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Angular dependence of thepp elastic scattering spin correlation parameterA00nn
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 spin correlation parameterA00nn5(N,N;0,0)5CNN5ANN . The c.m. angular range is
typically 60°2100°. 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. Comparisons are made to phase shift
analysis and theoretical model predictions of this spin observable.
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I. INTRODUCTION

This paper presents results from a major experime
program at the Saturne II accelerator in Saclay forpp elastic
scattering spin observables up to a kinetic energy of 2
MeV. These data are from a continuation of the measu
ments described in Ref.@1# for the polarized beam and po
larized target spin correlation parameterA00nn5(N,N;0,0)
5CNN5ANN . Results were obtained at 19 energies for t
paper, and are compared to earlier data from Ref.@1# and
other experiments. They significantly increase thepp elastic
scattering database, especially at higher energies, and all
search for rapid energy dependence in this spin observa

The experiment was performed with a vertically polariz
proton beam from Saturne incident on a frozen-spin, ve
cally polarized proton target during four run periods ove
three-year time span. Results forA00nn from the first two run
periods~I, II ! are presented in Ref.@1#; results from the last
two ~III, IV ! are given here. Each run period lasted 10–
days, during which measurements were made at severa
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ergies. Analyzing power resultsAN5(N,0;0,0)5A00n0
5(0,N;0,0)5A000n5P, and the beam polarizationPB were
derived from the same data in Ref.@2# for run periods I and
II, and in Ref. @3# for periods III and IV. Analyzing power
measurements were performed simultaneously with the
larized beam incident on an unpolarized CH2 target, and
these data are published in Ref.@4#. Results for the spin
observablesK0nn05KNN andD0n0n5DNN from these same
run periods are given in Ref.@5#. For a description ofpp
elastic scattering spin observables, see Ref.@6#.

Roughly half the data sets from run periods III and
repeat energies from Ref.@1# in order to search for system
atic errors and to allow a cross normalization, if necess
Most of the remaining data sets are above 2.3 GeV, at e
gies where no previous results exist. A measurement
made at 795 MeV in order to check the absolute target
larization.

The experimental apparatus is described in detail in R
@2,3,7–12#, including changes to the hardware for the vario
run periods. A brief description of the polarized beam a
target, and of the detectors for the outgoing protons, occ
in Sec. II. The data analysis is described in Sec. III, and
results are presented in Sec. IV. A comparison to phase
analysis and theoretical model predictions is given in Sec

II. EXPERIMENTAL APPARATUS

The polarized beam originated in a polarized ion sour
and was then accelerated in the Mimas booster ring and
Saturne II accelerator. A number of depolarizing resonan
were crossed during acceleration. The beam polarizatio
the experiment was found from the equality of the beam a
target analyzing powers forpp elastic scatteringA00n0
5A000n . This is described in more detail in Ref.@2#.

At most energies during run periods III and IV, four bea
polarization states were used, designated 01 , – , 1 , and
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02 . The beam pulses normally alternated in the pattern 01 ,
–, 1, 02 , –, 1, 01 , –, 1, 02 , . . . . The relative polariza-
tion direction was given by the1 and – signs in the labels o
the four spin states, with the 01 and 02 states having smal
polarization magnitudes. Certain beam energy ranges ha1
corresponding to vertically up, and other ranges to vertica
down, caused by the flipping of the beam spin at some str
depolarizing resonances. The four spin states were foun
be consistent with being constant with polarization mag
tudes

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

as described in Ref.@2#, and the special measurements@13#
made after these data were collected. These four magnit
were then multiplied by a different constant at different tim
as the ion source polarization changed or the accelerato
polarization varied. The typical magnitude forP1 or P2 was
0.620.9.

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 @2,3,8# located approximately midway between th
beam extraction point from Saturne and the experime
target, the target-region polarimeter@2# situated slightly up-
stream of the polarized target, and the downstream pola
eter @3# near the beam stop. They monitored the vertic
horizontal, and vertical components of the beam polarizat
respectively.

The beam position at the downstream polarimeter w
measured at most energies in run periods III and IV by
justing the positions of all the polarimeter counters and tar
to maximize the rate of detected events; see Ref.@3#. The
incident beam angle was inferred to vary by less th
63.1 mrad from energy to energy, except at 795 MeV. C
rections to the data for the incident beam angle were m
only at 795 MeV, however.

The polarized proton target used for these experimen
described in Refs.@2,9,10#. The target size was 49(h)
340(w)335(l ) mm3 and it operated in the frozen-spi
mode at a temperature as low as 40 mK and a magn
holding field of 0.33 T. The target material was pentanol-1
run period III ~this was incorrectly reported to be pentano
in Ref. @3#! and pentanol-2 in run period IV. The typica
polarization magnitude was 0.6520.85 before entering the
frozen-spin mode, and the polarization decay time w
;400 h. The absolute target polarization was found b
comparison of the NMR signals in the polarized state a
when the target material was in thermal equilibrium nea
K. The thermal equilibrium calibrations were performed b
fore and after each run period, and these calibrations ag
with each other within statistical errors.

The detectors for the outgoing particles were designed
a series of nucleon-nucleon (pp andnp elastic, andpp and
pn quasielastic! scattering experiments over a large and a
justable angular range@2,3,7,11,12#. The scattered and reco
protons in these measurements were detected in coincid
in two ‘‘arms.’’ One arm consisted of a magnetic spectro
eter, with trigger scintillation counters, four multiwire pro
03400
y
g
to

i-

es
s
e-

r

r-

al

-
l,
n,

s
-

et

n
-
e

is

tic

s
a
d
1
-
ed

r

-

ce
-

portional chambers, a scintillation counter hodoscope,
finally an array of plastic scintillator neutron counters wi
associated charged-particle veto counters. The other dete
arm included trigger scintillation counters, two multiwir
proportional chambers, and a scintillation counter hod
scope.

The trigger was a fivefold coincidence between a trigg
scintillation counter and a hodoscope counter from each a
and one or an adjacent pair of neutron counters~used to
detect protons!. Information from the multiwire proportiona
chambers, time-to-digital converters and amplitude-to-dig
converters were then read out through CAMAC. Scal
were read at the end of every beam spill. The data acquisi
system consisted of a Sun Sparc 1 card running VxWo
software and a SparcStation 11 computer. Many additiona
details about the apparatus are given in Refs.@2,3,7,11,12#

III. DATA ANALYSIS

Details of the data analysis are presented in Refs.@2,3#,
and are summarized in@1#. The analysis was performed pa
tially independently by two groups, with good agreeme
between the results. Although much of the analysis softw
was the same, there were some differences. The results o
two analyses were combined, and the final values are
sented in this paper. The quoted ‘‘statistical’’ errors include
contribution from the difference in values from the tw
analyses, as an estimate of the uncertainties associated
the different cuts, background subtractions, and other an
sis details.

After estimating and subtracting backgrounds, the num
of elastic events was normalized to the relative beam int
sity from the target-region polarimeter scalers to give
quantitiesni j . The subscriptsi and j refer to the target and
beam polarization states, respectively. Theni j are expected
to obey the relations

n1015C0N@11P01A00n01PT1A000n1P01PT1A00nn#,

n125C0N@12P2A00n01PT1A000n2P2PT1A00nn#,

n115C0N@11P1A00n01PT1A000n1P1PT1A00nn#,

n1025C0N@12P02A00n01PT1A000n2P02PT1A00nn#,

n2015N@11P01A00n02PT2A000n2P01PT2A00nn#,

n225N@12P2A00n02PT2A000n1P2PT2A00nn#,

n215N@11P1A00n02PT2A000n2P1PT2A00nn#,

n2025N@12P02A00n02PT2A000n1P02PT2A00nn#,
~2!

wherePj andPTi are the beam and target polarizations. T
PTi are expected to be positive numbers, and thePj are
expected to be all positive or all negative. These equati
allow for slow efficiency drifts on time scales of hours, com
parable to the period between target polarization revers
3-2
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with the parameterC0. At most energies,C0 was consistent
with 1.00, or no change in efficiency.

However, Eqs.~2! assume efficiencies are constant ov
time periods of seconds, corresponding to beam polariza
changes. Special care was taken to search for and elim
bad beam spills, or scintillation counters or multiwire pr
portional chamber wires that exhibited rapid efficiency var
tions. This removal of bad data was required in order
prevent systematic errors in the determination ofA000n ~tar-
get analyzing power!, and thus in the derived value of th
beam polarization magnitude (P1 or P2); see Refs.@2,3#.

IV. RESULTS

Equations~2! were solved for the spin correlation param
eter A00nn5CNN5ANN at each c.m. angle as described
Ref. @2#. The combined results from the two analyses
given in Table I and Figs. 1–4. The quoted statistical unc
taintiesDA00nn contain a contribution that is half the differ
ence between the values from the two analyses. Relative
rors s rel are also included in Table I. These consist of t
uncertainty in the derived beam polarization in quadrat
with the estimated uncertainty in the absolute target polar
tion (63.0%). The total error on an individualA00nn point is
given by

~dA00nn!
25~DA00nn!

21~A00nn3s rel!
2. ~3!

The angular slopedA00nn /du at 90° c.m. is expected to
be zero, since this spin correlation parameter is symme
around 90° due to the Pauli principle. The measured dat
the angular rangeuc.m.590°65° were fit with a straight line
to determine both the slope and the value ofA00nn at 90°.
These are given in Figs. 5 and 6, along with results from R
@1#. The values ofdA00nn /du at 90° are seen to be consiste
with zero at all energies, as expected. Note that
A00nn(90°) points are shown with combined statistical a
systematic uncertaintiesdA00nn , and that the preliminary re
sults in Ref.@14# are superceded by those in Ref.@1#.

Figures 1 and 2 contain a comparison of data from t
paper and from Ref.@1#. Only statistical uncertainties ar
shown in these figures. The agreement between the diffe
data sets at each energy is generally quite good, except
2225 MeV, especially if the systematic errors (s rel) are taken
into account. The results from Ref.@1# at 2205, 2215, 2225
and 2235 MeV were all taken within a couple days duri
run period I, with the proton beam accelerated to 2240 M
Degraders were added for the three lower energies, in o
to avoid a strong depolarizing resonance in Saturne at 2.2
GeV. The results in Table I at 2215 and 2235 MeV we
obtained in run period III, and at 2225 MeV in run period I
none of these data used a degrader in the beam. The
from run period I are seen to fall slightly below the ne
measurements at 2215 MeV, and are somewhat abov
2225 and 2235 MeV. This is exactly the same pattern
served in theAN data in Ref.@3#. Although careful searche
for hardware problems or other systematic errors were
formed, none were identified. Based on these facts, it is
lieved that the beam polarization derived in Ref.@3# for the
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2225 MeV data from run period IV was too large. This w
probably caused by a statistical fluctuation. The two sets
data at 2225 MeV differ by about three standard deviatio
(s rel).

Previous measurements are also shown in Figs. 1–3.
Bell et al.data@15# at 1967 MeV and the Milleret al. results
@16# at 2205 MeV from the ZGS agree well with the prese
data, though the Milleret al. values are somewhat larger i
magnitude. The Leharet al.data@17# at 2396 and 2696 MeV
from Saturne also agree very well with results from this e
periment. When quoted systematic uncertainties in norm
ization are considered, the overall agreement of the vari
data sets is quite good.

One of the larger contributions to the total systematic
ror on theA00nn results is the uncertainty in the absolu
target polarization. Data were collected at 795 MeV duri
run period IV to check the absolute target polarization w
respect to the better known beam polarization, using the a
lyzing power and the relationA000n5A00n0. Note that very
good agreement was found with the LAMPF data in Ref.@3#.
An alternate test can be made withA00nn and the precise
LAMPF measurements of McNaughtonet al. @18#; see Fig.
4. ~Earlier Saturne data are also shown from Bystricky´ et al.
@19#.! Again, very good agreement is found. A weighted a
erage of the ratio of the two data sets as a function ofuc.m.
gives

K A00nn~Saclay!

A00nn~LAMPF!L 50.99560.014,

where only the statistical error is quoted. It is concluded t
the Saclay and LAMPF normalizations agree within statis
cal uncertainties.

A search was performed for rapid energy dependenc
ANN . Data from Ref.@1# and this paper were averaged ov
the c.m. angular ranges 65°275° and 75°285°, and the
results are shown in Fig. 7. In addition, data from Bellet al.
@15# at 1968 MeV, Miller et al. @16# at 2205 MeV, Lehar
et al. @17# at 1796, 2096, 2396, and 2696 MeV, and Linet al.
@20# at 1732, 2300, and 2685 are included. The errors sho
include both statistical and systematic uncertainties,
good agreement is evident among all the results presen
The values ofA00nn at 90° are also given over a wider energ
range in Fig. 6. The 90° c.m. values are approximately c
stant within statistical errors from about 1.0 to 1.8 Ge
reaching a weakly pronounced maximum in the interval fro
1.8 to 2.0 GeV, and dropping by about 0.2 between 2.0
2.24 GeV. ThenA00nn(90°) remains nearly constant up to 2
GeV, followed by a fall of about a factor of 3 to a value ne
0.1, where it remains up to a much higher energy@20#.
Somewhat similar behavior is observed at 80°, though
behavior becomes less pronounced as the angle decreas
future article will present further discussion about eviden
for possible resonancelike effects in these data.

The A00nn(90°) results can be interpreted in terms of t
sum of spin-singlet partial waves as

ds/dV~12A00nn!52I s}U ( ~spin-singlet!JU2

,

J even

3-3
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TABLE I. Measured values ofA00nn5CNN5ANN and the asso-
ciated statistical errorsDA00nn . The quantitieŝ uc.m.& and 2t are
the central values of the c.m. angle and four-momentum tran
squared for each bin in degrees and (GeV/c)2, respectively. The
fractional systematic uncertainty due to knowledge of the abso
beam and target polarization iss rel .

^uc.m.& 2t A00nn DA00nn

~a! 795 MeV,s rel560.032

47.4 0.241 0.5588 0.0276
48.2 0.249 0.5677 0.0109
49.2 0.258 0.5621 0.0158
50.2 0.269 0.5751 0.0108
51.1 0.278 0.5736 0.0201
52.1 0.288 0.5700 0.0140
53.1 0.298 0.5831 0.0285
54.2 0.309 0.5859 0.0156
55.1 0.320 0.5887 0.0160
56.2 0.331 0.5890 0.0256
57.1 0.341 0.5967 0.0153
58.1 0.352 0.5889 0.0198
59.1 0.363 0.5862 0.0162
60.1 0.374 0.6008 0.0156
61.1 0.385 0.6042 0.0153
62.1 0.397 0.5932 0.0106
63.1 0.409 0.6039 0.0118
64.1 0.420 0.5917 0.0191
65.1 0.432 0.6040 0.0106
66.0 0.443 0.5945 0.0165
67.1 0.455 0.6214 0.0142
68.1 0.467 0.6060 0.0137
69.1 0.479 0.5980 0.0106
70.1 0.491 0.6075 0.0087
71.0 0.504 0.6035 0.0143
72.1 0.517 0.6030 0.0137
73.1 0.529 0.6206 0.0099
74.0 0.541 0.6095 0.0144
75.1 0.554 0.6080 0.0163
76.0 0.566 0.6234 0.0089
77.1 0.579 0.6088 0.0164
78.0 0.591 0.6184 0.0119
79.0 0.604 0.6442 0.0110
80.0 0.617 0.6432 0.0153
81.0 0.630 0.6145 0.0099
82.0 0.642 0.6347 0.0184
83.0 0.655 0.6267 0.0162
84.0 0.668 0.6474 0.0154
85.0 0.681 0.6481 0.0170
86.0 0.694 0.6505 0.0136
87.0 0.707 0.6520 0.0179
88.0 0.720 0.6498 0.0146
88.8 0.731 0.6660 0.0248
89.7 0.742 0.6502 0.0510

~b! 1975 MeV,s rel560.052

60.5 0.940 0.288 0.028
03400
er

te

TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~b! Continued

62.0 0.983 0.313 0.024
64.0 1.041 0.312 0.020
65.9 1.097 0.328 0.020
68.0 1.160 0.370 0.022
70.0 1.219 0.391 0.026
72.0 1.280 0.400 0.024
74.0 1.342 0.444 0.023
76.0 1.406 0.467 0.023
77.9 1.466 0.484 0.024
80.0 1.533 0.469 0.024
82.0 1.595 0.515 0.019
84.0 1.659 0.540 0.029
86.0 1.725 0.616 0.033
88.0 1.789 0.592 0.023
89.9 1.851 0.582 0.027
92.0 1.919 0.553 0.025
94.0 1.982 0.536 0.026
96.0 2.046 0.587 0.028
98.0 2.110 0.519 0.039
99.9 2.171 0.474 0.027

101.2 2.213 0.229 0.195

~c! 2035 MeV~III !, s rel560.051

60.2 0.962 0.224 0.021
62.0 1.013 0.253 0.019
64.0 1.073 0.284 0.021
65.9 1.130 0.317 0.022
68.1 1.197 0.335 0.020
70.0 1.256 0.358 0.020
72.0 1.319 0.344 0.018
74.0 1.382 0.406 0.020
76.0 1.448 0.467 0.018
78.0 1.511 0.444 0.021
79.4 1.560 0.468 0.021
82.0 1.644 0.476 0.019
84.0 1.710 0.492 0.020
86.0 1.776 0.471 0.020
88.0 1.844 0.491 0.020
90.0 1.909 0.508 0.023
92.1 1.979 0.482 0.024
94.0 2.043 0.490 0.020
96.0 2.110 0.463 0.020
98.0 2.174 0.423 0.021
99.9 2.239 0.441 0.030

101.3 2.283 0.478 0.051

~d! 2035 MeV~IV !, s rel560.056

60.3 0.964 0.178 0.022
62.0 1.013 0.239 0.017
64.0 1.073 0.276 0.017
66.0 1.131 0.284 0.019
3-4
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TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~d! Continued
67.5 1.179 0.296 0.030
72.0 1.321 0.335 0.019
74.0 1.382 0.334 0.018
76.0 1.448 0.413 0.018
78.0 1.512 0.371 0.019
80.0 1.579 0.414 0.022
82.0 1.643 0.456 0.018
84.0 1.710 0.470 0.019
86.0 1.776 0.440 0.020
88.0 1.843 0.463 0.027
90.0 1.909 0.462 0.019
92.0 1.977 0.441 0.020
94.0 2.042 0.455 0.026
96.0 2.109 0.432 0.020
98.0 2.175 0.416 0.020

100.0 2.240 0.399 0.021
101.3 2.284 0.367 0.052

~e! 2115 MeV,s rel560.046

58.8 0.955 0.308 0.082
60.1 0.995 0.232 0.020
62.0 1.052 0.250 0.025
64.0 1.114 0.285 0.022
66.0 1.176 0.260 0.023
68.0 1.243 0.303 0.022
70.0 1.306 0.357 0.022
72.0 1.371 0.374 0.019
74.0 1.437 0.373 0.021
76.0 1.504 0.392 0.019
78.0 1.571 0.387 0.023
80.0 1.640 0.424 0.021
82.0 1.709 0.447 0.020
83.9 1.775 0.446 0.021
88.1 1.917 0.454 0.021
90.0 1.983 0.465 0.021
92.0 2.054 0.472 0.028
94.0 2.123 0.456 0.025
96.0 2.191 0.445 0.025
97.9 2.259 0.457 0.023
99.9 2.327 0.425 0.023

101.5 2.381 0.360 0.049

~f! 2155 MeV,s rel560.039

58.7 0.973 0.220 0.050
60.1 1.013 0.209 0.017
62.0 1.072 0.246 0.017
64.0 1.136 0.281 0.016
66.0 1.199 0.306 0.015
68.0 1.265 0.283 0.015
70.0 1.330 0.361 0.015
72.0 1.397 0.359 0.016
03400
TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~f! Continued
74.0 1.465 0.367 0.015
76.0 1.533 0.391 0.016
78.0 1.601 0.434 0.022
80.5 1.688 0.433 0.016
82.0 1.742 0.459 0.020
83.9 1.808 0.428 0.015
86.0 1.881 0.415 0.023
88.1 1.955 0.453 0.016
90.0 2.021 0.448 0.018
92.0 2.092 0.419 0.015
94.0 2.163 0.432 0.015
96.0 2.234 0.434 0.016
98.0 2.302 0.385 0.023
99.9 2.371 0.412 0.020

101.7 2.431 0.416 0.041

~g! 2175 MeV,s rel560.041

58.7 0.982 0.253 0.040
60.0 1.021 0.218 0.018
62.0 1.082 0.258 0.017
64.0 1.146 0.257 0.018
66.0 1.211 0.313 0.018
68.0 1.276 0.313 0.019
70.0 1.343 0.306 0.020
72.0 1.410 0.324 0.017
74.0 1.479 0.361 0.020
76.0 1.547 0.338 0.019
78.0 1.616 0.412 0.018
80.0 1.686 0.398 0.018
82.0 1.758 0.406 0.021
84.0 1.826 0.427 0.019
86.0 1.899 0.439 0.023
88.1 1.972 0.446 0.021
90.0 2.040 0.432 0.020
92.0 2.111 0.446 0.019
94.0 2.183 0.430 0.020
96.0 2.254 0.437 0.022
98.0 2.324 0.390 0.021

100.0 2.394 0.380 0.019
101.7 2.456 0.433 0.037

~h! 2215 MeV,s rel560.038

58.7 1.000 0.214 0.029
60.0 1.040 0.228 0.015
62.0 1.103 0.273 0.015
64.0 1.167 0.286 0.014
66.5 1.250 0.271 0.015
68.0 1.299 0.291 0.015
70.0 1.368 0.310 0.014
72.0 1.436 0.316 0.016
74.0 1.506 0.345 0.015
76.0 1.575 0.367 0.015
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TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~h! Continued
78.0 1.646 0.378 0.015
80.0 1.717 0.387 0.019
82.1 1.791 0.379 0.017
84.0 1.861 0.430 0.015
86.0 1.934 0.425 0.015
88.0 2.006 0.424 0.015
90.0 2.078 0.433 0.019
92.0 2.150 0.447 0.015
94.0 2.223 0.420 0.016
96.0 2.296 0.413 0.016
98.0 2.366 0.398 0.019

100.0 2.438 0.405 0.016
101.8 2.504 0.348 0.017

~i! 2225 MeV,s rel560.049

58.7 1.005 0.189 0.052
60.0 1.044 0.221 0.021
62.0 1.107 0.188 0.021
64.0 1.172 0.196 0.021
66.0 1.237 0.264 0.023
67.9 1.303 0.250 0.025
70.0 1.375 0.293 0.033
72.0 1.444 0.238 0.030
74.0 1.514 0.279 0.025
76.0 1.582 0.276 0.037
78.0 1.654 0.323 0.028
80.0 1.725 0.342 0.023
82.1 1.800 0.324 0.025
84.0 1.869 0.371 0.023
86.0 1.942 0.329 0.036
88.0 2.014 0.317 0.029
90.0 2.088 0.322 0.035
92.0 2.161 0.350 0.029
94.0 2.233 0.381 0.026
96.0 2.306 0.350 0.040
98.0 2.378 0.347 0.025

100.0 2.451 0.305 0.028
101.9 2.520 0.293 0.028
103.2 2.563 0.466 0.115

~j! 2235 MeV,s rel560.043

58.8 1.010 0.258 0.038
60.0 1.048 0.271 0.019
62.0 1.112 0.270 0.017
64.0 1.177 0.267 0.020
66.0 1.245 0.289 0.018
68.0 1.310 0.310 0.020
70.0 1.380 0.344 0.018
72.0 1.449 0.349 0.020
74.0 1.520 0.368 0.018
76.0 1.589 0.386 0.022
78.0 1.661 0.394 0.019
03400
TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~j! Continued
80.0 1.733 0.413 0.020
82.1 1.808 0.401 0.021
84.0 1.878 0.408 0.020
86.0 1.951 0.383 0.019
88.0 2.024 0.403 0.019
90.0 2.098 0.407 0.020
92.0 2.169 0.417 0.20
94.0 2.244 0.408 0.020
96.0 2.317 0.380 0.022
98.0 2.388 0.397 0.027

100.0 2.460 0.403 0.022
101.9 2.529 0.375 0.025
103.2 2.575 0.398 0.144

~k! 2345 MeV,s rel560.048

58.0 1.035 0.200 0.074
60.0 1.101 0.226 0.023
62.0 1.168 0.259 0.025
64.0 1.235 0.240 0.027
66.0 1.306 0.232 0.028
68.5 1.393 0.271 0.028
69.8 1.442 0.250 0.038
72.0 1.520 0.313 0.043
74.2 1.601 0.313 0.032
76.0 1.667 0.345 0.026
78.0 1.743 0.357 0.028
80.5 1.837 0.371 0.028
82.0 1.894 0.363 0.028
84.0 1.971 0.316 0.027
86.0 2.046 0.373 0.027
88.0 2.123 0.388 0.038
90.0 2.201 0.356 0.038
92.0 2.276 0.330 0.029
94.0 2.354 0.328 0.032
96.0 2.430 0.360 0.029
98.0 2.506 0.399 0.032

100.0 2.583 0.332 0.029
102.0 2.658 0.319 0.032
103.5 2.716 0.382 0.070

~l! 2395 MeV,s rel560.047

60.2 1.129 0.237 0.032
62.0 1.192 0.239 0.032
64.0 1.261 0.229 0.030
66.0 1.334 0.265 0.032
68.0 1.405 0.282 0.033
70.1 1.481 0.300 0.032
72.0 1.552 0.290 0.030
74.0 1.628 0.274 0.031
76.0 1.702 0.307 0.032
78.0 1.780 0.326 0.032
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TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~l! Continued
80.0 1.856 0.333 0.036
81.9 1.932 0.367 0.035
84.0 2.012 0.311 0.034
86.0 2.089 0.389 0.034
88.0 2.168 0.347 0.035
90.0 2.248 0.355 0.033
92.0 2.326 0.364 0.034
94.0 2.403 0.324 0.037
96.0 2.482 0.389 0.035
98.0 2.560 0.337 0.037

100.0 2.637 0.304 0.035
102.0 2.714 0.394 0.045
103.7 2.778 0.407 0.043

~m! 2445 MeV,s rel560.049

59.7 1.137 0.218 0.057
62.0 1.217 0.273 0.024
63.9 1.287 0.302 0.024
66.0 1.362 0.330 0.025
68.0 1.434 0.313 0.026
69.9 1.504 0.340 0.030
72.0 1.585 0.334 0.055
74.1 1.667 0.333 0.034
76.0 1.738 0.352 0.029
78.0 1.817 0.302 0.036
80.0 1.896 0.383 0.034
82.0 1.973 0.352 0.029
84.0 2.056 0.348 0.029
86.0 2.134 0.371 0.044
88.0 2.213 0.346 0.033
90.0 2.295 0.376 0.031
92.5 2.394 0.338 0.035
94.0 2.455 0.394 0.030
96.0 2.534 0.357 0.032
98.0 2.614 0.348 0.030

100.0 2.692 0.338 0.030
102.0 2.771 0.378 0.029
103.9 2.844 0.322 0.033

~n! 2495 MeV,s rel560.043

60.5 1.187 0.286 0.033
62.0 1.242 0.273 0.025
64.0 1.313 0.286 0.025
66.0 1.389 0.286 0.025
68.0 1.464 0.320 0.024
70.0 1.539 0.327 0.046
72.0 1.618 0.332 0.026
74.0 1.696 0.362 0.026
76.0 1.773 0.342 0.028
78.0 1.856 0.391 0.039
80.0 1.935 0.375 0.028
03400
TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~n! Continued
82.0 2.015 0.356 0.026
84.1 2.099 0.342 0.031
86.0 2.178 0.401 0.030
88.0 2.258 0.330 0.031
90.0 2.342 0.328 0.036
92.0 2.423 0.352 0.029
94.0 2.503 0.373 0.032
96.1 2.588 0.421 0.028
98.0 2.668 0.358 0.032

100.0 2.748 0.342 0.029
102.0 2.828 0.328 0.028
103.9 2.905 0.331 0.036
105.2 2.953 0.398 0.158

~o! 2515 MeV,s rel560.044

60.6 1.200 0.270 0.029
62.0 1.252 0.221 0.022
64.0 1.324 0.275 0.028
66.0 1.400 0.242 0.025
68.0 1.475 0.292 0.023
69.9 1.549 0.272 0.025
71.9 1.628 0.273 0.041
74.0 1.710 0.259 0.039
76.1 1.791 0.256 0.026
78.0 1.869 0.302 0.025
80.0 1.950 0.313 0.026
82.0 2.031 0.334 0.029
84.0 2.115 0.308 0.027
86.0 2.195 0.292 0.030
88.0 2.276 0.328 0.028
90.0 2.360 0.331 0.028
92.0 2.442 0.324 0.032
94.0 2.524 0.348 0.028
96.0 2.607 0.324 0.029
98.0 2.689 0.348 0.029

100.0 2.770 0.304 0.028
102.0 2.851 0.284 0.026
104.0 2.929 0.282 0.031
105.2 2.979 0.236 0.082

~p! 2565 MeV,s rel560.044

60.7 1.228 0.228 0.042
62.0 1.277 0.248 0.025
64.0 1.350 0.270 0.025
66.0 1.427 0.307 0.027
68.0 1.505 0.286 0.024
69.9 1.580 0.273 0.027
72.1 1.665 0.293 0.038
74.0 1.743 0.232 0.030
76.0 1.823 0.306 0.030
78.0 1.908 0.328 0.032
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TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~p! Continued
80.0 1.989 0.293 0.026
82.0 2.071 0.305 0.043
84.0 2.156 0.291 0.032
86.0 2.239 0.308 0.029
88.0 2.322 0.266 0.029
90.0 2.407 0.352 0.030
92.0 2.490 0.322 0.041
94.0 2.575 0.328 0.036
96.0 2.659 0.313 0.040
98.1 2.744 0.317 0.037

100.0 2.825 0.319 0.036
102.0 2.907 0.326 0.030
104.0 2.990 0.301 0.034
105.3 3.043 0.326 0.052

~q! 2575 MeV,s rel560.044

60.7 1.233 0.237 0.038
62.0 1.281 0.284 0.024
64.0 1.356 0.316 0.025
66.0 1.434 0.313 0.024
68.0 1.511 0.270 0.025
69.9 1.587 0.275 0.027
71.4 1.646 0.191 0.056
74.5 1.771 0.314 0.064
76.5 1.852 0.296 0.030
78.0 1.913 0.270 0.028
80.0 1.997 0.254 0.028
82.0 2.079 0.290 0.030
84.0 2.164 0.347 0.030
86.0 2.247 0.361 0.028
88.0 2.331 0.310 0.032
90.0 2.416 0.352 0.034
92.0 2.501 0.360 0.031
94.0 2.585 0.305 0.029
96.0 2.668 0.267 0.032
98.0 2.753 0.335 0.032

100.0 2.836 0.326 0.030
102.0 2.918 0.316 0.029
104.0 3.000 0.272 0.031
105.3 3.054 0.338 0.061

~r! 2595 MeV,s rel560.042

60.7 1.243 0.256 0.041
62.0 1.291 0.263 0.018
64.0 1.367 0.272 0.020
66.0 1.444 0.294 0.022
68.0 1.522 0.250 0.020
69.9 1.599 0.304 0.028
72.1 1.685 0.276 0.021
74.0 1.763 0.286 0.021
76.0 1.844 0.287 0.022
78.0 1.929 0.277 0.026
03400
TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~r! Continued
80.0 2.013 0.291 0.022
82.0 2.095 0.301 0.024
84.0 2.180 0.309 0.023
86.0 2.265 0.331 0.030
88.0 2.349 0.286 0.034
90.0 2.434 0.303 0.033
92.0 2.521 0.353 0.025
94.0 2.605 0.283 0.026
96.0 2.689 0.329 0.024
98.0 2.774 0.310 0.024

100.0 2.857 0.319 0.038
102.0 2.941 0.296 0.025
104.0 3.024 0.288 0.023
105.4 3.081 0.287 0.039

~s! 2645 MeV,s rel560.043

60.7 1.268 0.115 0.126
62.0 1.318 0.273 0.025
64.0 1.395 0.323 0.025
66.0 1.472 0.343 0.027
68.0 1.551 0.307 0.029
69.9 1.631 0.329 0.026
72.1 1.719 0.310 0.036
74.0 1.797 0.327 0.034
76.0 1.881 0.331 0.029
78.0 1.964 0.290 0.028
80.0 2.052 0.330 0.027
82.0 2.135 0.323 0.029
83.9 2.220 0.336 0.030
86.0 2.308 0.322 0.029
88.0 2.396 0.325 0.030
90.0 2.482 0.383 0.030
92.0 2.570 0.337 0.033
94.0 2.654 0.345 0.030
96.0 2.740 0.338 0.031
98.0 2.828 0.330 0.029

100.0 2.913 0.300 0.033
102.0 2.997 0.321 0.039
104.0 3.082 0.308 0.027
105.3 3.137 0.286 0.060

~t! 2795 MeV,s rel560.066

62.9 1.428 0.226 0.057
65.5 1.535 0.220 0.062
68.5 1.661 0.202 0.035
71.4 1.786 0.224 0.046
74.4 1.917 0.247 0.096
77.8 2.070 0.292 0.085
80.5 2.189 0.301 0.039
83.4 2.323 0.131 0.049
86.5 2.465 0.133 0.045
89.4 2.596 0.124 0.049
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where J is the total angular momentum. All spin-singl
waves contribute to the sum above. The 90° differen
cross section is similarly proportional to the same combi
tion of spin-singlet waves plus the sum of squares of lin
combinations of spin-triplet waves (ds/dV5I s1I t). Thus,
the data in Fig. 6 suggest the spin-singlet contribution is
increasing fraction of the differential cross section at 9
c.m. with energy up to about 2.8 GeV, since

12A00nn5
2I s

I s1I t
.

Note in this energy range, the differential cross section dr
smoothly and continuously with increasing energy. Thus,
A00nn data indicate that the spin-triplet cross section at 9
c.m. I t drops faster with energy than the corresponding sp
singlet cross sectionI s up to 2.8 GeV.

Recently, the Saclay-Geneva group performed a direc
construction of thepp elastic scattering amplitudes and
phase shift analysis@~PSA!, Ref. @21## at four energies,
where many other spin observables had been previo
measured. Two solutions were found at 2.7 GeV in Ref.@21#.
Introducing recent data from these measurements, the
solution at 2.7 GeV becomes unique. The PSA predicti

TABLE I. ~Continued.!

^uc.m.& 2t A00nn DA00nn

~t! Continued
92.5 2.738 0.178 0.050
95.5 2.873 0.234 0.080
98.5 3.011 0.247 0.047

101.6 3.148 0.228 0.051
104.1 3.263 0.183 0.056

FIG. 1. Experimental results forA00nn5CNN5ANN as a func-
tion of c.m. angle at 1975, 2115, 2175, and 2215 MeV. The clo
circles are from this paper, the open circles from Ref.@1#, the
crosses from Bellet al. @15#, and the open triangles from Mille
et al. @16#. The dashed lines are from PSA predictions of Arn
et al. @22#.
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agree closely withA00nn from these experiments at all fou
energies, and they are shown at 2395 and 2695 MeV in F
2 and 3. Also, the Arndtet al. energy-dependent PSA wa
recently extended from 1.6 to 2.5 GeV@22#. Their predic-
tions from solution SP99 at selected energies are given
Figs. 1–3, and the energy dependence ofA00nn(70°),
A00nn(80°), andA00nn(90°) are shown in Figs. 6 and 7. Th
PSA predictions reproduce the data reasonably well
agree closely at 2395 MeV. Note that the data from Ref.@1#
and this paper are not included in the SP99 data bas
Arndt et al., but are in the data base for the Saclay-Gene

FIG. 2. Experimental results forA00nn5CNN5ANN as a func-
tion of c.m. angle at 2225, 2235, 2345, and 2395 MeV. The clo
circles are from this paper, the open circles from Ref.@1#, and the
open squares from Leharet al. @17#. The solid curve is from a PSA
prediction of the Saclay-Geneva group@21# and the dashed curve
are from Arndtet al. @22#.

FIG. 3. Experimental results forA00nn5CNN5ANN as a func-
tion of c.m. angle at 2445, 2515, 2645, and 2795 MeV. The clo
circles are from this paper, and the dashed curve is from a P
prediction of Arndtet al. @22#. The open squares are from Leh
et al. @17# at 2696 MeV, and the solid and dot-dashed curves
from PSA predictions of the Saclay-Geneva group@21# also at 2696
MeV.
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group. The agreement with the PSA predictions is not s
prising because of good agreement of the present results
past measurements.~A Japanese group has also recently p
formed a PSA in this energy region@23#.!

A recent prediction of a model by Lomon@24# is also
shown in Figs. 6 and 7. ThisR-matrix model~Refs.@25–29#!
determines the width and inelasticity of nucleon-nucle
resonances in terms of the algebra of six-quark states an
free of parameters. The masses of the resonances depe
the separation boundary radius, which is fixed to with
62% by fitting data belowTlab5800 MeV. This radius
forms the boundary between a quark model and a me
exchange description of the nucleon-nucleon interact
However, the nonresonant background cannot be determ
by Lomon’s model beyond roughly 1 GeV, and it is tak
from the SAID PSA@22#. The predictions in Figs. 6 and
correspond to one choice of the relative phase between
lowest mass pp resonance amplitude predicted (1S0 partial
wave, mass;2.7 GeV/c2) and the background amplitud
containing this partial wave. The energy-dependent struc
is similar in shape to the data, with marginal statistical s
nificance. The predictions appear displaced in mass
;50–60 MeV~corresponding to a 2% change of separat
boundary radius! and in beam energy by roughly 160 Me
and exhibit about twice the observed magnitude of the st

FIG. 4. Experimental results forA00nn5CNN5ANN as a func-
tion of c.m. angle at 795 MeV compared to LAMPF data of M
Naughtonet al. @18# ~open triangles! and earlier Saturne data o
Bystricky et al. @19# ~open circles!. The closed circles are from thi
paper.

FIG. 5. Plot of the slopedA00nn /du at 90° c.m. as a function o
beam kinetic energy. These values were computed from data
tween 85°295°. The solid circles are from this paper and the so
squares from Ref.@1#.
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ture. Perhaps new measurements from COSY will be abl
clarify the experimental situation in the near future.

The data from run periods III and IV, shown in Figs. 1–
will make a major contribution to thepp elastic scattering
data base. A total of 20 data sets, at 19 beam kinetic ener
and 477 different points, are included. A careful search
systematic errors, particularly from efficiency changes in
apparatus, was performed. There is good agreement

e-

FIG. 6. Experimental values ofA00nn(90°)5CNN(90°)
5ANN(90°) computed from data between 85°295°. The solid
circles are from this paper, the solid squares from Ref.@1#, the
crosses from Bellet al. @15#, the open triangles from Milleret al.
@16#, the open squares from Leharet al. @17#, and the open circles
from Lin et al. @20#. The dashed curve is from a PSA prediction
Arndt et al. @22#, and the solid curve is from Lomon@24#.

FIG. 7. Experimental results forA00nn5CNN5ANN at ~a! 70°
and ~b! 80° c.m. taken from averages over 65°275° and
75°285°. The solid circles are from this paper, the solid squa
from Ref. @1#, the open squares from Leharet al. @17#, the open
triangles from Miller et al. @16#, and the crosses from Bellet al.
@15#. The dashed curves are from PSA predictions of Arndtet al.
@22#, and the solid curves are from Lomon@24#.
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data in Ref.@1# when energies were repeated, and with ot
previous measurements. Many of the data sets are at ene
and angles where no previousA00nn results exist, especially
at the higher energies.
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