse all four wire chambers and stop in

achieved in the early phase of the experiment. Moreovefy,e |ead-glass detectors. Pulse heights corresponding to the energy

unreliable target polarization measurements forced normalpss in theAE, and AE, counters, used to mass-identify the par-
ization of these data to those of Sevmal., a procedure tic|es’ are indicated by the rectangu|ar bars.

described in more detail in Sec. Il C 2. Part Il deals with the

more recently acquireer™ scattering results at 57, 67, 87, T qul btended® in th ical direct
98, 117, and 139 MeV, and will be reported in a future e counter modules subtended'® in the vertical direction

and defined the out-of-plane acceptance. In the horizontal
scattering plane the acceptance was nominally 360° except
for a single 18° section removed at the beam entrance.

A four-element scintillation counter hodoscop®l( de-
A. Spectrometer fined and counted the incident beam, and also provided the
time reference for all the readout electronics. It was situated
a few cm upstream of WC4, approximately 72 cm from the

and a dedicated spin-polarized tar§i&4] in the M11 pion -
N i target. Use of a single hodoscope element to count the beam
channel at TRIUMF. A detalled description of the CHAQS required normalization corrections discussed in Sec. lll. The

spectrometer can be found in REE3] and references therein drift chambers(WC3 and WCA were deadened in the in-
but those components crucial to E560 are described belowComing and outgoing beam regions. However, the incident

i TI?e sphectrck;meter dcons?ttled 'c?f tl'cf{w—;nass, Cyt“nd”.calpions were detected by the proportional chambers WC1 and
racking chambers and particle identification counters imy,,c, Together with the known beam momentum and spec-
mersed in a vertical magnetic field provided by a cylindrical

dipol £ with v, A tvpioal i trometer magnetic field, this permitted reconstruction of the
Ipole magnet with an open geometry. A typieal p scat- — jq¢iqant peam trajectory to the target, which was situated at
tering event recorded by the spectrometer is shown in Fig.

Radiall twards f th : the t ! Ihe center of the spectrometer. Scattered particles were typi-
adially outwards from the center were the two propor IOnacally detected in all four wire chambers as well as the ele-

vertex chamberg§WC1,WC2, positioned at 11.5 and 23.3 ments of the scintillation counter blocks.

cm radius, respectively. A drift chambé&wC3 [15]) was

positioned at a radius of 34.4 cm. The struck-wire informa The magnitudes of the fields for ES60 were chosen to
1 X . ’ . ] “provide the greatest curvature for the scattered pions without
tion for WC3 was used in conjunction with that from the two b 9 P

. ) - t ing the | t- t ticles. The field
proportional chambers in a second-level trigg&6]. The fapping ‘he fowest-momentum particies e newc was

N . . scaled with the incident momentum in order to maintain a
drift time information was also_d|g|t|ze(_j but was not p_art_of imilar scattering geometry at all beam energies. For incident
the trlgg_er system. Positioned in the tail o_f the magnetic fiel ion energies below 170 MeV, this ratio wag,,/B
at a radius of 62._66 cm was a vector drift (_:hathC4). =171 MeVI/cT) and at the higher energies it was set at
This chamber, with 100 cells of 8 anode wires each, vastly, ;5 _5ag MeVAcT)
improved the particle tracking and momentum resolution. " '
Surrounding the WC4 detector were 2 layers of plastic scin-
tillation counters and an outer layer of lead-glass Cherenkov
counters. The counters were arranged in 20 blocks, each 18° The vast majority of the data, including all the p data
wide. TheAE; counters were 3-mm-thick NE110 plastic and and all but five of the forward angle ™ p data points were
faced the target at a radius of 71 cm. Behind eddh,  collected in coincidence mode in which tracks for both the
counter were two adjacent 9°-wide scintillatdt&,, , AE,, scattered pion and the recoil proton were identified and fully
made of NE110 plastic 12 mm thick. The outer layer of thereconstructed. The requirement that the recoil proton have
glass Cherenkov detectors was not used in this experimergufficient energy to exit the target and be tracked reduced the

N,
1||

FIG. 1. Typicalw™ p coincidence event at 140 MeV. The beam

paper.

Il. EXPERIMENTAL APPARATUS

All data were collected with the CHAOS spectrometer

B. Trigger requirements
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angular range(a typical cutoff is 6,>70%, at T, The final, third-level trigger stage consisted of software
=139 MeV) but suppressed all background reactions exceg€quirements in the VME data acquisition computer, and per-
for the quasielastic scattering process. formed event rejection based on a partial readout of the data.

Event filtering was accomplished in CHAOS by three lev-It required that the time of flight of particles from the pion
els of on-line triggering. The first level triggdl7] was  production target t&1 correspond to pions, reducing elec-
based on the multiplicity of hits in thédE; and AE,  tron and muon contamination. When the first-level trigger
counters. The second level trigggt6] analyzed the data was set to coincidence mode, the third-level trigger also re-
from WC1, WC2, and WC3 and made decisions based on thguired that the hits in thA E; counters corresponded to the
possible number of scattered tracks, their polarity, momenexpected kinematics from an elastip event.
tum, and distance of closest approach to the center of Typical coincidence trigger rated39 MeV =) were
CHAOS. The third level was a software trigger running on a2000 Hz from the first level, reduced to 400 Hz by the
VME data acquisition computer. second-level trigger, and finally to 140 Hz accepted by the

Each of the 19 counter blocks was potentially an activethird-level software trigger.
contributor to the hit multiplicity that formed the output of
the first level trigger. The trigger multiplicity was set to re- C. Polarized target
quire at least two tracké&‘coincidence” triggen except for
some data acquired at 117 and 139 MeVp where only a

single hit was required. Since the low-energy recoil proton ) P
stopped in theAE; counters, hits in thé E, counters were eter. The target cell consisted of a (825x5) mnv (W

not demanded in the trigger. Note that the first level trigge|>< H X,T) copper ve_ssel of 25pm wall thickness. The target
logic could not distinguish the geometric location of the hits, Material was a mixture of butanol (BoOH) and EHBA

a task which was left to the third-level software trigger. For(Sodium bis [2-ethyl-2-hydroxbuty-rat@-)] oxochromate

all CHAOS experiments one of the 18° blocks was removed¥) Monohydrate CrtV)). The relative concentrations were
to allow unhindered beam entry into the spectrometer anoE:DX:LO1 moleculgs of E,HBA ol cﬁ)of butanol. Water was
similarly, one block was usually removed at the beam exit2dded to the mixture in a 1:20 ratio by volume. The liquid
For the 7*p reaction, the consequence of removing thel@r9et material was pumped into the target cell using a sy-
beam exit block would have been that the forwahigh- ringe and frozen into a solid slab at liquid nitrogen tempera-
kinetic-energy recoil protons would not be detected and ture. . _ o . :
could not have contributed to the coincidence trigger, exactly 12 obtain sufficiently long polarization relaxation times
in the kinematic region where they were most likely to es-(— 400 h) the target temperature must be kept below 100

cape the target. A special counter block, consisting only ofnK. This was achieved using a standard dilution refrigerator

the AE; andAE, counters, was placed at the beam exit. The’zechniqug. The mi'xing chamber surrounded the cell, with the
efPHe interface immediately above the target cell. The re-

AE; counter was used as a veto counter for unscattered. .
beam pions but at the same time, by setting an appropria Ligerator cooled the cell from 1.2 K to the operating tem-

pulse height threshold, could contribute to the trigger multi-Perature of 60-70 mK.
plicity if struck by a recoil proton.

A passed first-level trigger signal started the second-level
trigger, and provided the gate for the digitization systems The CHAOS magnetic field served as the polarization
and the stop for the drift chamber timing signals. Theholding field during the data acquisition but it did not have
second-level trigger performed a triple computational loopthe required strength or the 1 in“Bomogeneity to serve as
the trigger over all struck-wire numbers from the three innera polarizing magnet. A separate superconducting solenoid
wire chambergWC1-WC3. This experiment required the (P9, outside of CHAOS, provided the necessary homog-
trigger logic to find a single scattered track of positive polar-enous 2.5 T field for polarization. A third magnet, the hold-
ity for = p, and of either positive or negative polarity for ing coil (HC), also superconducting, was situated immedi-
7~ p. In addition the tracks were required to have a distancétely above the butanol target cell inside the cryostat and was
of closest approach to the target of less than 5 cm. Requirintgquired during transit of the cryostat from the polarizing
the presence of a second track in the second-level trigggnagnet to the center of CHAOS.
would have suppressed events where either of the scattered The polarization procedure then consisted of the follow-
particles passed through deadened sections of WC3. In addig steps. The target was dynamically polarized in the PS,
tion it would have increased the sensitivity to chamber effi-and the final polarization achieved was measured as de-
ciency fluctuationg1-2 % expected from slight changes in scribed below. The PS was ramped from 2.5 T+0.3 T.
chamber gas composition and atmospheric pressure, neithehe HC was then energized to provid€d.3 T in its fringe
of which were monitored since all chamber hits are then field, and the target was raised about 50 cm until it cleared
required at all times. The off-line particle tracking allows for the top of the PS. The PS was then rolled clear and the target
one missing hit and hence the pion yield was not affected byvas lowered 1.4 m through the open 16-cm-diam bore of the
these small changes. CHAOS magnet until it reached beam height. The CHAOS

Further second-level trigger criteria included valid hits infield at this point was 0.3 T at the center. Then the HC was
the incoming beam regions of WC1 and WC2. This condi-ramped off and the CHAOS field was ramped up to the field
tion efficiently eliminated events with muons from in-flight required for themrp scattering measurements, usually in ex-
pion decay that entered CHAOS at the wrong angle withcess of 1 T. After completing the scattering measurements
respect to the beam axis. slated for that polarization, the same sequence was reversed.

A spin-polarized targdtl4] operating in frozen spin mode
was designed specifically for use with the CHAOS spectrom-

1. Polarization procedure
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The average loss of polarization during this transportatiorof one, had a poor signal-to-noise ratio, and the NMR system
sequence was determined from target NMR measurementgas observed to be unstable at the TE level. The dynamic
before and after data acquisition. Repeated trial round tripdMR signals, which are two orders of magnitude larger,
in which the target was inserted and immediately extractedvere adequate. It was therefore decided to deduce the target
from the CHAOS magnet, showed that typical transit lossegolarization(see the next sectiomy comparison of ourr™
were 3—-5% of the original polarization. Polarization decaydata at 139 MeV to the statistically highly preciég data of
times at the operating field of CHAOS were always in excessSevior et al. at the same energy. That paper reports a sys-
of 400 h, resulting in negligible decay during the data takingtematic error in the polarization of 1.6%.

The fit of our data to that of Seviat al. only determined
2. NMR measurements the average of our spin-up and spin-down polarization. Since

The magnitude of target polarization was initially deter- the magnitudes of_the polarizations were comparable, the

mined from measurements of the proton NMR signal. Théitted polarization P) is equal toz(P1+P|) to first order,
NMR coil was a Sing|e copper wire |0c(p_ mm diameter and and the individual pOIarizationS could be extracted USing the
coated with Teflonpermanently embedded inside the targetintegrated areas of the dynamic NMR signals. As discussed
cell. It was part of an external two-ari@-meter circuit, in the next section, the individual polarization values were
driven at the proton Larmor frequendt07.0 MHz atB  only essential for ther~ data.

=2.508 T). The signal from the compensating arm was sub-

tra_cted .from that of th'e NMR arm cont_aining the embedded Ill. MEASUREMENT PROCEDURE

coil, to increase the signal-to-noise ratio. The combined sig-

nal was amplified, fed into a phase sensitive detector, and Two novel measurement techniques were used in this ex-
digitized. Spin-spin interactions broaden the Zeeman absorgeriment. The normal procedure in analyzing power mea-
tion lines. Thus the resonance frequency was scatinégdl2  surements is to perform a sequence of target spin flips at
steps of 2 kHzaround the Larmor frequency. The integratedeach incident pion energy. Only after each spin-flip sequence
NMR signal area is proportional to the target polarization. is the beam energy varied, in order to avoid potential instru-

The standard technique to obtain an absolute calibratiomental asymmetries. To reduce the systematic error from the
of the target polarization is to compare the integrated dyuncertainty in the target polarization, this experiment varied
namic NMR signal area with the NMR signal area obtainedthe beam energy while maintaining the target polarization.
at some equilibrium temperature, where the polarization aFor ", every such set of pion incident energies began and
the fieldH and temperaturd is determined by the Boltz- ended with a measurement at 139 MeV to determine the
mann distribution. These thermal equilibriuffE) signals  absolute polarization and its decay rate by comparison with
were recorded weekly. The field strength was determinedhe data of Sevioet al. This resulted in two sets of analyzing
from the NMR center frequency and the temperaturepowers at five or six energies that have independensys-
(=1.1 K) from the ®He vapor pressure measured directly tematic polarization error but only one overall normalization
above the target cell. correction due to the uncertainties in the data of Sesial.

To obtain background signals for the NMR measurementin principle, no target NMR signals are required. Most data
the magnetic field was lowered by 3% to shift the Larmorwere measured twice at each pion energy in order to allow
frequency away from the resonance. Background signalsonsistency checks.
were acquired over the same frequency range over which the The spectrometer magnetic field direction must be re-
real NMR signals were measured. The magnetic field wasersed when changing from™ to 7~. Thus ther~ data set
readjusted to 2.508 T and the foreground signal measurecbuld not start and end with 139 MeX* measurements.
over a frequency range wide enough to include off-resonancelowever, four independent sets of p polarization data at
regions. The signal areas were then determined using thE39 MeV were acquired immediately prior to and with the
expression

50>""|""|""|"" L
512 n L
Atern= 2, S = (a+ BF)Bi+7, ) E ool ;
i=1 2 I
° [
2 [
whereS; is the foreground signal at frequenty, B; is the T 30 ]
background signal, and,8,y are fitting parameters deter- &
mined by minimizing the appropriatg® over regions away ) 20 | .
from the resonance peak. g [ 140 MeV
Comparison of the CHAOS data acquired in the initial & o [, _ . ]
stages of the experiment to the analyzing powers obtained by E L
Sevioret al.[9] at 139 MeV 7™ showed that the target po- ::’ 2

larizations obtained using the NMR thermal equilibrium sig- 0_40 ~30 -20 —10 0 10 20
nals were unreliable. The indicated polarizations were only
30-35 %, far below the 50—-60 % expected from the TE cali-
bration. Although calibration using TE NMR signals is usu-  FIG. 2. Coincidence trigger pion excitation spectra at 140 MeV
ally considered reliable, during this experiment the TE NMR#*, 47, =160+5°. The summed background yiel@sarbon, he-
signals were of poor quality, consisted of two peaks insteatlum, and empty target céliare superimposethatched.

Pion Excitation Energy [MeV]
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same target sample as the p data. These provided a reli- YT —aY]|

able relationship between measured dynamic NMR ar&js ( Afm, 4
and the calculated target polarizatior®) ( This calibration
[P=(2.623+0.021)x 10 3% x A] was subsequently used to

et " wherea can be corrected by minimizing
evaluate the target polarization for the p data runs.

The standard procedure of flipping target polarization W 0)+A(— )]
while maintaining the beam tune parameters serves to mini- 222 LAy . y(— 0] 5
mize possible systematic errors in beam counting. The sec- T OA(0;)°+ SA(—6)

ond novel and powerful technique in this experiment was to

use the the 360° acceptance of CHAOS to avoid beam counor

ing altogether. The symmetry inherent to the scattering from

a spin-1/2 .partlcle polarized perpendicular to the scattering =S [A/(6)— Ay 6,712 :

plane requires that X AL 6)2 : (5
y\Yi

Ay( 0)=— Ay( —0). 3 . .
where n is the total number of data poinigngles. The
Since the CHAOS spectrometer measures most angles in tlsecond expression, which uses some antisymmetric function
left hemisphere simultaneously with those in the right hemi-A,, such as an existing phase shift solution, is more conve-
sphere, Eq(3) can be used to verify or correct the relative nient because it does not require all data at measured angles
normalization of the spin-up and -down scattering yield. Let# to have counterparts at 6. This solves problems arising
a be the measured ratio of the beam coudisto N|. The from gaps in the angular distribution between 235° and

analyzing power can then be written as 255°, which are due to the removal of the scintillator block
06 . 06
3 3¢ $ this work 169 MeV ] : ]
05F O Sevior 168 MeV ] 0.5 E & this work 241 MeV 7
0.4 F % Raue 165 MeV 3 0.4 [ 3 Raue 240 MeV
E % Amsler 166 MeV ] F
<& 03¢ 03¢
02} 0.2
01 0.1F
0.0F $ 00F
F x ] o
&é 0'10i.I....I.... ....I....I....Il....l...._é _0_12....
< 0.00E —00E
I E = E 3
4"'_0_105..“...|....|....|....|....|....|....5 _0.15....|....|....?....l....l....l....l..5
40 60 80 100 120 140 160 180 40 60 80 100 120 140 160 180
Pion Angle (c.m.) [deg] Pion Angle (c.m.) [deg]
0.6 r 3 0.2¢ .
05 F 3 ih 1 0.1F - - xu80 (241 Mev) 3
E this work 267 MeV 3 E _ SM95 (238.241 MeV) ]
0.4 3 % Sevior 263 MeV 3 _og0 E 3
=~ 0.3 F = c 1
<< : 1 —041F 3
0.2 E o - :
g —02fF T .
0.1 : . F # this work 241 MeV 1
00 E 1 -03F 2 3 Alder 238 MeV
O1§||||||||||||||||||||||||||||||||||||§ 02:_._|.’|I PR [T TN T T T [N T ST T [N T W T S N WY
n ° E E . E E
E i E N AR .
<|g -0.0 3 g ng—P—i?—Lrﬁ-iT;—_ —0-0§_ v T P i_g_ﬁ%_._._‘_._._;__
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FIG. 3. The new analyzing powers compared to existing data sets for 169, 240, and 263 Ma\d at 241 MeVar~ (Alder et al.[10],
Raueet al.[11], Amsleret al.[12], Sevioret al.[9]). The lower graphs are the experimental analyzing powers subtracted from the SM95
predictions. Some of the other data sets are at slightly different incident pion energy. To illustrate the small dependence of the analyzing
power on the incident beam energy, the SM95 solutigptid lineg are overlaid for the energies corresponding to the various data sets. The
dashed line on the 241 Me¥%~ figure is the KH80 solution.
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0.2 T 02

03 b 1 o3b @
03 F T,= 87 Mev 1 T T 117 Mev

04 ||||||| 04 |||||||
40 60 80 100 120 140 160 180 40 60 380 100 120 140 160 180

o ] v
01t T,= 193 MeV ; T'L193 MeV

04 [
03 f
02 F

0.1 F

. d -0.1 :....|....|....|....|....|....|....|..:
40 60 80 100 120 140 160 130 40 60 80 100 120 140 160 130

pion scattering angle (c.m.) [deg] pion scattering angle {c.m.) [deg]

FIG. 4. The analyzing powers for 87, 117, and 193 MeV and 193 MeV=". The solid line is the SM95 solution and the dashed line
is the KH80 solution.

in the incoming beam region. The sensitivity of the results topion and proton in the final state. Additional kinematic cuts

the specific choice of antisymmetric function was investi-on the proton momentum and scattering angle and on the

gated and none was found. pion momentum as well as on the reaction vertex strongly
Typical values for the correction te are 0.97-1.03 with  suppress the background from ttteree-body quasielastic

a statistical error of less than 0.3%. It should be noted from.;cattering processes. These processes scale approximately

Eqg. (4) that when the average of the analyzing power® at ith the freemp cross section.

and— ¢ is calculated, there is only a weak dependenceon  coincidence data background yields were explicitly mea-

(or, equivalently, on the beam normalizaioand in fact g req using targets consisting of a20.1 mm graphite slab

none if the statistical errors of the data at the two comple-(c), the target without butanol but with helium cooldhte),

mentary angles were equal. Therefore the final analyzin%nd the target completely empty of butanol or cOoliT),

powers have negligible beam normalization errors. at energies of 87 Me\t—, 139 MeV 7+, and 240 MeVar*
The absence of absolute beam normallzqtlon as one of th(((a:arbon only. Figure 2 shows the pion excitation energy

two dominant sources of systematic errors is a unique pmpﬁistogram atE. —139.5 MeV andd.—160° (coincidence

erty of the analyzing power data measured with CHAOS. . _ T ' ™ .

The technique of varying the beam energy while leaving thé”ggte?_’ with the §ur(;lr?eddbackgiroEundsthsuEu-:—]i;lmpose(;. The

target polarized was possible only because there was no ne&ycitation energy is defined &5~ E,,, the difference be-

to reposition the beam accurately after each channel energ{ een the observed kinetic energy and that predicted using
change. e pion scattering angle andp kinematics. The target

background fractions were deduced from elastic scattering
peaks in singles trigger runs and the total background
(MT +He+C) matches the tails of the distributions quite
Background reactions are expected from the carbon andell. The integrated background yield under thp peak is
oxygen in the butanol target, tif#tieHe coolant mixture, negligible. Similar spectra were obtained at 87 and 240
the target cell, and cryostat windows. The vast majority ofMeV.
the data presented here were acquired in coincidence mode, Results for the two most forward angles at 117 and 139
in which the recoil proton is always detected. This triggerMeV =" were only obtained with a singles trigger. For these
reduced the angular coverage but eliminated elastic scattecases only, the measured C, He, and MT backgrounds were
ing from Z>1 nuclei and all reactions that do not produce aexplicitly subtracted after fitting them to the foreground yield

IV. BACKGROUND SUBTRACTION
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TABLE |. Measured analyzing power at 117 and 139 MgV TABLE Il. Measured analyzing power between 117 and 169
and 87 and 117% . These data were collected in the conventionalMeV «*. This is the first group of data taken at the same target
mode and may be independently floated within the systematic errquolarization. These data should not be floated independently. The

of 3%. overall systematic error is 3%.
07 A, () = 6A(stat) o7 A, (60) = 6A(stat) 07 A, (60) = 6A(stat) 07 Ay (0) = 6A(stat)
116.8 MeVr* 139.5 MeVr* 116.8 MeV =+ 130.0 MeV 7+
49.13 0.2780.022 37.68 0.23%10.029 82.92 0.4380.035 83.42 0.4310.021
60.78 0.38@:0.020 49.79 0.2900.021 93.38 0.331#0.023 93.88 0.3250.016
72.05 0.4310.022 61.53 0.3380.024 103.42 0.244:0.025 103.91 0.2380.019
82.92 0.435:0.019 72.87 0.4720.033 113.06 0.1490.019 113.52 0.16%0.015
93.38 0.306:0.020 83.78 0.45¥%0.024 122.32 0.085:0.015 122.74 0.0720.012
103.42 0.2440.018 94.24 0.35%10.020 131.24 0.0540.012 131.61 0.0550.010
113.06 0.1640.016 104.26 0.27%0.019 139.85 0.0150.016 140.17 0.0260.009
122.32 0.081*0.012 113.85 0.1840.016 148.20 0.04#0.011 148.46 0.0350.009
131.24 0.07¢0.012 123.05 0.0970.011 156.34 0.026:0.010 156.54 0.0020.010
139.85 0.0350.015 131.88 0.0560.010 164.31 0.0020.014 164.45 0.0040.010
148.20 0.0350.015 140.40 0.0380.011 172.18 —0.004+0.014 172.25 —0.002+0.016
156.34 —0.007+0.013 148.65 0.0190.009 180.00 0.0150.017 180.00 —0.024+0.023
164.31 0.0120.015 156.68 0.0140.008 139.5 MeV 7™ 155.0 MeV 7"
172.18 —0.004+0.017 164.55 —0.005+0.008 72.86 0.466:0.024 73.43 0.4540.022
180.00 0.0480.031 172.30 0.0040.009 83.76 0.4490.012 84.36 0.4670.014
180.00 0.026:0.019 94.22 0.3480.010 94.82 0.3850.013
86.8 MeV 7~ 116.8 MeV 7~ 104.24 0.246:0.012 104.82 0.2890.018
92.19 0.2150.166 82.92 0.0480.067 113.83 0.162-0.010 114.38 0.1480.013
102.26 0.2290.082 93.38 0.05%10.039 123.03 0.096:0.008 123.53 0.0810.011
111.96 0.045:0.055 103.42 —0.094+0.041 131.87 0.0520.007 132.31 0.0470.009
121.31 —0.048+0.044 113.06 —0.191+0.034 140.39 0.043:0.006 140.77 0.0370.008
130.33 —0.067+0.046 122.32 —0.188+0.024 148.64 0.0220.006 148.95 0.0260.008
139.07 —0.176+0.044 131.24 —0.217+0.022 156.67 0.01%*0.007 156.91 0.0040.008
147.56 —0.177+0.040 139.85 —0.211+0.027 164.54 0.005:0.007 164.70 0.0160.010
155.85 —0.151+0.060 148.20 —0.160+0.023 172.30 —0.010+0.007 172.38 —0.013£0.009
163.99 —0.109+0.039 156.34 —0.151+0.022 180.00 0.0140.016 180.00 0.0090.013
172.02 —0.025+0.044 164.31 —0.077+0.021 169.0 MeV 7+ 169.0 MeVx™ (continued
180.00 0.066:0.072 172.18 —0.066+0.019 62.53 0.296:0.055 132.72 0.0260.010
180.00 —0.015+0.033 73.96 0.47%0.020 141.11 0.0060.010
84.90 0.477%0.015 149.23 0.0050.009
95.37 0.376:0.015 157.12 —0.002+0.014
observed in the scattered pion excitation energy spectra. FQps 35 0.2740.018 164.84 0.0060.009
this as well as for the coincidence data, fixed 10°-wide bins; 14 gg 01240015 172.45 0.00%70.010
in the pion Scattering angle were always used. 123.99 0.066:0.012 180.00 —0.026+0.016

The singles trigger data included angles at which the re-
coil proton was detected. This allows a comparison of the
analyzing power extracted using background subtraction anthay be floated independently within the stated systematic
that extracted by off-line coincidence requirements. It€rror. For each of Tables II-IV, the target polarization was
showed that, within the statistical error introduced by back-naintained while changing the pion channel energy. The
ground subtraction, the two analyses were equivalent. Thigata in each of these tables should only be floated as a group.
also affirmed the assumption that the kinematics cuts made The errors shown in the figures and tables reflect the sta-
in the coincidence analysis mode effectively eliminated theistical uncertainty plus that arising from the beam counting
quasielastic background. normalization correction.

The largest contribution to the systematic error arises
from extracting the polarization using fits to the 139 MeV
7+ data of Sevioret al. The x2 obtained are of order 0.9—

A selection of the results is shown in Figs. 3 and 4. Thel.1, indicating that the shapes of these two data sets are
7" data not shown are very similar in shape and statisticatertainly compatible. The total systematic error is thus the
accuracy to the data at 193 and 267 MeV. All results aresum in quadrature of the systematic error quoted by Sevior
tabulated in Tables -1V and are grouped according to thest al. (1.6% and the statistical error in the fii..4—2.3 %,
method in which they were acquired. Table | contains datdor a total estimated error of 2.8%. The calculation of the
acquired in the conventional mode in which the target wagolarization for ther~ data explicitly required the dynamic
repolarized in between measurements. Each set in this tabMMR areas and thus has an additional error contribution

V. RESULTS
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TABLE Ill. Measured analyzing power between 139 and 267 TABLE IV. Measured analyzing power at 193 and 241 MeV
MeV 7. This is the second group of data taken at the same target . This is the third group of data taken at the same target polar-
polarization. These data should not be floated independently. Thization. The data at these two energies should not be floated inde-

overall systematic error is 3%. pendently. The overall systematic error is 3%.
o7 A,(0) = 5A(stat) 67 A,(8) = 5A(stat) 193.2 MeV 7~ 240.9 MeV 7~
139 5 MeV 7+ 169.0 MeV " 07 Ay(0) = 5A (stat) 07 Ay(6) = 6A (stat)
72.86 0.454-0.020 62.50 0.3980.043 51.29 —0.277+0.095  64.74 —0.364+ 0.017
83.76 0.4530.012 73.92 0.4250.021 63.26 -0.172+t0.023 7634  —0.350* 0.016
94.22 0.349-0.009 84.87 0.4460.018 74.75 -0.158:0.017  87.37  —0.254+* 0.017
104.24 0.252:0.008 95.33 0.3780.016 85.73 01250024 9782  —0.156< 0.018
113.83 0.15%0.007 105.32 0.2710.015 96.19 —0.155+0.017 107.72 —0.078+ 0.018
123.03 0.1020.009 11485 0.14£0.014 10614  —0.180:0.023 117.10  —0.035+ 0.022
131.87 0.063-0.008 123.96 0.1050.018 115.62 —0.185+0.020 126.01 0.02a:- 0.184
140.39 0.0350.006 132.69 0.02%0.017
148.64 0.036:0.006 141.09 0.0340.012 124.67 —0.408+0.175 134.50 —0.005=* 0.042
156.67 0.0050.006 149.21 0.0060.012 133.32 —0.195+0.059 142.64 —0.020+ 0.017
172.30 —0.011+0.022 157.11 —0.013+0.013 141.63 —0.114+0.017 150.47 —0.031+ 0.014
180.00 ~0.009+0.012 164.83 0.0080.017 149.65 —0.107+0.014 158.06 —0.017* 0.013
172.45 —0.019+0.016 157.44 —0.057+0.012 165.48 —0.018+ 0.012
180.0 MeV 7+ 193.2 MeV#™ 165.06 —0.030+0.012 172.77 0.00&: 0.016
62.85 0.3630.016 51.29 0.31F70.050 172.56 0.00%0.015 180.00 —0.001=+ 0.027
74.30 0.4370.010 63.26 0.3630.013
85.26 0.4610.009 74.75 0.4390.010
95.73 0.392-0.008 85.73 0.4620.010 from the extraction of these are&3.8%). To simplify the
105.70 0.2780.008 96.19 0.4060.010 analysis this error has been incorporated in the statistical
115.21 0.146:0.007 106.14 0.2620.009 error of these data. In summary, because of the unique data
124.29 0.079-0.009 115.62 0.1380.010 collection technique, an optimal analysis of these data should
132.98 0.0380.009 124.67 0.0670.011 float only theoverall polarization correction within the 2.8%
141.34 —0.004+0.006 133.32 0.0350.013 error limits butnotallow for an energy-by-energy systematic
149.42 —0.007+0.006 141.63 —0.002+0.009 error.
157.26 —0.002+0.007 149.65 —0.021+0.008
164.94 —0.007+0.007 157.44 —0.016+0.009 VI. DISCUSSION
172.50 0.0020.008 165.06 0.0060.009 . .
180.00 —0.009+0.014 172 56 0.0120.010 In addition to the 139 MeVr"p data by Seviort al,,
180.00 —0.002+0.011 there exist a total of six analyzing power measurements at
218.0 MeV 7" 241.0 MeV 7" incident energies comparable to the energies of this experi-
51.97 0.2270.034 5259 0.2480.030 ment. As expected, the 166 MeV and the 263 Mg} data
64.04 0.356:0.015 64.74 0.3180.011 by Sevioret al. [9] agree very well with the new data, as
75.59 0.416-0.012 76.34 0.4190.011 shown in Fig. 3. The E560 data at 169 MeN are system-
86.59 0.453-0.019 87.37 0.4520.013 atically lower than the forward angle data of Amskdral.
97.05 0.3780.013 97.82 0.4080.013 [12]. Raueet al. [11] recently reported three points at 165
106.97 0.256:0.013 107.72 0.2550.013 MeV 7 "p, only two (123.%%, and 142.8%,) of which
116.40 0.1330.012 117.10 0.0910.012 overlap with the angular range of the E560 data, and they are
125.38 0.042-0.016 126.01 0.0450.015 in good agreement. The forward angté data at 240 MeV
133.95 —0.015-0.014 134.50 —0.038+0.014 from the same group do show some discrepancies with the
142.16 —0.013+0.010 142.64 —0.043+0.011 E560 data.
150.09 —0.038-0.011 150.47 —0.030+0.025 The data at 238 MeV published by Aldet al. [10] are
157.77 0.0040.011 158.06 —0.021+0.015 the only overlapping data in the™ reaction channel. Their
165.28 —0.002+0.014 165.48 —0.027+0.016 results differ in shape as well as in magnitude from those
172.67 0.003:0.013 172.77 0.0020.013 obtained in the present experiment and hence the differences
180.00 0.016:0.017 180.00 0.0040.016 cannot be simply attributed to incorrect measurement of the
267.0 MeVr+ 267.0 MeV ™ (continued target polarization or of the beam normalization.
53.27 0.197%#0.016 135.12 —0.056+0.017
65.52 0.27%0.010 143.16 —0.055-0.013 A. Comparison to the phase shift analysis
;;:;2 g:ijig:gﬂ igg:gg _g:ggig:gig A direct comparison of all the pre_sent data*(and 7 ")
98.67 0.415-0015 165.69 0.030+0.016 to the PWA of the Karlsruhe-Helsinki grolgH80) [3] and
108.54 0.2180.016 172 88 00310018 the more recently. upd?ted results from the VPI group
117.86 0.073.0.015 180.00 —0.017+0.021 (SM95) [18] results in ay:, of 3.0 (KH80) and 1.15SM95).
126.70 ~0.011+0.020 Only statistical errors were considered. In order to make a

comparison which is completely decoupled from the data of
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FIG. 5. TherHAasaN-predicted phases for the partial wavg and S3;. The top part of the graphs show the phases for Ské@shed
line), KH80 (solid line), and the new data set. The bottom graphs magnify the phase changes by plotting the new phases minus the KH80
values. For theS;; phase, the results of the simultaneous fit of the new data and those of [R&ame also shown.

Sevioret al, whose data are part of the SM95 database, thdifferences and depended strongly on whether the Pavan data
overall polarization calibration of the E560 data was floatedwere left in or out of the fits.
to obtain a best fit. The totaﬁ of all the E560 data com- The figures compare hadronic amplitudes. It should, how-
pared to these two PWA’s now reduces to 1(P®7 for  ever, be noted that the Karlsruhe-Helsinki analysis and the
SM95 (KH80). The largest differences between the data and/irginia analysis use different methods of electromagnetic
the KH80 predictions arise in the~ channel. corrections in extracting the hadronic amplitudes from the
The present data were included in a novel PWA by Tim-experimental observables.
mermang 4] (LG97). In this multienergy analysis, the over- Similar simultaneous fits of the preseif data with other
all polarization calibrations forr* p and 7~ p were indepen-  existing differential cross-section measuremef2—24
dently floated. The PWA predicted a polarization correctionshowed that all could be accommodated. This lack of dis-
of 0.993(0.997 for =~ p (7 p), resulting in overall)(i of crimination is attributed to the dominance of a single reso-
1.25(0.97). nant partial wave in the differential cross sections at these
energies, whereas the analyzing power, an interference of
amplitudes, is equally sensitive to the smaller partial waves.
Note that the recent data of Raeaeal.[11], which disagree
The effect of the newA, data on the partial-wave ampli- \jth the E560 data at 240 MeW* by many standard de-
tudes was investigated using the the KarlsreR@sAN pro-  yjations, could not be fitted well. When included, the result-

gram (described ir{3]), which allows a simultaneous single- jng y2 was 15.87, which is to be contrasted to 0.75 for the
energy fit of severatrp observables. The program assumesgsggq data.

isospin invariance and unitarity and uses forward amplitudes
derived by Hdler [2], which are based on previous total VII. SUMMARY
cross-section data. The E560 data were fit independently and
also in combination with the recent differential cross-section We have presentestp elastic analyzing powers at 19"
measurements by Pavda9] at those energies where the and 47~ energies. Because of persistent target NMR prob-
experiments overlapped. Onfy and P waves were varied. lems, the data have been normalized to those of Setial.
The higher partial waves and starting values ®and P at 139 MeV«*. The technique of varying the beam energy
waves were taken from the KA84 solution. KA84 is essen-while maintaining the target polarization produced a strongly
tially an energy-smoothed version of KH80. To calculate thecoupled set of data spanning theresonance. Furthermore,
isospin-1/2 phases, the” and 7~ data were fitted simulta- the 360° acceptance of the CHAOS spectrometer eliminated
neously. Fitting ther™ data alone could have allowed the the systematic error normally associated with counting of the
program to modify the isospin-3/2 phases in a manner inconincident pion beam. Preliminary phase shift analysis show
sistent with ther™ data. that the data are consistent with the new PWA of Timmer-
The resulting [,25) Si1 and Sz; phases and those of mans[4] and that the data favor the hadrorig; and Sz,
SM95 and KH80 are plotted in Fig. 5. The bottom graphsphase shifts of the Virginia group SM948] solution. The
show the same phases subtracted from the KH80 phases data are now part of the recently updated SPXR analysis.
emphasize the differences. Although the starting phases wefgata reduction and analysis of the low-energy data, col-
those of KA84, the final phases favor those of the SM95ected with a fully functional polarized target, are presently
solutions. Results for th® waves show relatively smaller underway.

B. Single-energy analysis
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