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The polarization parameter in m p elastic scattering has been measured at several momenta in the

range 2.50-5.15 GeV/c pion laboratory momentum and covering the range in t approximately from
—0.2 to —2.0(6eV/c)'. The data show positive polarization for m+p scattering, having a dip near
t =—0.6 (GeV/c)' and becoming relatively large at greater values of —t. The results for m+ and

scattering are approximately equal in magnitude but of opposite sign. The data have been analyzed

to separate the components, which are symmetric and antisymmetric with respect to pion charge, and

to show both the t and s dependence of each part.

I. INTRODUCTION

We report here the results of the measurements
of the polarization in m'P elastic scattering at sev-
eral pion laboratory momenta in the range from
2.50 to 5.15 GeV/c and in the four-momentum-
transfer-squared range from -0.2 to -2.0
(GeV/c)'. The tt 'P data were taken at beam mo-
menta of 2.50, 2.75, 2.93, 3.25, 3.75, 4.40, and
5.15 GeV/c. These measurements were made at
the Argonne National Laboratory Zero-Qradient
Synchrotron (ZGS), using the Argonne polarized
proton target as part of an experiment in which
the polarization in forward Pp, forward K'P, and
backward n'P elastic scattering were also mea-
sured. ' '

In the region be1ow 2.5 GeV/c extensive mea-
surements of polarization have been made. ' ' The
high-energy forward region has been investigated'
in experiments at 8, 8, 10, and 12 GeV/c, and
more recent1y e "at 8, 10, 14, and 1'7.5 GeV/c.
Recently results for m'P polarizations up to 2.74
GeV/c have appeared. ""

Polarization data taken in the intermediate re-

gion serve a threefold purpose. At low energies,
where the total cross sections show considerable
structure, ' they contribute to the determination
of the partial-wave amplitudes and therefore of the
spin and parity of the direct-channel resonances. "'
At higher energies the data have been interpreted
with some success using models based on the dom-
inance of meson exchanges in the crossed chan-
nel, ""and measurements in the intermediate
energy region test the extrapolation of these mod-
els to lower energies. Finally, data at interme-
diate energies connecting the regions in which the
direct and crossed channels dominate, provide a
test for models joining the high- and low-energy
regions through sum rules and duality. " The data
presented here bridge the gap between these two
domains in regular momentum intervals and, of
particular importance, extend polarization mea-
surements to a greater range in t.

II. EXPERIMENTAL PROCEDURE

The following is a brief description of the exper-
imental apparatus and procedure with special at-
tention to the forward mP data. A more detailed
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description of the experiment is presented in Refs.
2 and 17. The general method is the measurement
of the asymmetry in the differential cross section
produced by reversing the target polarization. The
scattering was done in the vertical plane with the
target polarized in the directions perpendicular to
the scattering plane. " Target polarization was
measured using nuclear magnetic resonance and
the recoil proton polarization computed as the ratio
of the asymmetry to the target polarization.

The extracted ZG8 beam was focused on a copper
target to produce a secondary beam, taken at 0',
with a momentum acceptance of +3.5%. Beam
compositions varied between 50/g pions at 2.5
GeV/c and 25% pions at 5.15 GeV/c for positives,
while the negative beam was essentially all pions.
The beam transport system delivered 10' particles
per pulse to the polarized proton target.

The target was lanthanum magnesium nitrate
(LMN) doped with 1.5% neodymium and containing
3% free protons in the water of hydration. Target
polarization was monitored automatically at fre-
quent intervals during the runs and was typically
0.55 with an error of a 10% .

A simplified schematic of the apparatus is shown
in Fig. 1. Electrons in the beam mere eliminated
with a gas threshold Cerenkov counter and a second
similar counter provided the pion signal. The beam
was horizontally dispersed in momentum at an in-
termediate focus where a scintillation-counter
hodoscope divided the beam into seven momentum
bins of s 0.5/0 resolution. Before reaching the
target, beam particles passed through two square
arrays of scintillation counters defining the diver-
gence and position of each particle as it entered

the target.
Scattered particles were detected in hodoscopes

consisting of two layers of scintillators, the first
layer defining the polar angle (8}of the scattered
particles, and the second layer their azimuthal
angle (Q) . Solid angle about the target not subtend-
ed by these hodoscopes was covered by various
veto counters. For the forward pion data the kine-
matics and the geometry of the target were such
that all good events consisted of a pion in the upper
arrays (Al and A2) accompanied by a recoil proton
in the lower array (B}. Pious were taken to define
the scattering angle and the angular distributions
of the conjugate protons were collected for each
defining angle.

A valid beam particle mas defined as a coinci-
dence betmeen a beam timing counter and one
counter in each of the five beam hodoscopes. An
event trigger was produced by a coincidence be-
tween a valid beam particle, a signal from the B
array, and a signal from either theA. 1 or A.2 array.

After passing through discriminators, all count-
er signals were stored temporarily in 106-nsec
cables while the fast-logic circuitry tested the
validity of the event. A good event was gated by
the fast logic into an array of bistable circuits, one
for each of the counters in the apparatus. The
state of these was then read into an on-line EMR
6020 computer for analysis and storage.

In the computer, events for which more than one
particle were detected in any counter array or
for which the 9 and P hodoscopes did not corre-
spond to the same array were rejected. Valid
events were encoded and written on magnetic tape.
When not receiving and encoding data, the comput-
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I"IG. 1. Schematic view of the arrangement of counters in the beam and about the target.
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er performed calculations using information fur-
nished by the beam hodoscopes on the momentum
of the beam particle, its angle of incidence, and
the vertical and horizontal position of the interac-
tion point in the target. In this calculation the
scattering angles were shifted to correspond to
an event for which the incident beam particle was
on the central ray of the beam, the scattering was
in the vertical plane exactly, and the final-state
particles lost no energy in the material of the
target.

For each defining angle, distributions of the con-
jugate protons were then formed from the shifted
events centered on the kinematically determined
point for the proton in the Bhodoscope. The po-
sition and spread of these distributions included
the effects of the momentum spread of the beam,
the finite size of the beam and counters, the finite
size of the target, the magnetic field of the target,
and the multiple scattering and energy loss in the
target. These factors were considered in a pre-
liminary Monte Carlo simulation of the scattering
used to calculate the position and width to be ex-
pected in the conjugate distributions.

Conjugate events were collected in three distri-
butions: a p distribution, consisting of the events
in each conjugate P bin for all conjugate 8 bins;
a coplanar 0 distribution, containing events in each
conjugate 8 bin for all central P bins; and a, non-
coplanar 8 distribution, containing conjugate
events for all P bins on either side of the central
region of the P distribution. Events due to elastic
scattering from free protons were expected in the
central region superimposed on a background due
to inelastic processes and quasielastic scattering
on bound nucleons in the complex nuclei of the
target. The Fermi energy of bound nucleons
causes a broadening of the quasielastic peak, mak-
ing it possible to distinguish these events from
those due to elastic scattering from free, polar-
izable protons. The separation of the free peak
from the background was thus accomplished by
requiring coplanarity in the &f& direction and by
elastic scattering kinematics in the 8 direction.

The data analysis began with the Monte Carlo
program which produced initial information on the
position and width to be expected in the distribu-
tions, and the coefficients used to shift the events
into the canonical form. Using this as input, the
data were collected and processed by the on-line
program. After examining the distributions pro-
duced by the on-line program, the cuts defining
the central regions were generally revised and the
data were analyzed again by an off-line version of
the same program.

With the distributions in final form, a check on
the consistency of the data was made by a program

which compared counters in all runs for a partic-
ular momentum and particle. Any atypical count-
ers or runs became evident and were corrected or
eliminated.

Two methods of background subtraction were
then used, generally giving results in good agree-
ment. Preliminary results were obtained using
backgrounds calculated from the noncoplanar dis-
tributions by normalizing the noncoplanar events
to those sections of the coplanar distribution out-
side the free proton peak. In the second method,
background was computed from the coplanar 8 dis-
tribution alone by fitting the counts outside the free
peak to a polynomial of five terms or less. This
was extrapolated to the region under the elastic
peak and subtracted as background. The final re-
sults presented here were obtained by this method.

III. RESULTS

The data are presented in Fig. 2 and in Tables
I and II. Table III contains the results obtained for
m'P at backward angles which have been discussed
in a previous publication. ' At 4.40 GeVjc [see Fig.
2(f)] the analysis was extended to smaller angles
by a more elaborate method than discussed in
Sec. II. Low-energy protons, conjugate to very
forward pions, produced broad peaks due to great-
er multiple scattering and spread in energy loss
in the target. Using information. rom the position
hodoscope immediately before the target, these
events were separated into five distributions cor-
responding to different thicknesses of target mate-
rial traversed by the recoil proton after the col-
lision. Owing to the breadth of these distributions,
the background fitting was less well determined
and an additional error was calculated from the
difference between the two curves representing
the extremes of a reasonable fit to the background.

Special care was taken to avoid possible artifi-
cial asymmetries. Runs were taken in matched
pairs of opposite target polarization with nearly
the same number of incident particles and were
essentially identical in other respects. Two major
sources of systematic error in an experiment of
this kind are the measurement of target polariza-
tion and the possibility of asymmetry in beam
normalization. A careful study was done of the
target polarization data by dividing the runs into
several smaller groups for each momentum and
comparing average polarizations of the subgroups.
This provided a check on the target polarizations,
and correction factors were applied to the target
polarizations making the subgroup averages con-
sistent.

The largest error in beam normalization arose
from targeting efficiency because the beam spot
size was larger than the size of the target. Es-
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FIG. 2. Measured polarization in forward 7/ p and 7I p elastic scattering at 2.50, 2.75, 2.93, 3.25, 3.75, 4.40, and

5.15 GeV/c pion laboratory momentum.

timates of the errors in beam normalization were
obtained from the consistency checking program
by comparing the sizes of the unpolarized back-
ground outside the elastic region. Run to run
normalizations were found to agree to within 2%.
When all runs of a given momentum and sign of
target polarization were combined, the back-
grounds for the two signs of target polarization
were found to agree within l/p for all momenta.
The results of the consistency checking program
indicated that the apparant asymmetry in back-

ground was constant throughout the entire angular
region, thus giving us confidence that it was simply
due to beam normalization rather than to real
asymmetries in the background. Consequently, and
in view of the smallness of the correction, the
results of the consistency checking program were
used to adjust the beam normalization of each run
to make the unpolarized backgrounds agree with
the average of all runs. We thus feel confident
that the beam normalizations are good to 0. 5%.
The effect of this uncertainty depends upon the
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TABLE I. Measured values of polarization in n+p elastic scattering.

Beam laboratory t
momentum (GeV/c) [(GeV/c)2]

Beam laboratory t
momentum (GeV/c) f(Ge V/c)21

2.50

2.75

—0.200
-0.212
-0.230
—0.251
-0.275

—0,303
-0.328
-0.348
—0.387
-0.420

-0.471
-0.503
-0.537
-0.582
-0.628

-0.667
-0.712
-0.755
-0,802
-0.846

-0.895
-0.931
-0.977
-1.019
-1.066

-0.201
-0.227
-0.250
-0.279
-0.308

-0.334
-0.368
-0.397
-0.429
-0.470

-0.548
-0.592
-0.630
-0.704
-0.806

-0.905
-1.009

1~ 112
-1.216
-1.320

-0.219
-0,233
-0.255
-0.283
-0.313
-0.347
-0.375

0.312
0.370
0.358
0.372
0.328

0.312
0.331
0.254
0.253
0.249

0.198
0.161
0.116
0.137
0.050

0.119
0.065
0.127
0.208
0.284

0.218
0.221
0.338
0.467
0.549

0.325
0.323
0.331
0.329
0.298

0.323
0.288
0.280
0.253
0.243

0.208
0.200
0.237
0.250
0.443

0.532
0.570
0.563
0.575
0.557

0.268
0.262
0,252
0.242
0.236
0.220
0.231

0.025
0.028
0.022
0.024
0.024

0.026
0.029
0.033
0.043
0.033

p, 033
0.036
0.039
0.047
0.056

0.061
0.065
0.077
0.080
0.080

0.074
0.067
0.070
0.067
0.070

0.017
0.017
0.018
0.018
0.019

0.022
0.026
0,028
0.032
0.035

0.038
0.043
0.045
0.038
0.045

0.042
0.041
0.041
0.041
0.043

0.021
0.019
0.014
0.014
0.015
0.017
0.020

2.93

3.25

3.75

-0.413
—0.450
-0.487

-0,526
-0.580
-0.626
-0.683
-0.728

-0,798
-0.843
-0,805
-0.954
—1,0115

-1.085
-1.208

1+372
-1.450

-0.184
-0.194
-0.213
—0.221
-0.248

-0,268
-0.286
-0.320
-0.358
-0.392

-0.430
-0,468
-0.509
-0.538
-0.559

-0.600
-0.614
-0.666
-0.744
-0,844

-0.950
—1.001
-1,128
-1.257
-1,306

-1.394
—1.529
-1.662
—1.795

-0.220
-0.230
-0.259
—0.293
-0.337

0.229
0,221
0.182

0,164
0,176
0.176
0,204
0.283

0.321
0.450
0.432
0,620
0.588

0.479
0.588
0.591
0.562

0,310
0.256
0,248
0.253
0.250

0.233
0.239
0.203
0.201
0.163

0,164
0.154
0.117
0.119
0.106

0.106
0,087
0.115
0.297
0.420

0.476
0.553
0.653
0.639
0.766

0,682
0.653
0.661
0,576

0.268
0.229
0.252
0.222
0.206

0.022
0.025
0.030

0.038
0,037
0.040
0.043
0.048

0.052
0.059
0.055
0.056
0.053

0.037
0.041
0.041
0.046

0.029
0.015
0.021
0.011
0.010

0.020
0.011
0.010
0.012
0.012

0.015
0.015
0.020
0.034
0.024

0.029
0,042
0.031
0.044
0.019

0.089
0.025
0.025
0.025
0.100

0,028
0.037
0.048
0.056

P.021
0.019
0.011
p, pll
0.012
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TABLE I (Continued)

Beam laboratory
momentum (GeV/c)

t
[(GeV/c) ~]

Beam laborato ry
moxnentum (GeV/c) [(GeV/c)'] gP a

3.75

4.40

-0.376
—0.422
—0.468
-0.519
-0.568

—0.619
-0.676
—0.735
-0.782
-0.854

—1.269
-1.157
-1.287
-1,460
-1.633

—1.806
-1.955
-2.125

—0.141
-0.169
-0.203
—0.244
-0.293

-0,343
-0.392
—0.446
—0.502
-0.562
—0.628

0.217
p. 166
0.164
0.117
0.146

0.069
0.082
p. 122
0.199
0.263

0,460
0.486
0.525
0.552
0.578

0.546
0.600
0.551

0.148
0.164
0.198
0.204
0.166

0.177
0.179
0.090
0.104
0.067
0.085

0.013
0.015
0.017
0.019
0.023

0.026
0.031
0.038
0.045
0.056

0.046
0.031
0.032
0.037
0.043

0.066
0.095
0.153

0.111
0.036
0.026
0.021
0.020

0.022
0,022
0,026
0.032
0.037
p p44

4,40

5.15

-0.694
-0.750
-0.866
-0.974

-1.048
-1.134
-1.419
-l.608
-1.819
-2,033

-0.221
-0.278
-0.339
-0,409
-0,479

-0.573
-0.638
—0.733
-0.825
-0.923

-1.004
-1.120
-1,216
-1,330
-1,451

-1.552
-1,669
-1,810

0,123
0.097
0.323
0.412

0.365
0.634
0.545
0.578
0.574
0.486

0.257
0,189
0.130
0.105
0.056

0,062
-0.019

0.100
0.073
0.316

0.316
0.446
0.418
0,609
0.506

0.375
0.578
0.423

0.057
0.067
0.064
0.105

0.111
0.118
0.080
0.095
0.133
0.191

0.026
0,025
0.027
0.032
0.038

0.048
0.059
0.073
0.102
0.107

0.132
0.158
0,153
0.201
0.214

0.236
0.305
0.299

Errors quoted above are statistical only. There is an additional systematic error of +10% due to uncertainty in the
target polarization and an absolute error af 0.015 due to uncertainty in beam normalization.

TABLE II. Measured values of polarization in m p elastic scattering.

Hearn laboratory t
momentum (GeV/c) [(GeV/c)~] hP

Beam laboratory t
momentum (GeV/c) [(GeV/c)2]

2.75 -0.180
—0,220
-0.279
-0.344
—0,412

—0.492
-0.568
-0.649
-0.739
—0.820

-0.913
-1.010
—1.100
—1.193
-1.282

-0.227
-0.141
-0.097
-0,021
-0.015

0.045
0.121
0.030

-0.254
-0.573

-0.681
-0.884
-0.841
-0.928
-0.813

0.046
0.023
0,025
0.029
0.036

0.048
0,066
0.084
0.109
0.108

0.094
0.095
0.084
0.093
0.093

2.75

3.25

-1.380
—1.482
—l.571
-1.701
-1,812

-1.921
-2.042
-2.136

-0.182
-0.242
-0.304
-0.367
-0.445

-0.760
-0.771
-0.730
-0.595
-0.344

-0.169
-0.273
-0,037

—0.131
-0.209
-0.118
-0.035
-0.031

0.107
0.119
0.115
0.142
0.160

0.179
0.175
0.267

0.028
0.026
0.026
0.029
0.035
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TABLE II (Continued)

Beam laboratory t
momentum (GeV/c) [(GeV/c)2]

Beam laboratory
momentum (GeV/c) t(GeV/c) ]

3.25

3.75

-0.514
-0.599
-0.686
-0.760
-0.866

-0,951
-1.062
—1.149
-1.250
-1.364

-1.460
-1.562
-1.685
-1.817
—1.985
-2.120

-0.265
—0.323
-0.395
-0.467
-0.542

-0.632
-0.721
-0.807
-0.905
-1.010

—1.106
-1.205
-1.317
-1.427
-1,536

-1.651
-1.783
-1.988
—2,215

0.057
0.156
0.026

-0.085
-0.304

-0.461
—0.533
-0.507
-0.563
—0.601

-0.636
—0.469
-0.496
-0,661
—0.687
-0.530

—0.097
—0.061
-0.049

0.034
0,046

0.056
-0,058
-0,234
-0.290
—0.412

-0.374
-0.435
-0.499
—0.305
-0.416

-0.444
-0.410
-0.007
-0.205

0.041
0.054
0.066
0.084
0.091

0.087
0.083
0.080
0.092
0.097

0.112
0.122
0.149
0.198
0.292
0.348

0,016
0.017
0.022
0.027
0.035

0.044
0.056
0.069
0.073
0.076

0.068
0.073
O.OS8

0.095
0.102

0.126
0.154
0.154
0.353

4.40 -0.249
-0.281

-0.314
-0.352
-0.427
-0,499
-0.582

-0.676
-0,763
-0.863
-0,960
-1.071

-1.176
-1.287
-1.394
—1.508
-1.625

-1.752
-1.873

—0.249
-0.314
-0,382
-0.453
-0.531

-0.617
-0.720
-O.808
-0,910
-1.018

1Q 12 1
—1.227
-1.355
-1.464
-1.594

-0.168
—0.070

-0.089
-0.081
-0.035

0.041
0.047

0.010
-0,114
-0.237
-0.392
—0.394

-0.387
-0.520
-0,492
-0,630
-0.463

-0.447
-0,133

-O.135
-0.069
-0.049

0.002
0.048

0.052
-0.017
-0.093
-0.222
—0.393

-0.511
-0.591
-0.489
—0.776
-0.384

0.021
0,017

0.013
0.017
0.021
0.026
0.035

0.045
0.058
0.068
0,072
0.076

0.071
0.073
0.079
0.095
0.141

0.174
0.234

0.019
0.021
0.024
0.030
0.038

0.051
0.072
0,092
0.099
0.107

0.115
0.124
0.152
0.200
0.243

4.40 -0.126
-0.172
-0.226

-0.102 0.043
-0.113 0.032
-0.100 0.024

1y 723
—1.840
-l.991

-0.668 0.280
—0.495 0.365
-0.625 0.569

Errors quoted above are statistical only. There is an additional systematic error of +10gp,

peak-to-background ratio at a given angle, but, in
the region where it is most important, results in
an absolute error of 0.015 in the value of the mea-
sured polarization. In some cases this is compa-
rable to the statistical error and to the relative
+ 10% error due to uncertainty in the target polar-
ization.

Two other possible sources of systematic error
were considered. The direction of target polar-
ization was reversed by a change in the polarized
proton-target magnetic field. Although the field

change was only 50 6 out of 17.5 ko, the ef-
fect is amplified by the steepness of the differential
cross section in the forward direction. However,
a calculation showed this effect to be less than
0.5% and the correction was therefore neglected.

The other source of systematic error considered
was the possibility of proton contamination of the
pion beam due to spurious pion signals from the
pion Cerenkov counter caused by 5 rays produced
by protons. Calculations showed that this effect
also was less than 0.5% and it too was neglected.
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TABLE III. Measured values of polarization in backgrard ~ p elastic scattering.

Laboratory
momentum

{GeV/c) cos 8g.~. [(GeV/c)~] [(GeV/c) ~]

2.50 -0.744
-0.771
-0.796
-0.818
-0.839

-0.858
-0,876
-0.891
-0.905
-0.918

-0.931
-0.946
-0.962
-0.976
-0.988
-0,996

—0.371
-0,318
-0.269
—0,224
—0,183

—0,146
-0,112
—0,081
—0.053
—0,028

—0.003
0,026
0.058
0.085
0.108
0„125

0.031
0.030
0,028
0.026
0.025

0.023
0,022
0.020
0.019
0.017

0.016
0.017
0.014
0.011
0.009
0.005

—0.04 + 0.10
-0.07 + 0.10

0.04 + 0.13
0.30+ 0.13
0.29 + 0.13

0.56+ 0,13
0.47 + 0,14
0.54 + 0,16
0.82 + 0.17
1.27+ 0.19

0.75+ 0.19
0.49 + 0.10
0.17+0.07
0.09 + 0.07
0.09 + 0.05
0.00 + 0.10

2.75

2.93

3.25

-0.757
—0.782
-0.806
-0.827
-0.848

-0.866
-0.882
-0.897
-0.910
—0.922

-0.935
-0.948
—0.964
-0.977
—0.986
-0.993

-0.765
-0.789
-0.812
-0.833
-0.852

-0.870
-0.886
-0.900
-0.913
-0,924

-0.937
-0.950
-0.965
-0.977
—0.987
-0.994

—0.790
-0.834
-0.870
-0.900
-0.924

—0„411
—0.356
—0.304
-0.257
—0.212

-0.172
-0,136
-0.104
—0,075
-0,050

—0„021
0.009
0.043
0.071
0.092
0.106

-0,440
—0.382
—0,328
—0.279
—0.233

-0.191
-0.154
—0.120
—0.090
—0.063

-0.033
—0.002

0.033
0,062
0.084
0.102

—0.451
-0.336
—0.239
—0.160
—0.095

0.034
0.032
0.030
0.029
0.027

0,025
0,023
0.022
0,020
0.019

0.017
0.018
0.015
0.012
0.009
0,006

0.036
0.034
0.032
0.030
0.028

0.027
0.025
0.023
0.022
0.020

0.018
0.019
0.016
0.013
0,010
0.007

0.049
0.043
0.037
0,032
0.027

-0.30 + 0.10
-0.10+ 0,09
—0.01+0.10

0,03 + 0.11
0.55 ~ 0.14

0.66 + 0.16
1.21+ 0.17
0.99 + 0.16
0.79 ~ 0.17
0.70+ 0.17

0.66 ~ 0.22
0.24+ 0.08
0.13 0.06

-0.02+ 0.05
0.04 ~ 0.04
0.06 ~ 0.05

—0.36 + 0,10
—0.05 + 0.11
-0.23 ~ 0.13

0.26 + 0.11
0.15+ 0.14

0.51+ 0.15
0,59 + 0.17
0.76+ 0.20
0.17+0.20
0.48+ 0,17

0.41~ 0.11
0.21+ 0.09
0.07 + 0.06
0.12+ 0.07
0.04+ 0,06
0.10+0.08

—0.76 + 0.09
-0.54+ 0.12
-0.03 + 0.18

0.29+ 0.25
0.18+0.22
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TABLE III (Continued)

Laboratory
momentum

(GeV/c) cos ec.m. [(GeV/c)2]
Eu

[(GeV//c)']

3.25 -0.941
—0.953
-0.970
-0,985
-0.994

-0.051
-0.019

0.027
0.067
0.090

0.020
0.020
0.019
0.013
0.008

0.10+0.26
-0.05+ 0.11
-0.07 + 0.08
-0.04 + 0.06

0.19+ 0.16

3.75 -0.808
—0.848
—0.881
-0.920
-0.954

-0.973
—0.986
-0.994

-0.504
-0.381
—0.277
-0.156
-0.052

0.008
0.050
0.076

0,054
0.047
0.041
0.047
0.028

0.021
0.015
0.009

-0.81 + 0.10
-0.59 + 0,14
-0.49 + 0.19

0.23 + 0.37
-0.10 + 0.27

0.10 + 0.15
-0.08 + 0.08
-0.08 + 0.13

IV. DISCUSSION AND CONCLUSIONS

If vP elastic scattering is regarded as taking
place through particle exchange, the quantum num-
bers of the exchange are established by consider-
ing the t-channel pion-pion state. The allowed
quantum numbers belong to two sequences:

16m so,
+ (AoB*, +A,B~o)]

sin 8

16Fv sod

(4)

(5)

I (J)=0'(0', 2'', 4', . . . )

with the f(1260) and p(I65) mesons the leading par-
ticles in each series, respectively. At small —t
the Pomeron dominates in the I= 0 series.

In terms of the invariant amplitudes, the polar-
ization is

sin e lm(AB*)
16wv s o

in which 8 is the center-of-momentum scattering
angle, s is the total center-of-momentum energy
squared, o is the unpolarized differential cross
section, and A and B are the invariant amplitudes
for the helicity-nonf lip and -flip processes, re-
spectively. " The addition of isospin to form the
t-channel dipion state leads to the following re-
lationships between the amplitudes for m+P elastic
and r p charge-exchange scattering and the am-
plitudes for the exchange of I=O and I=1 objects:

+P m' +P & =Ao+&i~ B~ =Bo+B

n +P -v'+n, A, = —v 2 A~, B„=-W2B,. (2)

The polarization for n'P elastic scattering then has
the form

Thus the polarization arises from two types of
terms: one, E„contributing with the same sign
to n' and w scattering, the other, E„contributing
with change of sign. When E, is small compared
to E, the polarization is mirror-symmetric be-
tween w' and m scattering provided the differential
cross sections are approximately equal. increas-
ing the size of E, produces a deviation from the
mirror symmetry, . and where E, dominates, the
polarizations are approximately equal. Note that
E, arises from interference between I= 0 exchanges
or I=1 exchanges, whereas E, is due to interfer-
ence between I=O and I= 1.

The general features of the t dependence can now
be described in terms of E, and E, . The principal
apparent feature in Fig. 2 is that E, dominates and
the m+ and m polarizations are nearly mirror-
symmetric. Both have a dip near t=-0.6 (GeV/c)'
where they are essentially zero (at least at mo-
menta above 5 GeV/c) and have relatively large
polarizations at large values of —t.

Even at high momenta, however, there is a
noticeable departure from mirror symmetry in
the region between t=O and t= —0.6 where the m

polarization is consistently smaller in magnitude
than the w+. At lower momenta, increasing asym-
metry is apparent at the dip where the polarization
rises toward positive values for both n' and w

while the difference remains zero within errors.
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The points taken at largest values of —t indicate
that the m polarization is rising and possibly cross-
ing zero while there is no corresponding fall of the
w data.

Since the data were collected at several (although
relatively closely spaced) energies, it is possible
to study the energy dependence for a fixed value of
~. I»ig. 3 the polarizations at fixed t are plotted
against the laboratory momentum of the beam. In
order to extend the range of momentum we have

supplemented the data of this experiment with data
at higher and lower momenta from Refs. 6, 12, and

13. These points at fixed t were obtained by an
error-weighted linear interpolation between data
points. The most striking feature of these plots
is the flatness of the polarization at fixed t over
the momentum range covered by existing data
above 3 GeV/c. Below 3 GeV/c the behavior of the
polarization is complicated by resonances. Con-
fining attention to the data above 3 GeV/c, the en-

ergy dependence may be briefly described as fol-

lows: At t= —0.3 the n' polarization decreases to
a constant (or slowly varying) positive value while
the n polarization is flat over the entire range;
at t= -0.6, n. + and n polarizations are nearly
equal over the entire range and both»gh-energy
levels are consistent with zero; at t= —0.9, the
mirror symmetry has returned so that both m' and

high-energy levels are approximately equal in

magnitude and opposite in sign
One can also see qualitatively the behavior of

E, and E defined in Eg. (5) and how they affect
P, . As emphasized before, E, gives the mirror
symmetry and vanishes at —t = 0.6. At this t value
we see only E, . It gives a positive contribution to
both P+ and P and decreases rapidly with increas-
ing momentum. Thus one can understand the
strong energy dependence of P, at low .—t and the
fact that here P is almost energy-independent;
E, and E, work together in P, while their energy
dependences almost cancel in P .

Where both the polarizations P, and the differ-

.8—

.6—

I I I I I,, I I I

t = -0.3 {GeV/c)
v+pf' w p$
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I I I I I I I
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FIG. 3. Interpolated polarization in xp elastic scattering at fixed values of t plotted against pion laboratory momen-
tum. Below 2.50 GeV/c the data of Ref. 6 were used; above 5.15 GeV/c the data of Refs. 12 and 13 were used; the
points between 2.50 and 5.15 GeV/c are from this experiment.
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E, = — . (P+o++P o )
8nv s
sin 0

= Im(AO Bo+ A~B*), (6)

E, =+ . (P+o+ -P o )
8mv s
sin 0

=Im(AoB~*+ A~B~O) .

ential cross sections o, for x+ and m scattering
are available, it is possible to calculate E, and E,
and therefore to study the amplitudes more direct-
ly. 4 " In terms of the measured polarizations and
differential cross sections

We also have

8wv s
P„o„' = Im(A~B~~),sm8 (8)

where P„and O„are the polarization and cross sec-
tion in charge-exchange scattering. In order to
calculate E, and I; it was necessary to use polar-
ization values obtained by interpolating to regular
intervals of t so that data points for both m and
m were available at the same t values. The dif-
ferential cross-section values were not obtained
by interpolation from experimental data, but by
using the 5-pole parametrization of Barger and
Phillips which fits the data very well over a large

1 1 l 1 I I

P = 3. 25 GeV/c

I I I I I I I I I I

P& =3.75 GA/c

100—

10—
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y55& 5y

II
Ii -- y

~y&One

Il

Il

01 I I I I I I I I I
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FIG. 4, Plots of E, and -EB (open and filled points, respectively) vs t. The values were calculated using the polar-
ization data of this experiment and differential cross-section values obtained using the model of Ref. 16. The filled
square points indicate positive values of E,.
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range of energy and momentum transfer. " Errors
in the differential cross sections were neglected
since they are in general much smaller than those
in the polarizations.

The results are presented in Fig. 4 in which

E, and E, are plotted against t at several momenta.
In these plots, the points where F, and F, cross
correspond closely to the points where P goes
through zero; where P is positive, E, is larger
than E, . The most important feature of these plots
is simply the size of E„which is not so obvious for
example in Fig. 2, and, contrary to a common as-
sumption in Regge models, this term is not negli-
gible. The prominent feature in E, is the deep dip
at t = -0.6 (GeV/c)' unaccompanied by a corre-
sponding dip in F, . However, there is apparently
a kink in the t dependence of E, at about this t
value.

In an earlier publication4 we discussed the t de-
pendence of E, and E, in terms of the expected
dominant Regge poles P and f for the I=O ampli-
tudes, and p for the I=1 amplitudes. Within the
framework of that model we were able to show
that the form

(] e4'll'ofP)
I3 fx: ~ . , np=0 5+0 9t

Sin PTAS

where ap is the p trajectory, explains the double
zeros at t=- 0.6 and the approximate mirror sym-
metry of P, , and thereby the general behavior of
E, . Strictly speaking, this explanation is valid
beyond /=-0. 6 only if Im(A ) does not change sign
near t= —0.6. The energy dependence of der/dt for
—t& 0.6 suggests that do/dt and therefore Im(A, ) is
dominated by the f in this region. Since Im(A&)
[the contribution of the f to Im(A, )] must have at
least a single zero at n&=0, the inference then is
that it has a double zero. However, P-f interfer-
ence cannot then explain the behavior of E, , which
would consequently have to be zero at —t=0.6.
Note that from Eq. (6) the term Im(A, B*,) also con-
tributes to F, and can be evaluated from charge-
exchange data. Even with the new results" on P,
which give larger values than the previous ones, "
Im(A, B*,) is only about 10% of Im(A Bo) at t = —0.6
and cannot account for its large values at t= —0.6.

Barger and Phillips" proposed a solution to this
dilemma by introducing two new poles, the f' and
the p' lying one half unit of angular momentum
lower than the f and p. In their model the p' ac-
counts for the fact that P„ is nonzero, while the f',
by interfering with P and f, produces the observed
E, . The imaginary part of A& has a double zero,
as we concluded earlier, but E, remains large at
t=-0.6 because of P f' interference-. The f', lying
lower than the f, also gives E, a strong energy
dependence. Although this 5-pole model may seem

F~
t = -0.3(GeV/c)~

Fa
t = -0.3(GeV/c)~

10
N

C5

10.

1

1 2 4 6 810 20 406080 1 2 4 6 810 20 406080

s (6 e V/c) s (6 eV/c)

Fg
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Fg
t = -0.4(GeV/c)~

10

10 '
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1 2 4 6 810 20 406080

s (6 eV/c)

Fs
t = -0.5(G V/c)' t = -0.5(GeV/c)

10
M

C9

10.

1 2 4 6 S10 20 4Q608Q 1 2 4 6 S10 20 406080

FIG. 5. Log-log plot of the symmetric and antisym-
metric components E~ and -I', (plotted as open and filled
points, respectiveLy) vs s for fixedt values of —0.3,
-0.4, and —0.5 (GeV/c)2. The lines represent the re-
sults of fitting with the form Cs".

artificial, it offers a satisfactory parametrization
of most existing experimental data, including some
of the results from this experiment. " In fact it
gives a reasonable fit to the amplitudes themselves
over the limited range of t for which they have been
determined from recent ~N amplitude analysis. 24
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However, the amplitude analysis has been carried
out at only one momentum, 6 GeV/c, and, having
determined E, and E„ it is interesting to look at
their energy dependences in order to try to gain
some insight into the behavior with energy of the
amplitudes.

As an example of the energy dependence of F,
and E, for a fixed value of t, Fig. 5 shows logE,
and logE, plotted against logs for —t = 0.3, 0.4,

and 0.5 (GeVjc)'. Within the errors the plots are
linear at all t values for both F, and E, . They can
therefore be considered to have the form s«& ~ .
If F, or E, is due to interference between the ex-
change of two Regge trajectories e, and n„ then
'Q ff Qfg + 'Q2 1~ The exponent for each value of
t was determined by least-squares fitting to a
straight line. This analysis was done using the
data of this experiment at 3.25, 3.75, 4.40, and

jeff
Fs

jeff
Fg

0 0

3

0

t (6 e V/c) t (GeV/c)

FIG. 6. Values of 0,,«obtained from the symmetric and antisymmetric terms E~ and E, vs t. The straight lines are
derived from the possible interference terms which can contribute in the model of B,ef. 16.
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5.15 GeV/c plus the data from Refs. 12 and 13 at
6.0, 10.0, and 14.0 GeV/c. The data below 3.25
GeV/c were excluded from this Regge trajectory
analysis since, as can be seen in the plots of
polarization against t, the effect of resonances is
beginning to complicate the picture, causing a de-
crease in the goodness of fit. The results are
shown in Fig. 6.

Although, considering the errors, a straight
line n,« = a+At is not excluded as a representation
of the results of Fig. 6, there does appear to be
more structure. In their fit to experimental data
with the 5-pole parametrization, Barger and
Phillips obtained the trajectories

n~ = 1+0.36t,

np =0.55+t,

n&
——0.56+ 0.86t, (10)

Each pair of trajectories e;, a,- will give a contri-
bution to E, or E, of the form Im(A, B*,.)
= C,&(f)s"~+0'a '. The contribution is to E, if i and

j have the same I spin, and to E, if they are dif-
ferent. In Fig. 6 we have plotted the possible lines
of n;+ e,. —1 vs t, derived from these five trajecto-
ries, which can contribute to E, and E, . On neither
plot do the points fall on a single line over the full
range of t, and we should not expect this.

Considering first of all the plot of n,« for E„ the
general trend is that at small —t, E, is dominated
by P-p interference, but there is a transition to
f-p interference at large —t. To the extent that
the apparent structure in the form of a dip at -t

= 0.7 may be believed, it is consistent with the
conclusion discussed earlier that A& has a zero at
nz = 0 (t=-0.65) and so at this point B~ must inter-
fere with a lower-lying trajectory. Also there ap-
pears to be little influence of the P beyond t= —0.5.

Turning now to E, we note first of all that n „(t)
is lower by 0.5-1 unit than it is for E, . Also, P-f
interference appears to be absent, and also P-f'
except possibly at t= —0.6. Something similar to
the f-f' interference term apparently dominates E, .
To the extent that the peak at t= —0.6 can be be-
lieved, it also is consistent with the vanishing of
A&. The most likely explanation for E, is that it
is mainly determined by Im(Az++)BP, with the
second term larger than the first except at t
= —0.65 where A& vanishes. Possibly p-p' inter-
ference contributes at large —t as well as f-f ',
but the main point is that a low-lying trajectory
like the f' of Barger and Phillips is needed.

As a final conclusion we note that the results are
consistent with s-channel helicity conservation'
for P, and also for f, i.e., B = Bz= 0. Als—o, the-
results suggest that Bo = @, and B,= B~ .
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We report yP total, topological, and channel cross sections at 9.3 GeU from a bubble-
chamber experiment using a nearly monoenergetic photon beam.

I. INTRODUCTION

In this paper we report photoproduction cross
sections obtained by exposing the SLAC-LBL
82-in. hydrogen bubble chamber to the 9.3-GeV
SLAC backscattered laser beam. The experimen-
tal procedures are similar to those of our previous
experiments at 2.8 and 4.7 GeV.' The photon beam
has an energy spread of 6.4%%uo [full width at half
maximum (FWHM)] .

We obtain the total hadronic yP cross section,
topological cross sections for charged multiplic-
ities of 1 to 9, and channel cross sections for the
following channels:

yp- p+mw++mm

yP-P+mw'+mr +m' m=1, 2, 3, 4

yP- n+(m+1) w++mm .

yp- p+E++K +)+++I,p, $ =0, 1, 2

yP- 2P+P

In Sec. II we describe the beam and event analysis.
In Sec. III the procedures for obtaining cross sec-
tions are described. Results are reported and
discussed in Sec. IV.

II. EXPERIMENTAL PROCEDURE

A. Photon Beam

The beam used in this experiment was similar to
that used in our lower-energy experiment and has
been described in detail in Refs. 2 and 3. To ob-
tain backscattered photons with energies &6.5 GeV
at present SLAC electron beam energies, the lin-
early polarized red light from a Q-switched ruby
laser had to be frequency doubled. We used a
KDP (potassium dihydrogen phosphate) or ADP


