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Analyzing powers for p6p¢ elastic scattering between 87 and 263 MeV
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Analyzing powers forpp elastic scattering were measured using the CHAOS spectrometer at energies
spanning theD~1232! resonance. This work presentsp1 data at the pion kinetic energies 117, 130, 139, 155,
169, 180, 193, 218, 241, and 267 MeV andp2 data at 87, 117, 193, and 241 MeV, covering an angular range
of 50°<uc.m.<180° at the higher energies and 90°<uc.m.<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 resultingS11 andS31 phases favor the results of the SM95 phase shift analysis over that of the older
KH80 analysis.@S0556-2813~98!06512-1#

PACS number~s!: 13.75.Gx, 24.70.1s, 25.80.Dj
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I. INTRODUCTION

For more than a decade the low-energy pion-nucleon
tabase has continued to suffer from discrepancies that hi
the extraction of important and fundamental quantities
particle physics. The determination of the pion-nucle
sigma term (SpN), the search for isospin breaking, and t
value of the pion-nucleon coupling constant (f pNN) all re-
quire low-energy pion-nucleon scattering data of high ac
racy.

The sigma term, an explicit measure of chiral symme
breaking due to nonzero quark masses, has been of parti
interest. Chiral perturbation theory has related it to
baryon mass spectrum and hence to the strange~sea! quark
content @y52^pus̄sup&/(^puūu1d̄dup&)# of the nucleon
wave function. ThepN observables can be related to theS
term using extrapolations of the scattering amplitudes to
subthreshold (n50, t52m2) Cheng-Dashen point@1#. Esti-
mates of theS term using the widely accepted Karlsruh
~KH80! partial-wave analysis~PWA!, using exclusively pre-
meson-factory data, by Ho¨hler @2# and Koch and Pietarinen
@3# imply y50.260.2. Newer analyses have both lower
@4# and raised@5# this value. Accurate data in the low-energ
regime will constrain future phase shift analyses and red
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the uncertainties in the extrapolations.
Isospin breaking in the pion-nucleonS-wave amplitude

has been inferred in the analysis of low-energypN data by
Gibbs et al. @6# and, more recently, by Matsinos@7#. Both
analyses, which rely exclusively on data below 100 Me
report an approximate 7% effect in the difference betwe
elastic and single-charge-exchange real-partS-wave ampli-
tude.

A large set of pion-nucleon differential cross section d
exists, but there are discrepancies between the various m
surements that far exceed quoted systematic errors.
problem is particularly severe in thep1 channel below 100
MeV. New differential cross section@s~u!# data are unlikely
to resolve the discrepancies. Spin observables, such as
lyzing powers, are the results of an interference betw
spin-flip (G) and spin-non-flip (H) amplitudes and hence
sensitive to smaller, nonresonant partial waves, while
differential and total cross sections are dominated by
resonantP33 partial wave.

Moreover, the analyzing power

Ay5
s↑2s↓

P↓s↑1P↑s↓5
Y↑/N↑2Y↓/N↓

P↓Y↑/N↑1P↑Y↓/N↓

5
2 Im~GH* !

~ uGu21uHu2!
~1!

is subject to quite different systematic errors. The usual cr
section normalization quantities such as solid angle, num
of target nuclei, pion decay fraction, and detection efficie
cies cancel out, leaving thepp yield (Y↓↑), the beam nor-
malization (N↓↑), target polarization (P↓↑), and back-

ity
:

3484 ©1998 The American Physical Society
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PRC 58 3485ANALYZING POWERS FORp6pW ELASTIC SCATTERING . . .
ground as the only sensitive quantities. The↓↑ arrows
indicate the spin direction of the target protons perpendic
to the pion scattering plane.

There are far fewer analyzing power measurements t
measurements of differential cross sections. Before the 1
p1 data of Wieseret al. @8# ~four angles at 68.3 MeV! there
was no measurement below 95 MeV. The data of Sev
et al. @9# at TRIUMF are the most precise and dominate
database between 98 and 263 MeV for bothp1 and p2.
There are three other data sets that overlap with the ene
of this experiment~Alder 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 spe
trometer @13# to measurepp elastic scattering analyzin
powers with the intent of resolving discrepancies in the lo
energy pion-nucleon database while simultaneously con
uting valuable new data. Part I, described in this paper,
quired data at 10p1 energies~117, 130, 139, 155, 169, 180
193, 218, 240, 267 MeV! and 4p2 energies~87, 117, 193,
241 MeV!. These higher energies, and resulting larger cr
sections, were chosen due to the low target polariza
achieved in the early phase of the experiment. Moreo
unreliable target polarization measurements forced norm
ization of these data to those of Sevioret al., a procedure
described in more detail in Sec. II C 2. Part II deals with t
more recently acquiredp2 scattering results at 57, 67, 87
98, 117, and 139 MeV, and will be reported in a futu
paper.

II. EXPERIMENTAL APPARATUS

A. Spectrometer

All data were collected with the CHAOS spectrome
and a dedicated spin-polarized target@14# in the M11 pion
channel at TRIUMF. A detailed description of the CHAO
spectrometer can be found in Ref.@13# and references therei
but those components crucial to E560 are described bel

The spectrometer consisted of low-mass, cylindri
tracking chambers and particle identification counters
mersed in a vertical magnetic field provided by a cylindric
dipole magnet with an open geometry. A typicalp2p scat-
tering event recorded by the spectrometer is shown in Fig
Radially outwards from the center were the two proportio
vertex chambers~WC1,WC2!, positioned at 11.5 and 23.
cm radius, respectively. A drift chamber~WC3 @15#! was
positioned at a radius of 34.4 cm. The struck-wire inform
tion for WC3 was used in conjunction with that from the tw
proportional chambers in a second-level trigger@16#. The
drift time information was also digitized but was not part
the trigger system. Positioned in the tail of the magnetic fi
at a radius of 62–66 cm was a vector drift chamber~WC4!.
This chamber, with 100 cells of 8 anode wires each, va
improved the particle tracking and momentum resoluti
Surrounding the WC4 detector were 2 layers of plastic sc
tillation counters and an outer layer of lead-glass Cheren
counters. The counters were arranged in 20 blocks, each
wide. TheDE1 counters were 3-mm-thick NE110 plastic an
faced the target at a radius of 71 cm. Behind eachDE1
counter were two adjacent 9°-wide scintillatorsDE2l , DE2r
made of NE110 plastic 12 mm thick. The outer layer of t
glass Cherenkov detectors was not used in this experim
r
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The counter modules subtended67° in the vertical direction
and defined the out-of-plane acceptance. In the horizo
scattering plane the acceptance was nominally 360° ex
for a single 18° section removed at the beam entrance.

A four-element scintillation counter hodoscope (S1) de-
fined and counted the incident beam, and also provided
time reference for all the readout electronics. It was situa
a few cm upstream of WC4, approximately 72 cm from t
target. Use of a single hodoscope element to count the b
required normalization corrections discussed in Sec. III. T
drift chambers~WC3 and WC4! were deadened in the in
coming and outgoing beam regions. However, the incid
pions were detected by the proportional chambers WC1
WC2. Together with the known beam momentum and sp
trometer magnetic field, this permitted reconstruction of
incident beam trajectory to the target, which was situated
the center of the spectrometer. Scattered particles were
cally detected in all four wire chambers as well as the e
ments of the scintillation counter blocks.

The magnitudes of the fields for E560 were chosen
provide the greatest curvature for the scattered pions with
trapping the lowest-momentum particles. The field w
scaled with the incident momentum in order to maintain
similar scattering geometry at all beam energies. For incid
pion energies below 170 MeV, this ratio wasPin /B
5171 MeV/~cT! and at the higher energies it was set
Pin /B5239 MeV/~cT!.

B. Trigger requirements

The vast majority of the data, including all thep2p data
and all but five of the forward anglep1p data points were
collected in coincidence mode in which tracks for both t
scattered pion and the recoil proton were identified and fu
reconstructed. The requirement that the recoil proton h
sufficient energy to exit the target and be tracked reduced

FIG. 1. Typicalp2p coincidence event at 140 MeV. The bea
pion enters through the four-segment scintillatorS1, is detected in
wire chambers WC1 and WC2, and traced to the target at ce
The scattered particles traverse all four wire chambers and sto
the lead-glass detectors. Pulse heights corresponding to the en
loss in theDE1 and DE2 counters, used to mass-identify the pa
ticles, are indicated by the rectangular bars.
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angular range ~a typical cutoff is up.70°c.m. at Tp

5139 MeV) but suppressed all background reactions exc
for the quasielastic scattering process.

Event filtering was accomplished in CHAOS by three le
els of on-line triggering. The first level trigger@17# was
based on the multiplicity of hits in theDE1 and DE2
counters. The second level trigger@16# analyzed the data
from WC1, WC2, and WC3 and made decisions based on
possible number of scattered tracks, their polarity, mom
tum, and distance of closest approach to the center
CHAOS. The third level was a software trigger running on
VME data acquisition computer.

Each of the 19 counter blocks was potentially an act
contributor to the hit multiplicity that formed the output o
the first level trigger. The trigger multiplicity was set to r
quire at least two tracks~‘‘coincidence’’ trigger! except for
some data acquired at 117 and 139 MeVp1p where only a
single hit was required. Since the low-energy recoil proto
stopped in theDE1 counters, hits in theDE2 counters were
not demanded in the trigger. Note that the first level trigg
logic could not distinguish the geometric location of the hi
a task which was left to the third-level software trigger. F
all CHAOS experiments one of the 18° blocks was remov
to allow unhindered beam entry into the spectrometer a
similarly, one block was usually removed at the beam e
For the p1p reaction, the consequence of removing t
beam exit block would have been that the forward~high-
kinetic-energy! recoil protons would not be detected an
could not have contributed to the coincidence trigger, exa
in the kinematic region where they were most likely to e
cape the target. A special counter block, consisting only
theDE1 andDE2 counters, was placed at the beam exit. T
DE1 counter was used as a veto counter for unscatte
beam pions but at the same time, by setting an approp
pulse height threshold, could contribute to the trigger mu
plicity if struck by a recoil proton.

A passed first-level trigger signal started the second-le
trigger, and provided the gate for the digitization syste
and the stop for the drift chamber timing signals. T
second-level trigger performed a triple computational lo
the trigger over all struck-wire numbers from the three inn
wire chambers~WC1–WC3!. This experiment required th
trigger logic to find a single scattered track of positive pol
ity for p1p, and of either positive or negative polarity fo
p2p. In addition the tracks were required to have a dista
of closest approach to the target of less than 5 cm. Requi
the presence of a second track in the second-level trig
would have suppressed events where either of the scat
particles passed through deadened sections of WC3. In a
tion it would have increased the sensitivity to chamber e
ciency fluctuations~1–2 % expected from slight changes
chamber gas composition and atmospheric pressure, ne
of which were monitored!, since all chamber hits are the
required at all times. The off-line particle tracking allows f
one missing hit and hence the pion yield was not affected
these small changes.

Further second-level trigger criteria included valid hits
the incoming beam regions of WC1 and WC2. This con
tion efficiently eliminated events with muons from in-fligh
pion decay that entered CHAOS at the wrong angle w
respect to the beam axis.
pt
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The final, third-level trigger stage consisted of softwa
requirements in the VME data acquisition computer, and p
formed event rejection based on a partial readout of the d
It required that the time of flight of particles from the pio
production target toS1 correspond to pions, reducing ele
tron and muon contamination. When the first-level trigg
was set to coincidence mode, the third-level trigger also
quired that the hits in theDE1 counters corresponded to th
expected kinematics from an elasticpp event.

Typical coincidence trigger rates~139 MeV p1) were
2000 Hz from the first level, reduced to 400 Hz by th
second-level trigger, and finally to 140 Hz accepted by
third-level software trigger.

C. Polarized target

A spin-polarized target@14# operating in frozen spin mode
was designed specifically for use with the CHAOS spectro
eter. The target cell consisted of a (3032535) mm3 (W
3H3T) copper vessel of 250mm wall thickness. The targe
material was a mixture of butanol (C4H9OH) and EHBA
„sodium bis @2-ethyl-2-hydroxbuty-rato~2-!# oxochromate
~V! Monohydrate Cr~V!…. The relative concentrations wer
531019 molecules of EHBA to 1 cm3 of butanol. Water was
added to the mixture in a 1:20 ratio by volume. The liqu
target material was pumped into the target cell using a
ringe and frozen into a solid slab at liquid nitrogen tempe
ture.

To obtain sufficiently long polarization relaxation time
(.400 h) the target temperature must be kept below 1
mK. This was achieved using a standard dilution refrigera
technique. The mixing chamber surrounded the cell, with
4He/3He interface immediately above the target cell. The
frigerator cooled the cell from 1.2 K to the operating tem
perature 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
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
enous 2.5 T field for polarization. A third magnet, the hol
ing coil ~HC!, also superconducting, was situated imme
ately above the butanol target cell inside the cryostat and
required during transit of the cryostat from the polarizi
magnet to the center of CHAOS.

The polarization procedure then consisted of the follo
ing steps. The target was dynamically polarized in the
and the final polarization achieved was measured as
scribed 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 clea
the top of the PS. The PS was then rolled clear and the ta
was lowered 1.4 m through the open 16-cm-diam bore of
CHAOS magnet until it reached beam height. The CHAO
field at this point was 0.3 T at the center. Then the HC w
ramped off and the CHAOS field was ramped up to the fi
required for thepp scattering measurements, usually in e
cess of 1 T. After completing the scattering measureme
slated for that polarization, the same sequence was reve
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The average loss of polarization during this transportat
sequence was determined from target NMR measurem
before and after data acquisition. Repeated trial round tr
in which the target was inserted and immediately extrac
from the CHAOS magnet, showed that typical transit los
were 3–5 % of the original polarization. Polarization dec
times at the operating field of CHAOS were always in exc
of 400 h, resulting in negligible decay during the data taki

2. NMR measurements

The magnitude of target polarization was initially dete
mined from measurements of the proton NMR signal. T
NMR coil was a single copper wire loop~1 mm diameter and
coated with Teflon! permanently embedded inside the targ
cell. It was part of an external two-armQ-meter circuit,
driven at the proton Larmor frequency~107.0 MHz atB
52.508 T). The signal from the compensating arm was s
tracted from that of the NMR arm containing the embedd
coil, to increase the signal-to-noise ratio. The combined
nal was amplified, fed into a phase sensitive detector,
digitized. Spin-spin interactions broaden the Zeeman abs
tion lines. Thus the resonance frequency was scanned~in 512
steps of 2 kHz! around the Larmor frequency. The integrat
NMR signal area is proportional to the target polarization

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 area obtain
at some equilibrium temperature, where the polarization
the field H and temperatureT is determined by the Boltz
mann distribution. These thermal equilibrium~TE! signals
were recorded weekly. The field strength was determi
from the NMR center frequency and the temperat
('1.1 K) from the 3He vapor pressure measured direc
above the target cell.

To obtain background signals for the NMR measureme
the magnetic field was lowered by 3% to shift the Larm
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 measu
over a frequency range wide enough to include off-resona
regions. The signal areas were then determined using
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 dete
mined by minimizing the appropriatex2 over regions away
from the resonance peak.

Comparison of the CHAOS data acquired in the init
stages of the experiment to the analyzing powers obtaine
Sevioret al. @9# at 139 MeVp1 showed that the target po
larizations obtained using the NMR thermal equilibrium s
nals were unreliable. The indicated polarizations were o
30–35 %, far below the 50–60 % expected from the TE c
bration. Although calibration using TE NMR signals is us
ally considered reliable, during this experiment the TE NM
signals were of poor quality, consisted of two peaks inst
n
ts
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of one, had a poor signal-to-noise ratio, and the NMR sys
was observed to be unstable at the TE level. The dyna
NMR signals, which are two orders of magnitude larg
were adequate. It was therefore decided to deduce the ta
polarization~see the next section! by comparison of ourp1

data at 139 MeV to the statistically highly preciseAy data of
Sevior et al. at the same energy. That paper reports a s
tematic error in the polarization of 1.6%.

The fit of our data to that of Sevioret al. only determined
the average of our spin-up and spin-down polarization. Si
the magnitudes of the polarizations were comparable,
fitted polarization (P̄) is equal to1

2 (P↑1P↓) to first order,
and the individual polarizations could be extracted using
integrated areas of the dynamic NMR signals. As discus
in the next section, the individual polarization values we
only essential for thep2 data.

III. MEASUREMENT PROCEDURE

Two novel measurement techniques were used in this
periment. The normal procedure in analyzing power m
surements is to perform a sequence of target spin flip
each incident pion energy. Only after each spin-flip seque
is the beam energy varied, in order to avoid potential inst
mental asymmetries. To reduce the systematic error from
uncertainty in the target polarization, this experiment var
the beam energy while maintaining the target polarizati
For p1, every such set of pion incident energies began a
ended with a measurement at 139 MeVp1 to determine the
absolute polarization and its decay rate by comparison w
the data of Sevioret al.This resulted in two sets of analyzin
powers at five or six energies that haveno independentsys-
tematic polarization error but only one overall normalizati
correction due to the uncertainties in the data of Sevioret al.
In principle, no target NMR signals are required. Most da
were measured twice at each pion energy in order to al
consistency checks.

The spectrometer magnetic field direction must be
versed when changing fromp1 to p2. Thus thep2 data set
could not start and end with 139 MeVp1 measurements
However, four independent sets ofp1p polarization data at
139 MeV were acquired immediately prior to and with th

FIG. 2. Coincidence trigger pion excitation spectra at 140 M
p1, u lab

p 516065°. The summed background yields~carbon, he-
lium, and empty target cell! are superimposed~hatched!.
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3488 PRC 58G. J. HOFMANet al.
same target sample as thep2p data. These provided a rel
able relationship between measured dynamic NMR areasA)
and the calculated target polarizations (P). This calibration
@P5(2.62360.021)31023%3A# was subsequently used t
evaluate the target polarization for thep2p data runs.

The standard procedure of flipping target polarizat
while maintaining the beam tune parameters serves to m
mize possible systematic errors in beam counting. The
ond novel and powerful technique in this experiment was
use the the 360° acceptance of CHAOS to avoid beam co
ing altogether. The symmetry inherent to the scattering fr
a spin-1/2 particle polarized perpendicular to the scatte
plane requires that

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

Since the CHAOS spectrometer measures most angles in
left hemisphere simultaneously with those in the right he
sphere, Eq.~3! can be used to verify or correct the relativ
normalization of the spin-up and -down scattering yield. L
a be the measured ratio of the beam countsN↑ to N↓. The
analyzing power can then be written as
i-
c-
o
t-

g

the
i-

t

Ay5
Y↑2aY↓

P↓Y↑1aP↑Y↓ , ~4!

wherea can be corrected by minimizing

x25(
i

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

2

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

2

or

x25(
i

n
@Ay~u i !2Ap~u i !#

2

dAy~u i !
2 , ~5!

where n is the total number of data points~angles!. The
second expression, which uses some antisymmetric funct
Ap , such as an existing phase shift solution, is more conv
nient because it does not require all data at measured an
u to have counterparts at2u. This solves problems arising
from gaps in the angular distribution between 235° an
255°, which are due to the removal of the scintillator bloc
SM95
analyzing
. The
FIG. 3. The new analyzing powers compared to existing data sets for 169, 240, and 263 MeVp1 and at 241 MeVp2 ~Alder et al. @10#,
Raueet al. @11#, Amsleret al. @12#, Sevioret al. @9#!. The lower graphs are the experimental analyzing powers subtracted from the
predictions. Some of the other data sets are at slightly different incident pion energy. To illustrate the small dependence of the
power on the incident beam energy, the SM95 solutions~solid lines! are overlaid for the energies corresponding to the various data sets
dashed line on the 241 MeVp2 figure is the KH80 solution.
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FIG. 4. The analyzing powers for 87, 117, and 193 MeVp2 and 193 MeVp1. The solid line is the SM95 solution and the dashed li
is the KH80 solution.
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in the incoming beam region. The sensitivity of the results
the specific choice of antisymmetric function was inves
gated and none was found.

Typical values for the correction toa are 0.97–1.03 with
a statistical error of less than 0.3%. It should be noted fr
Eq. ~4! that when the average of the analyzing powers au
and2u is calculated, there is only a weak dependence oa
~or, equivalently, on the beam normalization! and in fact
none if the statistical errors of the data at the two comp
mentary angles were equal. Therefore the final analyz
powers have negligible beam normalization errors.

The absence of absolute beam normalization as one o
two dominant sources of systematic errors is a unique p
erty of the analyzing power data measured with CHAO
The technique of varying the beam energy while leaving
target polarized was possible only because there was no
to reposition the beam accurately after each channel en
change.

IV. BACKGROUND SUBTRACTION

Background reactions are expected from the carbon
oxygen in the butanol target, the4He/3He coolant mixture,
the target cell, and cryostat windows. The vast majority
the data presented here were acquired in coincidence m
in which the recoil proton is always detected. This trigg
reduced the angular coverage but eliminated elastic sca
ing from Z.1 nuclei and all reactions that do not produce
o
-
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he
p-
.
e
ed
gy

d

f
de,
r
er-

pion and proton in the final state. Additional kinematic cu
on the proton momentum and scattering angle and on
pion momentum as well as on the reaction vertex stron
suppress the background from the~three-body! quasielastic
scattering processes. These processes scale approxim
with the freepp cross section.

Coincidence data background yields were explicitly me
sured using targets consisting of a 2.760.1 mm graphite slab
~C!, the target without butanol but with helium coolant~He!,
and the target completely empty of butanol or coolant~MT!,
at energies of 87 MeVp2, 139 MeVp1, and 240 MeVp6

~carbon only!. Figure 2 shows the pion excitation energ
histogram atEp5139.5 MeV andup5160° ~coincidence
trigger!, with the summed backgrounds superimposed. T
excitation energy is defined asEobs2Epp , the difference be-
tween the observed kinetic energy and that predicted u
the pion scattering angle andpp kinematics. The targe
background fractions were deduced from elastic scatte
peaks in singles trigger runs and the total backgrou
(MT1He1C) matches the tails of the distributions qui
well. The integrated background yield under thepp peak is
negligible. Similar spectra were obtained at 87 and 2
MeV.

Results for the two most forward angles at 117 and 1
MeV p1 were only obtained with a singles trigger. For the
cases only, the measured C, He, and MT backgrounds w
explicitly subtracted after fitting them to the foreground yie
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observed in the scattered pion excitation energy spectra.
this as well as for the coincidence data, fixed 10°-wide b
in the pion scattering angle were always used.

The singles trigger data included angles at which the
coil proton was detected. This allows a comparison of
analyzing power extracted using background subtraction
that extracted by off-line coincidence requirements.
showed that, within the statistical error introduced by ba
ground subtraction, the two analyses were equivalent. T
also affirmed the assumption that the kinematics cuts m
in the coincidence analysis mode effectively eliminated
quasielastic background.

V. RESULTS

A selection of the results is shown in Figs. 3 and 4. T
p1 data not shown are very similar in shape and statist
accuracy to the data at 193 and 267 MeV. All results
tabulated in Tables I–IV and are grouped according to
method in which they were acquired. Table I contains d
acquired in the conventional mode in which the target w
repolarized in between measurements. Each set in this t

TABLE I. Measured analyzing power at 117 and 139 MeVp1

and 87 and 117p2. These data were collected in the convention
mode and may be independently floated within the systematic e
of 3%.

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

p Ay(u)6dAy(stat)

116.8 MeVp1 139.5 MeVp1

49.13 0.27860.022 37.68 0.23160.029
60.78 0.38060.020 49.79 0.29060.021
72.05 0.43160.022 61.53 0.33860.024
82.92 0.43560.019 72.87 0.47260.033
93.38 0.30660.020 83.78 0.45760.024

103.42 0.24460.018 94.24 0.35160.020
113.06 0.16460.016 104.26 0.27760.019
122.32 0.08160.012 113.85 0.18460.016
131.24 0.07960.012 123.05 0.09760.011
139.85 0.03560.015 131.88 0.05060.010
148.20 0.03560.015 140.40 0.03360.011
156.34 20.00760.013 148.65 0.01960.009
164.31 0.01260.015 156.68 0.01460.008
172.18 20.00460.017 164.55 20.00560.008
180.00 0.04860.031 172.30 0.00460.009

180.00 0.02060.019
86.8 MeVp2 116.8 MeVp2

92.19 0.21560.166 82.92 0.04860.067
102.26 0.22960.082 93.38 0.05160.039
111.96 0.04560.055 103.42 20.09460.041
121.31 20.04860.044 113.06 20.19160.034
130.33 20.06760.046 122.32 20.18860.024
139.07 20.17660.044 131.24 20.21760.022
147.56 20.17760.040 139.85 20.21160.027
155.85 20.15160.060 148.20 20.16060.023
163.99 20.10960.039 156.34 20.15160.022
172.02 20.02560.044 164.31 20.07760.021
180.00 0.06060.072 172.18 20.06660.019

180.00 20.01560.033
or
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may be floated independently within the stated system
error. For each of Tables II–IV, the target polarization w
maintained while changing the pion channel energy. T
data in each of these tables should only be floated as a gr

The errors shown in the figures and tables reflect the
tistical uncertainty plus that arising from the beam count
normalization correction.

The largest contribution to the systematic error aris
from extracting the polarization using fits to the 139 Me
p1 data of Sevioret al. The xn

2 obtained are of order 0.9–
1.1, indicating that the shapes of these two data sets
certainly compatible. The total systematic error is thus
sum in quadrature of the systematic error quoted by Se
et al. ~1.6%! and the statistical error in the fit~1.4–2.3 %!,
for a total estimated error of 2.8%. The calculation of t
polarization for thep2 data explicitly required the dynami
NMR areas and thus has an additional error contribut

l
or

TABLE II. Measured analyzing power between 117 and 1
MeV p1. This is the first group of data taken at the same tar
polarization. These data should not be floated independently.
overall systematic error is 3%.

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

p Ay(u)6dAy(stat)

116.8 MeVp1 130.0 MeVp1

82.92 0.43860.035 83.42 0.43160.021
93.38 0.33160.023 93.88 0.32560.016

103.42 0.24460.025 103.91 0.23860.019
113.06 0.14960.019 113.52 0.16160.015
122.32 0.08560.015 122.74 0.07260.012
131.24 0.05460.012 131.61 0.05560.010
139.85 0.01560.016 140.17 0.02660.009
148.20 0.04160.011 148.46 0.03560.009
156.34 0.02060.010 156.54 0.00260.010
164.31 0.00960.014 164.45 0.00460.010
172.18 20.00460.014 172.25 20.00260.016
180.00 0.01560.017 180.00 20.02460.023

139.5 MeVp1 155.0 MeVp1

72.86 0.46060.024 73.43 0.45460.022
83.76 0.44960.012 84.36 0.46760.014
94.22 0.34860.010 94.82 0.38560.013

104.24 0.24660.012 104.82 0.28960.018
113.83 0.16260.010 114.38 0.14860.013
123.03 0.09660.008 123.53 0.08160.011
131.87 0.05260.007 132.31 0.04760.009
140.39 0.04360.006 140.77 0.03760.008
148.64 0.02260.006 148.95 0.02060.008
156.67 0.01160.007 156.91 0.00460.008
164.54 0.00560.007 164.70 0.01660.010
172.30 20.01060.007 172.38 20.01360.009
180.00 0.01460.016 180.00 0.00960.013

169.0 MeVp1 169.0 MeVp1 ~continued!
62.53 0.29660.055 132.72 0.02660.010
73.96 0.47960.020 141.11 0.00060.010
84.90 0.47760.015 149.23 0.00560.009
95.37 0.37660.015 157.12 20.00260.014

105.35 0.27460.018 164.84 0.00660.009
114.88 0.12460.015 172.45 0.00760.010
123.99 0.06660.012 180.00 20.02660.016
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TABLE III. Measured analyzing power between 139 and 2
MeV p1. This is the second group of data taken at the same ta
polarization. These data should not be floated independently.
overall systematic error is 3%.

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

p Ay(u)6dAy(stat)

139.5 MeVp1 169.0 MeVp1

72.86 0.45460.020 62.50 0.39060.043
83.76 0.45160.012 73.92 0.42560.021
94.22 0.34960.009 84.87 0.44660.018

104.24 0.25260.008 95.33 0.37060.016
113.83 0.15160.007 105.32 0.27160.015
123.03 0.10260.009 114.85 0.14160.014
131.87 0.06160.008 123.96 0.10560.018
140.39 0.03560.006 132.69 0.02160.017
148.64 0.03060.006 141.09 0.03460.012
156.67 0.00560.006 149.21 0.00660.012
172.30 20.01160.022 157.11 20.01360.013
180.00 20.00960.012 164.83 0.00860.017

172.45 20.01960.016
180.0 MeVp1 193.2 MeVp1

62.85 0.36360.016 51.29 0.31760.050
74.30 0.43760.010 63.26 0.36360.013
85.26 0.46160.009 74.75 0.43960.010
95.73 0.39260.008 85.73 0.46260.010

105.70 0.27860.008 96.19 0.40660.010
115.21 0.14060.007 106.14 0.26260.009
124.29 0.07960.009 115.62 0.13860.010
132.98 0.03860.009 124.67 0.06760.011
141.34 20.00460.006 133.32 0.03560.013
149.42 20.00760.006 141.63 20.00260.009
157.26 20.00260.007 149.65 20.02160.008
164.94 20.00760.007 157.44 20.01660.009
172.50 0.00260.008 165.06 0.00060.009
180.00 20.00960.014 172.56 0.01260.010

180.00 20.00260.011
218.0 MeVp1 241.0 MeVp1

51.97 0.22760.034 52.59 0.24860.030
64.04 0.35060.015 64.74 0.31860.011
75.59 0.41060.012 76.34 0.41960.011
86.59 0.45360.019 87.37 0.45260.013
97.05 0.37860.013 97.82 0.40860.013

106.97 0.25060.013 107.72 0.25560.013
116.40 0.13360.012 117.10 0.09160.012
125.38 0.04260.016 126.01 0.04560.015
133.95 20.01560.014 134.50 20.03860.014
142.16 20.01360.010 142.64 20.04360.011
150.09 20.03860.011 150.47 20.03060.025
157.77 0.00460.011 158.06 20.02160.015
165.28 20.00260.014 165.48 20.02760.016
172.67 0.00360.013 172.77 0.00260.013
180.00 0.01060.017 180.00 0.00460.016

267.0 MeVp1 267.0 MeVp1 ~continued!
53.27 0.19760.016 135.12 20.05660.017
65.52 0.27960.010 143.16 20.05560.013
77.18 0.39660.011 150.89 20.03560.018
88.23 0.44460.014 158.38 20.05160.015
98.67 0.41560.015 165.69 20.03060.016

108.54 0.21860.016 172.88 20.03160.018
117.86 0.07360.015 180.00 20.01760.021
126.70 20.01160.020
from the extraction of these areas~0.8%!. To simplify the
analysis this error has been incorporated in the statist
error of these data. In summary, because of the unique
collection technique, an optimal analysis of these data sho
float only theoverall polarization correction within the 2.8%
error limits butnot allow for an energy-by-energy systemat
error.

VI. DISCUSSION

In addition to the 139 MeVp1p data by Sevioret al.,
there exist a total of six analyzing power measurements
incident energies comparable to the energies of this exp
ment. As expected, the 166 MeV and the 263 MeVpp data
by Sevior et al. @9# agree very well with the new data, a
shown in Fig. 3. The E560 data at 169 MeVp1 are system-
atically lower than the forward angle data of Amsleret al.
@12#. Raueet al. @11# recently reported three points at 16
MeV p1p, only two (123.5°c.m. and 142.8°c.m.) of which
overlap with the angular range of the E560 data, and they
in good agreement. The forward anglep1 data at 240 MeV
from the same group do show some discrepancies with
E560 data.

The data at 238 MeV published by Alderet al. @10# are
the only overlapping data in thep2 reaction channel. Their
results differ in shape as well as in magnitude from tho
obtained in the present experiment and hence the differe
cannot be simply attributed to incorrect measurement of
target polarization or of the beam normalization.

A. Comparison to the phase shift analysis

A direct comparison of all the present data (p1 andp2)
to the PWA of the Karlsruhe-Helsinki group~KH80! @3# and
the more recently updated results from the VPI gro
~SM95! @18# results in axn

2 of 3.0 ~KH80! and 1.15~SM95!.
Only statistical errors were considered. In order to mak
comparison which is completely decoupled from the data

et
he

TABLE IV. Measured analyzing power at 193 and 241 Me
p2. This is the third group of data taken at the same target po
ization. The data at these two energies should not be floated i
pendently. The overall systematic error is 3%.

193.2 MeVp2 240.9 MeVp2

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

p Ay(u)6dAy(stat)

51.29 20.27760.095 64.74 20.3646 0.017
63.26 20.17260.023 76.34 20.3506 0.016
74.75 20.15860.017 87.37 20.2546 0.017
85.73 20.12560.024 97.82 20.1566 0.018
96.19 20.15560.017 107.72 20.0786 0.018

106.14 20.18060.023 117.10 20.0356 0.022
115.62 20.18560.020 126.01 0.0206 0.184
124.67 20.40860.175 134.50 20.0056 0.042
133.32 20.19560.059 142.64 20.0206 0.017
141.63 20.11460.017 150.47 20.0316 0.014
149.65 20.10760.014 158.06 20.0176 0.013
157.44 20.05760.012 165.48 20.0186 0.012
165.06 20.03060.012 172.77 0.0006 0.016
172.56 0.00160.015 180.00 20.0016 0.027
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FIG. 5. ThePHASAN-predicted phases for the partial wavesS11 andS31. The top part of the graphs show the phases for SM95~dashed
line!, KH80 ~solid line!, and the new data set. The bottom graphs magnify the phase changes by plotting the new phases minus t
values. For theS31 phase, the results of the simultaneous fit of the new data and those of Pavan@19# are also shown.
th
te
-

n

m
r-

io

i-

-
e
de
al
a

io
e

.

n
th
-
e
o

f
h
es
we
9
r

data

w-
the
tic

the

is-
so-
ese
e of
es.

-
lt-
he

ob-

gy
gly
,
ted

the
ow
er-

tly
Sevioret al., whose data are part of the SM95 database,
overall polarization calibration of the E560 data was floa
to obtain a best fit. The totalxn

2 of all the E560 data com
pared to these two PWA’s now reduces to 1.10~2.47! for
SM95 ~KH80!. The largest differences between the data a
the KH80 predictions arise in thep2 channel.

The present data were included in a novel PWA by Ti
mermans@4# ~LG97!. In this multienergy analysis, the ove
all polarization calibrations forp1p andp2p were indepen-
dently floated. The PWA predicted a polarization correct
of 0.993~0.997! for p2p (p1p), resulting in overallxn

2 of
1.25 ~0.97!.

B. Single-energy analysis

The effect of the newAy data on the partial-wave ampl
tudes was investigated using the the KarlsruhePHASAN pro-
gram~described in@3#!, which allows a simultaneous single
energy fit of severalpp observables. The program assum
isospin invariance and unitarity and uses forward amplitu
derived by Ho¨hler @2#, which are based on previous tot
cross-section data. The E560 data were fit independently
also in combination with the recent differential cross-sect
measurements by Pavan@19# at those energies where th
experiments overlapped. OnlyS and P waves were varied
The higher partial waves and starting values forS and P
waves were taken from the KA84 solution. KA84 is esse
tially an energy-smoothed version of KH80. To calculate
isospin-1/2 phases, thep1 andp2 data were fitted simulta
neously. Fitting thep2 data alone could have allowed th
program to modify the isospin-3/2 phases in a manner inc
sistent with thep1 data.

The resulting (L2I2J) S11 and S31 phases and those o
SM95 and KH80 are plotted in Fig. 5. The bottom grap
show the same phases subtracted from the KH80 phas
emphasize the differences. Although the starting phases
those of KA84, the final phases favor those of the SM
solutions. Results for theP waves show relatively smalle
e
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-

n

s
s
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n

-
e

n-

s
to
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differences and depended strongly on whether the Pavan
were left in or out of the fits.

The figures compare hadronic amplitudes. It should, ho
ever, be noted that the Karlsruhe-Helsinki analysis and
Virginia analysis use different methods of electromagne
corrections in extracting the hadronic amplitudes from
experimental observables.

Similar simultaneous fits of the presentAy data with other
existing differential cross-section measurements@20–24#
showed that all could be accommodated. This lack of d
crimination is attributed to the dominance of a single re
nant partial wave in the differential cross sections at th
energies, whereas the analyzing power, an interferenc
amplitudes, is equally sensitive to the smaller partial wav
Note that the recent data of Raueet al. @11#, which disagree
with the E560 data at 240 MeVp1 by many standard de
viations, could not be fitted well. When included, the resu
ing xn

2 was 15.87, which is to be contrasted to 0.75 for t
E560 data.

VII. SUMMARY

We have presentedpp elastic analyzing powers at 10p1

and 4p2 energies. Because of persistent target NMR pr
lems, the data have been normalized to those of Sevioret al.
at 139 MeVp1. The technique of varying the beam ener
while maintaining the target polarization produced a stron
coupled set of data spanning theD resonance. Furthermore
the 360° acceptance of the CHAOS spectrometer elimina
the systematic error normally associated with counting of
incident pion beam. Preliminary phase shift analysis sh
that the data are consistent with the new PWA of Timm
mans@4# and that the data favor the hadronicS11 and S31
phase shifts of the Virginia group SM95@18# solution. The
data are now part of the recently updated SP98@25# analysis.
Data reduction and analysis of the low-energyp2 data, col-
lected with a fully functional polarized target, are presen
underway.
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