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Angular dependence of thepp elastic-scattering analyzing power between 0.8 and 2.8 GeV.
II. Results for higher energies
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Measurements at 18 beam kinetic energies between 1975 and 2795 MeV and at 795 MeV are reported for
the pp elastic-scattering single spin parameterAooon5Aoono5AN5P. The c.m. angular range is typically
60– 100°. These results are compared to previous data from Saturne II and other accelerators. A search for
energy-dependent structure at fixed c.m. angles is performed, but no rapid changes are observed.
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I. INTRODUCTION

This paper reports results from a major experimental p
gram to measurepp elastic-scattering spin observables up
a kinetic energy of 2800 MeV at the Saturne II accelerato
Saclay. It is a continuation of the measurements describe
the accompanying paper—Ref.@1#. Analyzing power results
are presented at 19 energies and compared to earlier
These results significantly increase thepp elastic-scattering
data base, and allow a search for rapid energy dependen
this spin observable.

The experiment was performed with a polarized pro
beam incident on a frozen-spin polarized proton target
four run periods spread over a three-year time span. D
from the first two run periods~I, II ! are described in Ref.@1#,
and from the last two~III, IV ! are presented here. Each ru
period was 10–14 days in duration, during which measu
ments were made at a number of energies. Data were
lected simultaneously with an unpolarized CH2 target, and
theseAN data are published in Ref.@2#. Results on the spin
observablesKonno and Donon from these same run period
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are given in Ref.@3#, and onAoonn5CNN will be published
in the future.

About half the data sets in run periods III and IV repe
energies from Ref.@1# in order to search for systematic erro
and to allow a cross normalization, if necessary. Most of
remaining data sets are above 2.3 GeV, at energies wher
previous data exist. A measurement at 795 MeV is includ
in order to check the absolute target polarization. Vario
tests for efficiency changes were performed for all data s

Many details of the experimental apparatus are given
Refs. @4–9#. Some changes were made to the hardware
the different run periods, as described in Sec. II and Ref.@1#.
A brief description of the data analysis is made in Sec.
and the results are presented in Sec. IV.

II. EXPERIMENTAL APPARATUS

A. Polarized beam and beam polarimeters

The polarized beam was produced in an atomic bea
type, polarized ion source and accelerated in both the Mim
booster ring and the Saturne II accelerator. Four differ
beam polarization states were used at most energies du
run periods III and IV, designated 01 ~state 1!, 2 ~state 2!,
1 ~state 3!, and 02 ~state 4!. The polarization of the beam
pulses normally alternated in the pattern 01 ,2,1,02 ,2,
1,01 ,2,1,02 , . . . . Thepolarization direction during ac
celeration was vertical, with relative direction given by th
1 and2 signs in the designation of the four states. Cert
beam energy ranges had1 corresponding to vertically up
and other ranges to vertically down, due to the flipping of t
beam spin at certain depolarizing resonances. As descr
in Ref. @1#, the ratios of polarizations were consistent wi
being constant with magnitudes:

P01 :P2 :P1 :P0250.072:1.000:1.000:0.072. ~1!

.
l-

gi-

ni-

ce.
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These four magnitudes were then multiplied by a differ
constant at different times as the ion source polarization
ied or the accelerator depolarization changed. These con
sions are partly based on special measurements made s
quent to the experiments described in this paper; see
@10#. The typical size of the beam near the polarized tar
was measured to be;20 mm in diameter, and the typica
magnitude of the beam polarization was 0.6–0.9.

Three relative beam polarimeters were used to mon
the vertical~N-type! and horizontal~S-type! transverse com-
ponents of the beam polarization. These were the SD3 po
imeter@1,5# located near the Sire`ne magnet, the target-regio
or antipolarimeter@1# situated slightly upstream of the pola
ized target, and the downstream or ‘‘Gatchina’’ polarimet
whose target was 6.54 m downstream of the polarized tar
They measured the vertical, horizontal, and vertical com
nents of the beam polarization, respectively.

Another pair of arms was added to the SD3 polarime
for run periods III and IV, each arm containing two scint
lation counters~SP38 ,SP48 and SP78 ,SP88! in the horizontal
plane. These arms were fixed, and allowed the ‘‘on’’ a
‘‘off’’ kinematics data to be collected simultaneousl
The fourfold coincidencesLc85SP1•SP2•SP38•SP48 , Rc8
5SP5•SP6•SP78•SP88 , and the corresponding accidenta
were generated and scaled in addition toLc , andRc ; see@1#.
In these two run periods, the CH2 polarimeter target was
used for nearly all data collection with the beam incident
the polarized target for the elastic-scattering measureme
The carbon polarimeter target results were taken while
target polarization was being measured and reversed. In

FIG. 1. Top and side view of the downstream polarimeter~not
to scale! showing the location of the scintillation counters.
05400
t
r-
lu-
se-

ef.
t

r

r-

,
et.
-

r

n
ts.
e
is

case, the beam stop near the Alize´ magnet was closed, so tha
no beam entered the experimental area, and the beam in
sity on the SD3 polarimeter was increased somewhat
opening the adjustable collimators upstream of Sire`ne; see
Fig. 1 in Ref.@1#.

The downstream polarimeter, shown schematically in F
1, consisted of five arms with two or three scintillatio
counters apiece. Four arms were in the horizontal pla
similar to the SD3 polarimeter. Two arms were symme
cally located on opposite sides of the nominal beam line
laboratory angles;11.3°, and included counter pairsPO1
andPO2 , andPO5 andPO6 . The manually adjusted reco
arms were approximately set at the angles correspondin
pp elastic-scattering kinematics, and contained coun
PO3 and PO4 , and PO7 and PO8 . The fifth arm was lo-
cated vertically and includedVO1 , VO2 , and VO3 . The
dimensions of thePOj counters and their distances to th
polarimeter target are given in Table I. Coincidenc
~PO1•PO2•PO3•PO4 , PO5•PO6•PO7•PO8 , and
VO1•VO2•VO3!, and their respective accidentals we
scaled.

The target was a block of CH2 with dimensions 3.0 cm
wide, 2.0 cm high, and 3.0 cm thick along the beam dir
tion. It was smaller in width than the beam spot, which w
typically several cm wide at this location.

The complete downstream polarimeter assembly w
mounted on a remotely controlled table that could be mo
horizontally, transverse to the beam. This was necessary

FIG. 2. Experimental layout showing the magnetic spectrome
and polarimeter arms and associated detectors~not to scale!. The
detectors are described in the text and Ref.@1#.

TABLE I. Scintillation counter sizes and distances to the C2

target for the downstream polarimeter. For counter locations,
Fig. 1.

Counter
Height
~mm!

Width
~mm!

Thickness
~mm!

Distance to
target~cm!

PO1, PO5 50 40 15 60
PO2, PO6 60 60 5 120
PO3, PO7 85 mm dia. 5 18
PO4, PO8 150 60 5 46
2-2
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TABLE II. Cross checks of the four relationsRk51 from Eqs. ~3! among the normalized elastic
scattering yields. The values ofRk are averages over all angles at each energy. The run period for each
set is also shown.

Energy
~MeV! R1 R2 R3 R4

795 IV 1.011360.0021 1.006160.0031 1.002760.0013 1.004660.0043
1975 III 1.010860.0060 1.000260.0069 0.998460.0020 1.015960.0112
2035 III 1.007560.0070 1.005760.0065 1.000660.0020 0.993460.0114
2035 IV 1.006060.0069 1.013560.0068 1.004060.0018 0.994160.0115
2115 III 0.997060.0057 1.007360.0077 1.000860.0021 0.969360.0110
2155 III 1.005960.0054 1.003360.0058 1.000660.0018 0.994860.0094
2175 III 0.999260.0071 1.003160.0056 0.998560.0017 0.973360.0107
2215 III 1.006960.0053 1.005960.0056 1.001360.0017 0.986660.0092
2225 IV 1.016660.0074 0.997660.0071 0.999360.0015 1.019460.0127
2235 III 1.004060.0059 1.006760.0073 1.001460.0021 0.987060.0112
2345 IV 0.995160.0077 0.995960.0079 0.998560.0018 0.984860.0133
2395 III 1.006860.0067 1.011960.0081 1.002360.0014 0.991260.0125
2445 IV 1.013360.0087 1.001360.0094 1.001260.0026 0.991860.0155
2495 III 1.024360.0089 1.010460.0094 1.005960.0027 1.016660.0158
2515 IV 1.013560.0092 0.999360.0082 1.000960.0022 1.008560.0150
2565 III 1.007060.0099 1.021860.0102 1.005560.0029 0.966560.0167
2575 IV 1.006560.0088 1.000860.0091 1.001360.0022 0.974560.0150
2595 III 1.004760.0066 1.002960.0094 1.001660.0024 0.991860.0137
2645 III 1.009660.0107 1.017960.0085 1.004760.0027 0.983460.0124
2795 IV 0.992060.0119 1.029960.0170 1.001660.0024 0.914460.0246
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cause the magnetic field of the polarized target deflected
beam. However, it was also found that the beam posi
changed slightly with beam energy and beam tune when
polarized target magnet and spectrometer analyzing ma
~Goupillon! were turned off. This beam position was me
sured at most energies in run periods III and IV, and w
found to change by62.0 cm except at 795 MeV. It is est
mated that this change corresponds to a variation in the
cident beam angle at the polarized target of63.1 mrad or
less. At 795 MeV, the beam angle was found to be abou
mrad from the nominal beam direction, and the data w
corrected accordingly. This variation could cause a syst
atic error in the c.m. angle, and would appear as a z
crossing ofP5Aoono at an angle different from 90°; se
Sec. III.

B. Polarized target and detectors

The polarized proton target used for these measurem
is described in Refs. @1,6,7#. The size was
40~h!349~w!335~l! mm3 and the target material wa
pentanol-3 (CH3CH2CHOHCH2CH3) in run period III and
pentanol-2 (CH3CH2CH2CHOHCH3) in run period IV. The
absolute target polarization was found by a comparison
the NMR signals in the polarized state and when the ta
material was in thermal equilibrium near 1 K. The therm
equilibrium calibrations were performed before and af
each run period, and these calibrations agreed with e
other within statistical errors. The target operated in
frozen-spin mode at a small magnetic holding field of 0.33
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The typical target polarization magnitude was 0.65–0.85
fore entering the frozen-spin mode.

The scattered and recoil protons were detected in coi
dence. One detector arm consisted of a magnetic spect
eter, with five multiwire proportional chambers of 3–4 sen
wire planes each, trigger scintillators, a scintillation coun
hodoscope, and a set of neutron counters with associ
charged particle veto counters. The other detector arm~po-
larimeter! consisted of two multiwire proportional chambe
with three planes each, trigger scintillators, a scintillati
counter hodoscope, plus other chambers and counters
were not used for the data described in this paper; see Fi
Many additional details about the apparatus are given
Refs.@1,4,8,9#

In run period II, a new neutron counter hodoscope w
installed in the polarimeter arm, and it became fully ope
tional for run periods III and IV. The hodoscope detect
protons and consisted of 11 bars of scintillator, each w
cross sectional area 8~h!320~w! cm2 and length 137 cm,
with photomultipliers mounted on each end. Similar neutr
counters are described in Ref.@11#. In addition, some
changes to the associated electronics for both hodosc
were made before run period III. However, the basic trigg
conditions and quantities recorded for each event, nam
pulse heights, flight times, and wire chamber informatio
were unchanged. The elastic-scatteringAN data were also
generally in agreement; see Sec. IV.

III. DATA ANALYSIS

Details of the data analysis are presented in the accom
nying paper, Ref.@1#. Values of scalers from each spill wer
2-3
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evaluated first to identify bad spills with anomalous run co
ditions. The polarimeter scalers were used to compute as
metries and ratios to monitor the performance of the po
rimeters and the beam polarization. This polarime
information was used in the analysis of the elastic-scatte
candidate events at a few energies, where the average b
polarization differed significantly for the two targe
polarization-state time periods.

The elastic-scattering results were also tested for chan
in the relative efficiency of hodoscope counters, wire cha
bers, or neutron counters. Histograms were generated o
number of times each wire was struck for each beam po
ization state. Searches for sizable differences in these h
grams were performed. Cuts were made to eliminate d
from certain scintillation counters, individual wires, or wi
chamber planes that exhibited evidence of variation in re
tive efficiency. Such variation could lead to systematic err
in the derived values of the spin observables. These
were applied for both target and all four beam polarizat
states.

After the cuts described above were made, the remain
elastic-scattering candidate events were analyzed. Par
positions were computed from the wire chamber sign
Straight lines were fitted to the positions in chambers C
C1, C2 and in C11, C12. The observed laboratory ang
were corrected for bending in the polarized target magn
field to give (uL ,fL) and (uR ,fR) in the left and right de-
tector arms, respectively. The two fitted lines were also p
jected to the target region, and the points at the distanc
closest approach were obtained. The midpoint of the
segment connecting these two points was assigned to b
reconstructed interaction point. Events were rejected if~a!
more than one counter was triggered in either hodosc
WH or SH, ~b! the wire chamber data from three or fo
planes in C0 or three planes in any other chamber were
consistent with a single track in that chamber, or~c! there
was insufficient information from the wire chambers to d
fine the two lines or to calculate the momentum in the m
netic spectrometer arm. Cuts were also applied to~a! the
reconstructed interaction point,~b! the difference in momen
tum between the value measured in the magnetic spect
eter arm and the calculated momentum fromuR and elastic-
scattering kinematics, and~c! the difference between th
measured~and corrected! angleuR and the value compute
from uL using elastic kinematics. The location of typical cu
are shown in Figs. 5 and 6 of Ref.@1#.

Finally, the number of true elastic-scattering events
each angle was determined from the coplanarity distribut
Df5fL1fR2180°, for each of the target and beam pola
ization states after estimating and subtracting remain
backgrounds. The number of elastic events was normal
to the relative beam intensity to give the quantitiesni j . Sub-
scripts j and i correspond to the beam and target stat
respectively. The normalized counts are expected to obey
relations

n1015C0N@11P01Aoono1PT1Aooon1P01PT1Aoonn#,

n125C0N@12P2Aoono1PT1Aooon2P2PT1Aoonn#,
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n115C0N@11P1Aoono1PT1Aooon1P1PT1Aoonn#,

n1025C0N@12P02Aoono1PT1Aooon2P02PT1Aoonn#,

n2015N@11P01Aoono2PT2Aooon2P01PT2Aoonn#,

n225N@12P2Aoono2PT2Aooon1P2PT2Aoonn#,

n215N@11P1Aoono2PT2Aooon2P1PT2Aoonn#,

n2025N@12P02Aoono2PT2Aooon1P02PT2Aoonn#,
~2!

wherePj and PTi for the beam and target polarizations a
expected to be positive values. It is assumed that there
only a slow variation in detector efficiencies over the peri
of beam polarization changes~seconds!, but the equations
allow for drifts in efficiencies with target polarization reve
sals~hours! via the factorC0 .

In Ref. @1#, it is noted that four relations hold among th
normalized counts, which can be expressed as ratiosRk :

R15
n1011n102

n111n12
51, ~3a!

R25
n2011n202

n211n22
51, ~3b!

R35
n101n221n12n211n11n201

n12n2011n11n221n101n21
51, ~3c!

R45
~0.072!n12n211n101n211n101n22

~0.072!n11n221n11n2011n12n201
51.

~3d!

The factor 0.072 arises from the relative magnitudes of be
polarization states in Eq.~1!. These ratios are computed a
averages over all c.m. angles measured, and are show
Table II. It can be seen that the results are generally con
tent withRk51, suggesting that certain systematic errors
small. For example, rapid changes in detector efficienc
would generally result inRkÞ1 at an energy.

Equations~2! were solved for the spin observableAoon
5P5AN at each c.m. angle as described in Ref.@1#. Two
independent analyses were performed, with slightly differ
cuts, and the results were combined for this paper. They
given in Table III and Figs. 3–8. Relative and additive e
rors, s rel and sadd, respectively, are also shown. The tot
error onAoon is given by
2-4
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TABLE III. ~a! Measured values of the analyzing powerAoon at T5795 MeV. The quantitieŝuc.m.& and2t are the central values of the
c.m. angle and four-momentum transfer squared for each bin in degrees and (GeV/c)2, respectively. The relative and additive systematic
errors are60.018 and60.0007, respectively.~b! Measured values ofAoon at T51975 MeV. The relative and additive systematic errors are
60.045 and60.002, respectively.~c! Measured values ofAoon at 2035 MeV in run period III. The relative and additive systematic errors
are60.044 and60.002, respectively.~d! Measured values ofAoon at T52035 MeV in run period IV. The relative and additive systematic
errors are60.050 and60.001, respectively.~e! Measured values ofAoon at 2115 MeV. The relative and additive systematic errors are
60.038 and60.001, respectively.~f! Measured values ofAoon at 2155 MeV. The relative and additive systematic errors are60.030 and
60.001, respectively.~g! Measured values ofAoon at 2175 MeV. The relative and additive systematic errors are60.032 and60.001,
respectively.~h! Measured values ofAoon at 2215 MeV. The relative and additive systematic errors are60.028 and60.001, respectively.
~i! Measured values ofAoon at 2225 MeV. The relative and additive systematic errors are60.042 and60.001, respectively.~j! Measured
values ofAoon at 2235 MeV. The relative and additive systematic errors are60.034 and60.001, respectively.~k! Measured values ofAoon

at 2345 MeV. The relative and additive systematic errors are60.040 and60.001, respectively.~l! Measured values ofAoon at 2395 MeV.
The relative and additive systematic errors are60.039 and60.002, respectively.~m! Measured values ofAoon at 2445 MeV. The relative
and additive systematic errors are60.042 and60.001, respectively.~n! Measured values ofAoon at 2495 MeV. The relative and additive
systematic errors are60.034 and60.002, respectively.~o! Measured values ofAoon at 2515 MeV. The relative and additive systematic
errors are60.036 and60.001, respectively.~p! Measured values ofAoon at 2565 MeV. The relative and additive systematic errors are
60.036 and60.001, respectively.~q! Measured values ofAoon at 2575 MeV. The relative and additive systematic errors are60.035 and
60.001, respectively.~r! Measured values ofAoon at 2595 MeV. The relative and additive systematic errors are60.034 and60.001,
respectively.~s! Measured values ofAoon at 2645 MeV. The relative and additive systematic errors are60.035 and60.001, respectively.
~t! Measured values ofAoon at 2795 MeV. The relative and additive systematic errors are60.061 and60.001, respectively.

^uc.m.& 2t Aoon DAoon ^uc.m.& 2t Aoon DAoon

~a! 795 MeV

47.4 0.241 0.4851 0.0150

48.2 0.249 0.4941 0.0055

49.2 0.258 0.4924 0.0061

50.2 0.269 0.4921 0.0057

51.1 0.278 0.4850 0.0066

52.1 0.288 0.4813 0.0104

53.1 0.298 0.4805 0.0147

54.2 0.309 0.4742 0.0052

55.1 0.320 0.4660 0.0070

56.2 0.331 0.4574 0.0119

57.1 0.341 0.4657 0.0045

58.1 0.352 0.4534 0.0073

59.1 0.363 0.4466 0.0047

60.1 0.374 0.4590 0.0046

61.1 0.385 0.4400 0.0058

62.1 0.397 0.4329 0.0046

63.1 0.409 0.4225 0.0050

64.1 0.420 0.4156 0.0082

65.1 0.432 0.4135 0.0060

66.0 0.443 0.4040 0.0060

67.1 0.455 0.4058 0.0052

68.1 0.467 0.3833 0.0078

69.1 0.479 0.3699 0.0055

70.1 0.491 0.3571 0.0075

71.0 0.504 0.3490 0.0052

72.1 0.517 0.3422 0.0063

73.1 0.529 0.3226 0.0059

74.0 0.541 0.3162 0.0050

75.1 0.554 0.2993 0.0067

76.0 0.566 0.2878 0.0072

77.1 0.579 0.2673 0.0059

78.0 0.591 0.2431 0.0086

79.0 0.604 0.2462 0.0068

80.0 0.617 0.2174 0.0068

81.0 0.630 0.1986 0.0060

82.0 0.642 0.1788 0.0127

83.0 0.655 0.1560 0.0074

84.0 0.668 0.1322 0.0064

85.0 0.681 0.1043 0.0136

86.0 0.694 0.1006 0.0071

87.0 0.707 0.0682 0.0084

88.0 0.720 0.0468 0.0058

88.8 0.731 0.0146 0.0123

89.7 0.742 0.0076 0.0275

~b! 1975 MeV

60.5 0.940 0.117 0.019

62.0 0.983 0.128 0.015

64.0 1.041 0.107 0.010

65.9 1.097 0.101 0.011

68.0 1.160 0.100 0.017

70.0 1.219 0.130 0.012

72.0 1.280 0.107 0.015

74.0 1.342 0.133 0.016

76.0 1.406 0.113 0.014

77.9 1.466 0.078 0.012

80.0 1.533 0.063 0.012

82.0 1.595 0.042 0.011

84.0 1.659 0.056 0.022

86.0 1.725 0.042 0.013

88.0 1.789 0.014 0.013

89.9 1.851 0.006 0.018

92.0 1.919 20.024 0.014

94.0 1.982 20.030 0.020

96.0 2.046 20.061 0.022

98.0 2.110 20.060 0.012

99.9 2.171 20.094 0.012

101.2 2.213 20.206 0.098
054002-5
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TABLE III. ~Continued!.

^uc.m.& 2t Aoon DAoon ^uc.m.& 2t Aoon DAoon

~c! 2035 MeV
60.2 0.962 0.105 0.012
62.0 1.013 0.121 0.012
64.0 1.072 0.105 0.015
65.9 1.130 0.129 0.012
68.1 1.197 0.124 0.011
70.0 1.256 0.123 0.012
72.0 1.319 0.123 0.012
74.0 1.383 0.108 0.013
76.0 1.447 0.097 0.011
78.0 1.512 0.087 0.011
79.4 1.558 0.050 0.022
82.0 1.647 0.052 0.018
84.0 1.710 0.047 0.012
86.0 1.776 0.031 0.013
88.0 1.844 0.002 0.011
90.0 1.909 20.010 0.012
92.1 1.979 20.053 0.012
94.0 2.042 20.074 0.018
96.0 2.109 20.047 0.030
98.0 2.175 20.081 0.023
99.9 2.238 20.072 0.014
101.3 2.283 20.054 0.053

~d! 2035 MeV
60.3 0.964 0.120 0.011
62.0 1.013 0.128 0.009
64.0 1.072 0.123 0.009
66.0 1.133 0.123 0.010
67.5 1.179 0.177 0.016
72.0 1.319 0.129 0.020
74.0 1.383 0.114 0.010
76.0 1.447 0.096 0.014
78.0 1.512 0.085 0.012
80.0 1.578 0.067 0.012
82.0 1.643 0.049 0.013
84.0 1.710 0.034 0.012
86.0 1.776 0.020 0.021
88.0 1.844 0.000 0.011
90.0 1.909 20.015 0.011
92.0 1.977 20.034 0.011
94.0 2.042 20.036 0.020
96.0 2.109 20.080 0.013
98.0 2.175 20.077 0.016
100.0 2.241 20.102 0.018
101.3 2.283 20.091 0.027

~e! 2115 MeV
58.8 0.953 0.090 0.046
60.1 0.995 0.127 0.010
62.0 1.052 0.131 0.010
64.0 1.115 0.146 0.011
66.0 1.176 0.156 0.016
68.0 1.243 0.141 0.011
70.0 1.306 0.133 0.011
72.0 1.371 0.137 0.012

74.0 1.437 0.120 0.012
76.0 1.504 0.126 0.011
78.0 1.572 0.115 0.014
80.0 1.640 0.098 0.014
82.0 1.709 0.079 0.012
83.9 1.774 0.080 0.012
88.1 1.917 0.047 0.012
90.0 1.983 20.014 0.012
92.0 2.054 20.028 0.012
94.0 2.123 20.072 0.016
96.0 2.192 20.085 0.017
97.9 2.259 20.092 0.012
99.9 2.327 20.124 0.013
101.5 2.381 20.117 0.017

~f! 2155 MeV
58.7 0.973 0.170 0.028
60.1 1.013 0.155 0.010
62.0 1.073 0.154 0.010
64.0 1.136 0.170 0.009
66.0 1.199 0.161 0.012
68.0 1.265 0.166 0.012
70.0 1.330 0.176 0.009
72.0 1.397 0.144 0.008
74.0 1.465 0.149 0.010
76.0 1.533 0.126 0.014
78.0 1.602 0.135 0.016
80.5 1.688 0.070 0.016
82.0 1.742 0.077 0.014
83.9 1.808 0.073 0.012
86.0 1.881 0.032 0.012
88.1 1.955 0.020 0.010
90.0 2.021 20.004 0.014
92.0 2.092 20.056 0.010
94.0 2.163 20.060 0.012
96.0 2.233 20.081 0.012
98.0 2.302 20.084 0.014
99.9 2.371 20.123 0.010
101.7 2.431 20.151 0.017

~g! 2175 MeV
58.7 0.982 0.133 0.023
60.0 1.021 0.160 0.009
62.0 1.083 0.153 0.012
64.0 1.146 0.149 0.010
66.0 1.211 0.177 0.010
68.0 1.276 0.161 0.013
70.0 1.343 0.146 0.014
72.0 1.410 0.150 0.010
74.0 1.479 0.134 0.011
76.0 1.547 0.126 0.010
78.0 1.616 0.118 0.011
80.0 1.686 0.111 0.011
82.0 1.758 0.036 0.012
84.0 1.827 0.064 0.011
86.0 1.899 0.038 0.014
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TABLE III. ~Continued!.

^uc.m.& 2t Aoon DAoon ^uc.m.& 2t Aoon DAoon

88.1 1.972 0.012 0.012
90.0 2.041 20.026 0.012
92.0 2.111 20.044 0.011
94.0 2.183 20.058 0.013
96.0 2.254 20.075 0.012
98.0 2.324 20.100 0.011
100.0 2.394 20.108 0.014
101.7 2.456 20.124 0.013

~h! 2215 MeV
58.7 1.000 0.145 0.018
60.0 1.040 0.169 0.008
62.0 1.103 0.174 0.008
64.0 1.167 0.183 0.008
66.5 1.250 0.167 0.012
68.0 1.299 0.177 0.009
70.0 1.367 0.167 0.009
72.0 1.436 0.152 0.008
74.0 1.505 0.138 0.009
76.0 1.575 0.159 0.009
78.0 1.646 0.130 0.009
80.0 1.717 0.114 0.010
82.1 1.793 0.088 0.010
84.0 1.861 0.073 0.009
86.0 1.934 0.032 0.009
88.0 2.006 0.027 0.009
90.0 2.078 20.014 0.011
92.0 2.150 20.039 0.010
94.0 2.223 20.065 0.010
96.0 2.296 20.092 0.011
98.0 2.366 20.100 0.012
100.0 2.438 20.111 0.010
101.8 2.504 20.145 0.012

~i! 2225 MeV
58.7 1.003 0.194 0.025
60.0 1.044 0.142 0.010
62.0 1.108 0.146 0.010
64.0 1.172 0.146 0.010
66.0 1.239 0.147 0.012
67.9 1.303 0.151 0.012
70.0 1.374 0.147 0.016
72.0 1.444 0.143 0.015
74.0 1.512 0.128 0.020
76.0 1.583 0.102 0.022
78.0 1.654 0.102 0.012
80.0 1.725 0.083 0.012
82.1 1.800 0.060 0.013
84.0 1.869 0.021 0.023
86.0 1.942 0.041 0.020
88.0 2.014 0.005 0.014
90.0 2.088 20.024 0.013
92.0 2.160 20.051 0.016
94.0 2.233 20.099 0.015
96.0 2.306 20.116 0.029
98.0 2.378 20.119 0.023

100.0 2.451 20.140 0.026
101.9 2.520 20.163 0.037
103.2 2.563 20.101 0.062

~j! 2235 MeV
58.8 1.010 0.155 0.020
60.0 1.048 0.167 0.010
62.0 1.113 0.192 0.010
64.0 1.178 0.186 0.010
66.0 1.244 0.184 0.013
68.0 1.310 0.190 0.010
70.0 1.380 0.181 0.010
72.0 1.449 0.157 0.011
74.0 1.520 0.150 0.011
76.0 1.590 0.148 0.011
78.0 1.661 0.120 0.011
80.0 1.733 0.093 0.012
82.1 1.807 0.079 0.011
84.0 1.878 0.049 0.012
86.0 1.951 0.042 0.013
88.0 2.024 20.003 0.011
90.0 2.097 20.022 0.012
92.0 2.169 20.031 0.012
94.0 2.244 20.068 0.014
96.0 2.316 20.093 0.013
98.0 2.388 20.097 0.012
100.0 2.460 20.133 0.012
101.9 2.529 20.136 0.012
103.2 2.575 20.178 0.080

~k! 2345 MeV
58.0 1.035 0.177 0.037
60.0 1.101 0.173 0.012
62.0 1.168 0.186 0.013
64.0 1.235 0.182 0.016
66.0 1.306 0.163 0.016
68.5 1.393 0.183 0.017
69.8 1.442 0.149 0.020
72.0 1.520 0.106 0.022
74.2 1.601 0.153 0.015
76.0 1.667 0.170 0.014
78.0 1.743 0.149 0.014
80.5 1.837 0.111 0.019
82.0 1.894 0.105 0.015
84.0 1.971 0.068 0.014
86.0 2.046 0.070 0.017
88.0 2.123 0.022 0.017
90.0 2.201 20.021 0.015
92.0 2.276 20.019 0.015
94.0 2.354 20.039 0.020
96.0 2.430 20.050 0.017
98.0 2.506 20.111 0.015
100.0 2.583 20.142 0.015
102.0 2.658 20.163 0.020
103.5 2.716 20.185 0.025
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TABLE III. ~Continued!.

^uc.m.& 2t Aoon DAoon ^uc.m.& 2t Aoon DAoon

~l! 2395 MeV
60.2 1.129 0.187 0.016
62.0 1.192 0.180 0.013
64.0 1.261 0.186 0.022
66.0 1.334 0.196 0.014
68.0 1.405 0.197 0.013
70.1 1.481 0.179 0.019
72.0 1.552 0.177 0.023
74.0 1.628 0.180 0.019
76.0 1.702 0.155 0.014
78.0 1.780 0.130 0.018
80.0 1.856 0.125 0.016
81.9 1.932 0.102 0.019
84.0 2.012 0.068 0.019
86.0 2.089 0.049 0.017
88.0 2.168 0.001 0.020
90.0 2.248 20.026 0.017
92.0 2.326 20.051 0.017
94.0 2.403 20.054 0.019
96.0 2.482 20.105 0.019
98.0 2.560 20.119 0.023
100.0 2.637 20.123 0.016
102.0 2.714 20.170 0.021
103.7 2.778 20.189 0.023

~m! 2445 MeV
59.7 1.137 0.230 0.029
62.0 1.217 0.187 0.013
63.9 1.287 0.188 0.013
66.0 1.362 0.196 0.014
68.0 1.434 0.168 0.014
69.9 1.504 0.220 0.016
72.0 1.585 0.214 0.027
74.1 1.667 0.198 0.021
76.0 1.738 0.158 0.019
78.0 1.817 0.132 0.020
80.0 1.896 0.112 0.017
82.0 1.973 0.099 0.018
84.0 2.056 0.068 0.016
86.0 2.134 0.067 0.026
88.0 2.213 20.010 0.025
90.0 2.295 20.011 0.029
92.5 2.394 20.055 0.026
94.0 2.455 20.091 0.016
96.0 2.534 20.107 0.017
98.0 2.614 20.153 0.021
100.0 2.692 20.163 0.018
102.0 2.771 20.157 0.035
103.9 2.844 20.202 0.018

~n! 2495 MeV
60.5 1.187 0.202 0.017
62.0 1.242 0.203 0.013
64.0 1.313 0.218 0.014
66.0 1.389 0.223 0.015
68.0 1.464 0.229 0.015

70.0 1.539 0.237 0.014
72.0 1.618 0.211 0.014
74.0 1.696 0.207 0.014
76.0 1.773 0.195 0.018
78.0 1.856 0.160 0.015
80.0 1.935 0.157 0.016
82.0 2.015 0.123 0.016
84.1 2.099 0.058 0.017
86.0 2.178 0.064 0.020
88.0 2.258 0.052 0.017
90.0 2.342 0.003 0.017
92.0 2.423 20.034 0.017
94.0 2.503 20.047 0.016
96.1 2.588 20.102 0.016
98.0 2.668 20.089 0.017
100.0 2.748 20.107 0.016
102.0 2.828 20.180 0.016
103.9 2.905 20.213 0.017
105.2 2.953 20.393 0.088

~o! 2515 MeV
60.6 1.200 0.224 0.017
62.0 1.252 0.194 0.011
64.0 1.324 0.203 0.012
66.0 1.400 0.226 0.012
68.0 1.475 0.204 0.012
69.9 1.549 0.225 0.016
71.9 1.628 0.199 0.023
74.0 1.710 0.186 0.026
76.1 1.791 0.175 0.015
78.0 1.869 0.172 0.016
80.0 1.950 0.134 0.014
82.0 2.031 0.143 0.015
84.0 2.115 0.099 0.014
86.0 2.195 0.063 0.014
88.0 2.276 0.025 0.016
90.0 2.360 0.018 0.022
92.0 2.442 20.015 0.017
94.0 2.524 20.038 0.018
96.0 2.607 20.072 0.016
98.0 2.689 20.098 0.019
100.0 2.770 20.135 0.018
102.0 2.851 20.133 0.015
104.0 2.929 20.161 0.017
105.2 2.979 20.208 0.045

~p! 2565 MeV
60.7 1.228 0.175 0.031
62.0 1.277 0.216 0.019
64.0 1.350 0.198 0.014
66.0 1.427 0.219 0.014
68.0 1.505 0.216 0.019
69.9 1.580 0.218 0.019
72.1 1.665 0.196 0.020
74.0 1.743 0.190 0.016
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TABLE III. ~Continued!.

^uc.m.& 2t Aoon DAoon ^uc.m.& 2t Aoon DAoon

76.0 1.823 0.167 0.015
78.0 1.908 0.162 0.018
80.0 1.989 0.141 0.015
82.0 2.071 0.097 0.016
84.0 2.156 0.102 0.017
86.0 2.239 0.087 0.018
88.0 2.322 0.026 0.018
90.0 2.407 0.008 0.023
92.0 2.490 20.025 0.020
94.0 2.575 20.072 0.023
96.0 2.659 20.058 0.027
98.1 2.744 20.092 0.026
100.0 2.825 20.136 0.017
102.0 2.907 20.200 0.019
104.0 2.990 20.177 0.016
105.3 3.043 20.221 0.038

~q! 2575 MeV
60.7 1.233 0.186 0.022
62.0 1.281 0.179 0.013
64.0 1.356 0.225 0.014
66.0 1.434 0.204 0.019
68.0 1.511 0.193 0.018
69.9 1.587 0.193 0.014
71.4 1.646 0.245 0.028
74.5 1.771 0.237 0.033
76.5 1.852 0.151 0.023
78.0 1.913 0.151 0.014
80.0 1.997 0.120 0.023
82.0 2.079 0.104 0.015
84.0 2.164 0.074 0.019
86.0 2.247 0.056 0.018
88.0 2.331 0.007 0.018
90.0 2.416 20.045 0.026
92.0 2.501 20.041 0.022
94.0 2.585 20.101 0.016
96.0 2.668 20.086 0.020
98.0 2.753 20.147 0.018
100.0 2.836 20.169 0.022
102.0 2.918 20.210 0.015
104.0 3.000 20.194 0.015
105.3 3.054 20.196 0.036

~r! 2595 MeV
60.7 1.243 0.236 0.024
62.0 1.291 0.198 0.010
64.0 1.367 0.192 0.012
66.0 1.444 0.203 0.013
68.0 1.522 0.187 0.012
69.9 1.599 0.187 0.015
72.1 1.685 0.186 0.013
74.0 1.763 0.166 0.014
76.0 1.844 0.182 0.013
78.0 1.929 0.164 0.015
80.0 2.013 0.162 0.017
82.0 2.095 0.124 0.021

84.0 2.180 0.091 0.016
86.0 2.265 0.073 0.013
88.0 2.349 0.050 0.015
90.0 2.434 20.019 0.016
92.0 2.521 20.053 0.016
94.0 2.605 20.085 0.014
96.0 2.689 20.115 0.015
98.0 2.774 20.131 0.014
100.0 2.857 20.151 0.017
102.0 2.941 20.181 0.014
104.0 3.024 20.193 0.013
105.4 3.081 20.190 0.023

~s! 2645 MeV
60.7 1.268 0.291 0.065
62.0 1.318 0.198 0.014
64.0 1.395 0.241 0.016
66.0 1.472 0.217 0.014
68.0 1.551 0.257 0.017
69.9 1.631 0.237 0.015
72.1 1.719 0.196 0.014
74.0 1.797 0.201 0.019
76.0 1.881 0.183 0.016
78.0 1.964 0.158 0.018
80.0 2.052 0.142 0.016
82.0 2.135 0.098 0.024
83.9 2.220 0.066 0.018
86.0 2.308 0.075 0.017
88.0 2.396 0.021 0.020
90.0 2.482 0.034 0.022
92.0 2.570 20.033 0.019
94.0 2.654 20.112 0.020
96.0 2.740 20.087 0.018
98.0 2.828 20.129 0.017
100.0 2.913 20.111 0.023
102.0 2.997 20.158 0.017
104.0 3.082 20.200 0.016
105.3 3.137 20.186 0.035

~t! 2795 MeV
62.9 1.428 0.125 0.026
65.5 1.535 0.160 0.019
68.5 1.661 0.131 0.020
71.4 1.786 0.149 0.028
74.4 1.917 0.135 0.034
77.8 2.070 0.119 0.032
80.5 2.189 0.072 0.020
83.4 2.323 0.112 0.019
86.5 2.465 0.007 0.032
89.4 2.596 0.017 0.030
92.5 2.738 20.096 0.033
95.5 2.873 20.074 0.021
98.5 3.011 20.112 0.022
101.6 3.148 20.174 0.034
104.1 3.263 20.173 0.023
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~dAoon!
25~dAoon,stat!

21~Aoon3s rel!
21~sadd!

2, ~4!

wheredAoon,stat is the statistical uncertainty.
The valueAN(90°) should be zero forpp elastic scatter-

ing by the generalized Pauli principle@12#. The measured
values foruc.m.59065° were fit with a straight line to yield
the result at 90° as well as the slope. These are present
Table IV and Fig. 9. Data from Ref.@1# are also plotted. The
Aoon(90°) results are seen to be consistent with a sligh
negative value, probably caused by a slight misalignmen

FIG. 3. Experimental results forAoon5AN as a function of c.m.
angle at 1975, 2035, 2115, and 2155 MeV. The closed circles
closed squares are from this paper, the open circles and
squares from Ref.@1#, and the open triangles from Ref.@2#. The
crosses are data from Parryet al. @13#, and the dashed line is from
a PSA prediction of Arndtet al. @30#.

FIG. 4. Experimental results forAoon5AN as a function of c.m.
angle at 2175, 2215, 2225, and 2235 MeV. The closed circles
from this paper, the open circles from Ref.@1#, and the open tri-
angles from Ref.@2#. In addition, the open squares are from Mill
et al. @14#, the pluses from Neal and Longo@15#, the crosses from
Diebold et al. @17#, and the open diamonds from Makdisiet al.
@18#. The dashed curves are from PSA predictions of Arndtet al.
@30#.
05400
in

y
of

the apparatus compared to the actual average beam direc
Variations inAoon(90°), possibly the result of small change
in the beam direction or other systematic errors, are sma
than60.03.

IV. RESULTS

A comparison of the data from this paper and the acco
panying article@1# is shown in Figs. 3 and 4. TheAoono
measurements performed simultaneously, using a CH2 target
@2#, are also included in Figs. 3–7. The same beam polar
tions were used for theAoon data from the polarized targe
and for theAoono results from the CH2 target. The agreemen
is generally very good except near 2225 MeV.

nd
en

re

FIG. 5. Experimental results forAoon5AN as a function of c.m.
angle at 2345, 2395, 2445, and 2495 MeV. The closed circles
from this paper, and the open triangles from Ref.@2#. The open
diamonds are data from Perrotet al. @16#, and the crosses from
Parry et al. @13#. The solid curve is from a PSA prediction of th
Saclay-Geneva group@21# and the dashed curves from Arndtet al.
@30#.

FIG. 6. Experimental results forAoon5AN as a function of c.m.
angle at 2515, 2565, 2575, and 2595 MeV. The closed circles
from this paper, and the open triangles from Ref.@2#. The dashed
curve is from a PSA prediction of Arndtet al. @30#.
2-10
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Data at 2205, 2215, 2225, and 2235 MeV from Ref.@1#
were collected in run period I. For these four data sets,
proton beam was accelerated to 2240 MeV, and absor
were used to degrade the energy for the three lower ener
This was done so that the beam would be accelerated
value well above a strong depolarizing resonance at 2
MeV in Saturne II. The results in this paper at 2215 and 22
MeV were collected in run period III, and at 2225 MeV
run period IV; none of these data used a degrader in
beam. The results from run period I are seen to be slig
below the new data at 2215 MeV, and somewhat abov
2225 and 2235 MeV. Careful searches of the data
changes in efficiency or other possible systematic errors h
been performed, but none were found. It is believed that
beam polarization,PB , for the 2225 MeV data in this pape
is too large by about three standard deviations, poss
caused by a statistical fluctuation and the method use
determinePB from the measurements; see Ref.@1#. A cor-
rection toPB would raise theAoon values from run period IV
to be in better agreement with those from run period I.

Previous results are also shown in Figs. 3–5, 7. The d
of Parry et al. @13# at 1967 and 2444 MeV exhibit goo
agreement over part of the angular range, but appear so
what low near 70° c.m. Similarly, the results of Milleret al.
@14# at 2205 MeV may be a bit high at large angles, b
agree over the rest of the angular range. The data of Nea
Longo @15# at 2240 MeV appear considerably low, but d

FIG. 7. Experimental results forAoon5AN as a function of c.m.
angle at 2645 and 2795 MeV. The closed circles are from
paper, the open triangles from Ref.@2#, and the pluses from Nea
and Longo@15#. The solid and dot-dashed curves are from P
predictions of the Saclay-Geneva group@21#.

FIG. 8. Experimental results forAoon5AN as a function of c.m.
angle at 795 MeV compared to Lampf data of Bevingtonet al. @20#.
The closed circles are from this paper and the open squares
Ref. @20#.
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not disagree as badly at 2840 MeV. The 2393–2396 M
results of Perrotet al. @16# and the 2205 MeV measuremen
of Makdisi et al. @18# agree very well with the results in thi
paper. The two points of Dieboldet al. @17# at 2205 MeV are
also shown at small angles. Some time ago, a study of
Zero-Gradient Synchrotron beam polarization was perform
@19#. A global analysis ofpp analyzing power data at sma
angles (utu<0.7 GeV2/c2) was included, and as a byprodu
it was concluded that the data of Refs.@13,17# should be
renormalized upward by 15% and 10%, respectively, wh
no changes were suggested for Refs.@14,15#. The suggested
changes would improve the agreement with the new d
from this paper.

Knowledge of the absolute target polarization is one
the largest contributions to the systematic error on theAoon
results. Data were collected at 795 MeV during run per
IV in order to check the absolute target polarization w
respect to the known beam polarization. These are comp
with the very precise LAMPF measurements of Bevingt
et al. @20# in Fig. 8; very good agreement is seen.
weighted average of the ratio of the two data sets as a fu
tion of uc.m. gives

K AN~Saclay!

AN~LAMPF!L 51.00260.008,

where only the statistical error is quoted. A careful compa
son of our 795 MeV data and the results of Bevingtonet al.

is

m

TABLE IV. Results from straight line fits to theAoon data near
90° c.m. The beam kinetic energy, fitted slope, angle at zero cr
ing, and value at 90° are all presented. The 90° data include
tematic errors. The values ofx2 per degree of freedom for the
weighted averages are 2.26 and 2.21, respectively.

Energy~MeV! Slope (deg21) Angle ~deg.! Aoon(90°)

1975 20.009560.0024 90.0060.72 0.000060.0071
2035 III 20.013160.0022 88.4660.47 20.020260.0061
2035 IV 20.007760.0027 88.0561.01 20.015160.0059
2115 20.018960.0031 90.1360.35 0.002460.0068
2155 20.013560.0019 88.9460.41 20.014360.0052
2175 20.012560.0021 88.7260.50 20.016060.0058
2215 20.012960.0015 89.1160.34 20.011560.0044
2225 20.016960.0026 88.4660.49 20.026060.0069
2235 20.012160.0021 88.5860.51 20.017160.0057
2345 20.013260.0028 90.0960.55 0.001260.0074
2395 20.013460.0028 88.7860.64 20.016360.0081
2445 20.017660.0033 88.9160.70 20.019260.0109
2495 20.015660.0028 90.5460.50 0.008460.0079
2515 20.012160.0026 90.8260.69 0.010060.0078
2565 20.018460.0031 90.2460.49 0.004460.0090
2575 20.018560.0027 88.6960.50 20.024260.0085
2595 20.020860.0022 89.7060.31 20.006260.0066
2645 20.021360.0029 89.7760.40 20.004960.0087
2795 20.011060.0039 88.0161.92 20.021860.0160

Wt. Av. 89.3960.11 20.010460.0016
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was performed with the Saclay-Geneva fixed energy ph
shift analysis~PSA! ~Ref. @21#, 795 MeV solution, unpub-
lished!. An upper limit to a possible systematic differen
between the different data sets was found to be 0.9%.
data are in full statistical agreement, and the distribution
the values with respect to the common fit agrees with
expectedx-squared distribution. It is concluded that the no
malizations of the Saclay and LAMPF data agree within s
tistical uncertainties. Other measurements close to this
ergy and in the angular range of the results in this paper
given in Refs.@22,23#, but the statistical uncertainties a
much larger than in Bevingtonet al. @20#.

A search was performed for rapid energy dependenc
AN . Data from Ref.@1# and this paper were averaged ov
the c.m. angular ranges 65– 75° and 75– 85° and are sh
in Fig. 10. Similarly, the slopes at 90°,dAN /du, are given in
Fig. 9~b!. Data from Perrotet al. @16# at 1796, 2096, 2396
and 2696 MeV, from Albrowet al. @22# at 1958 MeV, from
Parryet al. @13# at 2444 MeV, and from Makdisiet al. @18#
at 2205 MeV are also included. The results show a smo
gradual rise in̂ Aoon(70°)& and^Aoon(80°)& with increasing
energy, with perhaps a decrease near 2800 MeV. The s
at 90° c.m. also appears to fall smoothly and slowly. Hen
no rapid energy dependence is observed over the angula
energy range of this experiment. It should be noted t
much more rapid changes are seen in the spin observa
Aoonn5CNN @14,24,25# andAookk5CLL @26–29# at 90° c.m.
in this energy range. Furthermore, at 90° c.m.,ANds/dV
contains contributions from spin-triplet partial waves on

FIG. 9. Plots of~a! AN(90°) and~b! the slopedAN /du at 90°
c.m. as a function of beam kinetic energy. These values were c
puted from data between 85– 95°. The solid circles are from R
@1#, the solid squares from this paper, and the open circles f
Perrotet al. @16#. The dashed curve is from a PSA prediction
Arndt et al. @30#.
05400
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whereasAoonnds/dV and Aookkds/dV have both spin-
singlet and -triplet waves.

Recently, the Saclay-Geneva group performed a direct
construction of thepp elastic scattering amplitudes and
phase shift analysis~Ref. @21#! at four energies where man
previous spin observables had been measured. The pr
tions for Aoon are shown at 2395 and 2645 MeV in Figs.
and 7. Also, the Arndtet al.PSA was recently extended from
1.6 to 2.5 GeV@30#. Their predictions at selected energi
are given in Figs. 3–6, and the energy dependence
Aoon(70°), Aoon(80°), anddAoon /du(90°) are shown in
Figs. 9 and 10. The PSA predictions reproduce the data
sonably well and agree closely at 2395 MeV. The two so
tions of the Saclay-Geneva PSA at 2645 MeV are not dis
guishable forAoon in the angular range measured. Note th
the data from Ref.@1# and this paper are included in the da
bases of Arndtet al. and the Saclay-Geneva group, and th
the good agreement is not surprising.

The data from run periods III and IV, shown in Figs. 3–
will make a major contribution to thepp elastic-scattering
data base. A total of 20 data sets, at 19 beam kinetic e
gies, and 477 different points, are included. A careful sea
for systematic errors, particularly from efficiency changes
the apparatus, was performed. There is good agreement
data in Ref.@1# when energies were repeated, and with oth
previous measurements. Many of the data sets are at ene
and angles where no previousAoon results exist, especially a
the higher energies.

-
f.
m

FIG. 10. Experimental results forAN at ~a! 70° and~b! 80° c.m.
taken from averages over 65– 75° and 75– 85°. The solid squ
are from this paper, the solid circles from Ref.@1#, the open circles
from Perrotet al. @16#, the open triangles from Albrowet al. @22#,
the open squares from Parryet al. @13#, and the open diamond
from Makdisi et al. @18#. The dashed curves are from PSA pred
tions of Arndtet al. @30#.
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Daum, F. C. Erne´, J. P. Lagnaux, J. C. Sens, and F. Udo, Nu
Phys.B23, 445 ~1970!.

@23# A. de Lesquen, F. Lehar, L. van Rossum, P. Chaumette
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