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w*p elastic differential cross sections in the momentum range 1.72-2.80 GeV/c have been measured at the
proton synchrotron “NIMROD” of the Rutherford High Energy Laboratory. The results are tabulated,
and analyses of the differential cross sections employing optical models and Legendre polynomial expansions
are advanced. A critical discussion of a recent interpretation of differential-cross-section structure in terms
of interference between resonant and background amplitudes is presented.

1. INTRODUCTION

HIS paper presents the results of a series of pion-
proton elastic differential cross-section measure-
ments in the range 1.72-2.80 GeV/¢ pion laboratory
momentum. The experiments were performed at the
7-GeV/c proton synchrotron “NIMROD” of the
Rutherford High Energy Laboratory. The beam, hy-
drogen target, and spark-chamber detection system
were essentially the same as those described pre-
viously!:?; however, a modified scintillation-counter and
spark-chamber system was used to provide improved
inelastic rejection and greater accuracy in track location
(see Fig. 1). Data were taken at the following fifteen
pion laboratory momenta:

atp: 172, 1.89, 2.07, 2.17, 2.27, 2.36, 2.46, 2.56, 2.65,
and 2.80 GeV/c;
xp: 2.17, 2.36, 2.56, 2.65, and 2.80 GeV/c.

7—p data at 1.72, 1.89, 2.07, 2.27, and 2.46 GeV/c,
previously reported elsewhere,>? are included here for
completeness.

2. DATA REDUCTION

The film data were scanned and measured on D-MAC
digitized track measuring machines, and analyzed with
the aid of the Atlas computer of the University of
London Computing Centre. Final selection of elastic
events was made by imposing severe coplanarity and
kinematic constraints. The data were corrected to take
account of the inelastic and target empty backgrounds,
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the geometrical detection efficiency, the pion-proton
kinematical cross-over region, and scanning ineffi-
ciencies. The ten 7—p angular distributions were nor-
malized to the zero-degree cross-section values of
Hohler et al.® by exponential extrapolation of the
diffraction-peak data [i.e., data satisfying 0< |¢| <0.4
(GeV/c)?, t=squared four-momentum transfer |. Abso-
lute values of the ten #*p differential cross sections
(dcs) were obtained by applying corrections for muon
and electron beam contamination, and event losses in
analysis. The absolute #™p dcs, and the = p dcs,
normalized as described above, are presented in Tables
I and II, respectively. The errors quoted are sta-
tistical only.

Table III presents a comparison of the absolute #*p
dcs, extrapolated to zero degrees, with the forward dcs
predictions of Hohler et al.5 The close agreement
illustrates the accuracy of the correction procedures
applied to the =tp data.
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5 G. Hohler et al., Z. Physik 180, 430 (1964); private com-
munication, via R. W. Dobinson, 1967.
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TasLE I. 7+p differential cross section.
Cross section Cross section Cross section Cross section
cos 6 (mb/sr) cos 6 (mb/sr) cos @ (mb/sr) cos 6 (mb/sr)
Pion lab momentum Pion lab momentum Pion lab momentum Pion lab momentum
1.72 GeV/e. 1.89 GeV /e 2.17 GeV/e 2.36 GeV/c
0.95% 5.78 4-0.38 —0.68 0.169--0.031 —0.05 0.120-0.057 0.66 0.2174-0.071
0.93 6.87 =+0.43 —0.76 0.067=0.021 —0.11 0.1554-0.061 0.62 0.137220.061
0.91 6.57 +0.42 —0.84 0.048-0.019 —0.17 0.068=0.035 0.57 0.142-4-0.053
0.89 5.01 +0.33 —0.90 0.034-0.026 —0.23 0.086=-0.036 0.51 0.1212-0.051
0.87 4.82 +£0.35 —0.94 0.0354-0.037 —0.29 0.1154-0.041 0.45 0.190--0.084
0.85 3.88 +0.30 —0.35 0.044+-0.028 0.39 0.147-:0.084
0.83 3.50 +0.29 Pion lab momentum —0.41 0.1172-0.040 0.33 0.120--0.084
0.81 2.25 +0.20 2.07 GeV /e —0.47 0.109--0.040 0.27 0.099--0.078
0.79 2.21 £0.21 —0.53 0.016==0.026 0.13 0.200--0.040
0.76 1.44 +0.11 0.95 6.43 +0.42 —0.60 0.0384-0.027 —0.01 0.0370.071
0.72 0.934-0.092 0.93 5.75 £0.36 —0.68 0.046-0.027 —0.07 0.116:20.084
0.68 0.5364-0.068 0.91 4.72 £031 —0.76 0.0454-0.028 —0.13 0.03120.056
0.64 0.3154-0.048 0.89 4.40 =0.29 —0.84 0.0870.032 —0.19 0.07920.051
0.60 0.199+4-0.041 0.87 4.08 =0.29 —0.90 0.0774-0.045 —0.25 0.043--0.039
0.55 0.144-0.030 0.85 3.05 +0.24 —0.94 0.024::0.045 —0.31 0.073:0.045
0.49 0.092-£0.027 8-2? iéé ::tg-fg —0.40 0.002£0.022
0.43 0.140--0.036 . . . i —0.49 0.055-:0.038
0.37 0.154£.0.044 0.78 1.31 +0.09 Pion 1% Py —0.55 0.0870.052
0.31 0.240+0.054 0.74 0.990-0.087 ’ —0.61 0.017--0.035
0.17 0.2294-0.024 0.70 0.629+0.070 0.95 7.32 +0.47 —0.68 0.023-:0.031
0.03 0.364-0.067 0.66 0.374£0.049 0.93 6.52 +0.40 —0.76 0.085-:0.038
—0.03 0.444--0.069 0.62 0.280-:0.044 0.91 5.28 £0.34 —0.84 0.071-£0.036
—0.09 0.456-:0.066 0.58 0.226-0.042 0.89 4.33 4029 —0.90 0.082-0.056
—0.15 0.400--0.052 0.53 0.186:0.032 0.87 3.38 £0.27 —0.94 0.097--0.093
—0.21 0.455+0.056 0-4Z Oﬁ%ﬂ:g-m 8'§§ %g ig'ﬁ‘f
—0.27 0.5114-0.05 0.4 0.1414-0.040 . .23 +0. .
—033 R i 0.35 0.15140.042 0.81 1.87 +0.18 Pion lab Goyatam
—0.39 0.470--0.055 0.29 0.099+-0.039 0.78 1.21 +0.11 :
—0.45 0.5860.063 0.15 0.159:-0.018 0.74 0.755-0.083 0.95 7.63 4-0.47
—0.52 0.568=0.057 0.01 0.146-0.042 0.70 0.57540.071 0.93 6.73 4040
—0.60 0.57540.055 —0.05 0.1382:0.036 0.66 0.219--0.043 0.91 5.08 =0.32
—0.68 0.411--0.043 —0.11 0.186-0.038 0.62 0.1704-0.041 0.89 3.72 +0.26
—0.76 0.2902-0.036 —0.17 0.158--0.030 0.57 0.161=:0.035 0.87 2.86 +0.23
—084 0.182-00.027 —0.23 0.150=-0.027 0.51 0.118-0.031 0.85 2.38 +0.21
—0.90 0.199-4-0.043 —0.29 0.122--0.025 0.45 0.178+0.045 0.83 1.75 +0.18
—0.94 0.208--0.055 —0.35 0.1554-0.027 0.39 0.245-0.062 0.81 1.39 40.15
—0.41 0.170-0.028 0.33 0.2780.067 0.78 0.8134-0.081
Pion lab momentum —0.47 0.120=-0.024 0.27 0.2434-0.069 0.74 0.583£0.069
1.89 GeV/e. —0.53 0.1124-0.025 0.14 0.139::0.068 0.70 0.345--0.053
—0.60 0.079-:0.018 0.01 0.0514-0.052 0.66 0.167:0.038
0.93 6.35 £0.43 —0.68 0.071£0.017 —0.05 0.0470.036 0.61 0.115:£0.028
0.91 5.19 £0.37 —0.76 0.0524-0.015 —0.11 0.054-0.036 0.55 0.1344-0.031
0.89 4.54 033 —0.84 0.0280.012 —0.17 0.075-:0.031 0.49 0.118-£0.031
0.87 4.80 £0.37 —0.90 0.0300.018 —0.23 0.069-0.025 0.43 0.1474-0.043
0.85 3.34 +0.28 —0.94 0.040£0.027 —0.29 0.0670.024 0.37 0.201:£0.048
8-2? %-83 iggf —O.ﬁ 8.(1)28i8.8§§ 8.31 0.176:0.047
. . . : —0. ) ) 2 . X
0.79 2.05 =0.21 Pion lab Iégﬁlfnt“m o 0.060£0.024 ot o 11950.00
0.76 1.30 £0.11 : ¢ —0.53 0.043-0.038 —0.01 0.053--0.036
0.72 1.06 +0.10 0.95 6.28 =£0.58 —0.60 0.002:0.015 —0.07 0.071:0.036
0.68 0.584-£0.076 0.93 5.72 £0.51 —0.68 —0.02140.013 —0.13 0.0534-0.032
0.64 0.328+0.053 091 5.13 £0.46 —0.76 0.018+-0.016 —0.19 0.0210.024
0.59 0.2324-0.041 0.89 4.52 £041 —0.84 0.0150.015 —0.25 0.011£0.017
0.53 0.108+0.031 0.87 3.64 +0.38 —0.90 0.074£0.031 —0.31 0.0370.019
0.47 0.1054-0.034 0.85 2.67 +0.32 —0.94 0.059-0.038 —0.37 0.024--0.018
0-‘3% 8-%:&8-826 0-8? gé% ig-gs —0.43 0.0310.017
0. .2790.066 0.8 31 £0.28 . _o. ) 02
0.29 0.2390.063 0.78 1.35 £0.15 Pion lab ot iy 0020
0.16 0.216-0.026 0.74 0.575--0.097 - —0.64 0.059£0.019
0.03 0.128=-0.050 0.70 0.507--0.089 0.95 6.32 +0.69 —0.72 0.04920.016
—0.03 0.263:0.058 0.66 0.392:-0.079 0.93 6.21 +0.61 080 0.034-£0.014
—0.09 0.255-0.052 0.62 0.3104-0.074 0.91 4.65 =4-0.53 —0.86 0.0704-0.028
—0.15 0.188--0.038 0.58 0.137-:0.052 0.89 3.59 +0.40 —0.90 0.100£0.034
—0.21 0.193+0.038 0.53 0.110+0.043 0.87 3.29 +041 —0.94 0.038=0.039
—0.27 0.565:5:0.045 0.17 8.i§§i8.0§8 g.gg %.gg ig.gg
—0.33 0.241:0.042 0.41 .15220.074 . 93 0. )
—0.39 0.296-£0.046 0.35 0.121%0.066 0.81 1.51 =£0.26 Pion lab e tum
—0.45 0.198--0.038 0.29 0.371-0.108 0.78 0.890-£0.140 : ¢
—0.52 0.268=-0.040 0.15 0.1340.029 0.74 0.440=0.100 0.95 7.77 £0.75
—0.60 0.167=0.032 0.01 0.1322-0.077 0.70 0.370=:0.093 0.93 5.81 =0.57
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Cross section Cross section Cross section Cross section
cos 6 (mb/sr) cos f (mb/sr) cos (mb/sr) cos @ (mb/sr)
Pion lab momentum Pion lab momentum Pion lab momentum Pion lab momentum
2.56 GeV/c 2.56 GeV/c 2.65 GeV /¢ 2.80 GeV/c
091 4.85 4048 —0.84 0.0984-0.036 —0.09 0.0474-0.039 0.70 0.1554-0.039
0.89 3.60 £0.43 —0.90 0.13740.064 —0.15 0.021+0.030 0.66 0.18740.043
0.87 2.63 +0.34 —0.94 0.076-0.075 —0.21 0.0354-0.028 0.62 0.0944-0.034
0.85 2.30 £0.32 —0.27 0.00\;:1:0.018 Og'{ 0.1362-0.034
0.83 2.00 £0.29 . —0.33 0.027-+0.020 0. 0.162+0.026
0.81 1.23 +0.22 Pion lah momentum —039 0.022+0.018 0.45 0.168-20.053
0.78 0.86740.130 : eV/c —045 0.036+0.020 0.39 0.1544-0.050
0.74 0.38140.092 0.95 7.72 £0.51 —0.52 0.008-£0.015 0.33 0.1564-0.049
0.70 0.16640.059 0.93 6.69 +-0.43 —0.60 0.0204-0.017 0.27 0.060+0.040
0.66 0.0734-0.046 0.91 544 +0.35 —0.68 0.03740.018 0.13 0.06740.015
0.61 0.09840.040 0.89 3.53 £0.26 —0.76 0.0504-0.022 —0.01 0.043-£0.037
0.55 0.1384-0.051 0.87 2.98 +0.25 —0.84 0.050+0.021 —0.07 0.0654-0.040
0.49 0.12140.050 0.85 1.82 +0.18 —0.90 0.0814-0.034 —0.13 0.03340.037
0.43 0.2234-0.083 0.83 142 +0.16 —0.94 0.0524-0.042 —0.19 0.0344-0.032
0.%7 0.%23:!:0.0?2 0.?;1 1.14 :!:0.11; —0.25 0.026:}:0‘056
0.31 0.1504-0.072 0.78 0.663+0.076 . —0.31 0.0564-0.030
0.25 0.228--0.083 0.74 0.328:0.055 Pion lab motentum —0.37 0.033-0.022
0.1 0.133:0.028 0.70 0.174:-0.040 80 GeV/e —0.43 0.0314-0.018
—0.03 0.04240.061 0.66 0.1224-0.034 0.95 8.08 +0.57 —0.49 0.07240.026
—0.09 0.0574-0.062 0.61 0.1744-0.034 0.93 6.30 +0.43 —0.55 0.03740.022
—0.15 0.02140.045 0.55 0.1254-0.033 0.91 5.37 +0.37 —0.61 0.0434-0.024
—0.24 0.018+0.025 0.49 0.104+0.031 0.89 3.32 +0.26 —0.68 0.036+0.018
—0.33 0.07740.041 0.43 0.13040.042 0.87 3.08 +0.27 —0.76 0.1024-0.026
—0.39 0.0514-0.034 0.37 0.11240.040 0.85 1.81 +0.19 —0.84 0.06740.022
—0.49 0.003+0.017 0.31 0.1304:0.044 0.83 141 +0.17 —0.90 0.0154-0.030
—0.60 0.024+4-0.028 0.25 0.086+0.038 0.81 0.81240.130 —0.94 0.0474-0.040
—0.68 0.05040.030 0.11 0.0964-0.017 0.78 0.640-+0.079
—0.76 0.1134-0.040 —0.03 0.02540.032 0.74 0.34740.059

a Subject to approximately 209, correction for loss of recoil protons.

3. INTERPRETATIONS OF DIFFERENTIAL
CROSS SECTIONS

A. Legendre Polynomial Expansions

The differential cross sections of Table I and II have
been fitted with the Legendre polynomial expansions

do Nmax
—=X Y C.P.(cosb). 1)
aQ n=0

The resulting Legendre polynomial coefficients Cn
are plotted in Figs. 2 and 3 for #*p and #—p data,
respectively.

The mtp C, coefficients, combined with #~p dcs?® and
polarization data,® and information from 180° #*p dcs
measurements’ have been used in an attempt to estab-
lish the spin and parity of the A(2420) as 42*.% The
coefficients D, in the associated Legendre expansion for
7 p elastic scattering, exhibited in Fig. 2 of Ref. 8,
were quantitatively incorrect. Correct values of the
coefficients are given in Table IV of the present publica-
tion. The conclusions of Ref. 8 regarding the J¥ assign-
ment of the A(2420) remain unaltered. Quantitative
fitting of the #np C, coefficients has also provided
evidence for the I~ assignment of the N (2190).> The
additional 7~ data presented in this paper support
the conclusions of this earlier work.

6 A. Yokosawa ef al., Phys. Rev. Letters 16, 714 (1966).
7T. Dobrowolski ef al., Phys. Letters 24B, 203 (1967).
8E. H. Bellamy et al., Phys. Rev. Letters 19, 476 (1967).

B. Exponential Behavior of the Diffraction Peak

Following the original suggestion by Damouth ef al.,°
many authors have attempted to obtain information on
baryon resonances from the behavior of the dcs in the
diffraction-peak region.® The present data have been
fitted with the exponential expression,

do [do
o), @
0

in the region 0< |¢| <0.4 (GeV/c)%. The 4 coefficients
from these fits, combined with earlier data,®!® are shown
in Figs. 4 and 5, and listed in Table V. Considerable
structure is apparent, particularly in the #*p data at
center-of-mass energies of approximately 1920 and 2420
MeV. The positions of the known #NV resonances are
indicated.

C. Optical Models

The data have been fitted with various optical models,
using a minimization routine developed by Powell.t

9D. E. Damouth et al., Phys. Rev. Letters 11, 287 (1963).

©N. M. Gelfand et al., Phys. Rev. Letters 17, 1224 (1966);
R. Levi-Setti and E. Predazzi, in Proceedings of the Thirteenth
International Conference on High-Energy Physics, Berkeley,
California, 1966 (University of California Press, Berkeley, 1967);
L. D. Jacobs, University of California Radiation Laboratory
Report No. UCRL 16877 (unpublished).

11 M. J. D. Powell, Computer J. 7, 155 (1964).
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TaBLE II. 7~ differential cross section.

180

Cross section

Cross section

Cross section

Cross section

cos 6 (mb/sr) cos 6 (mb/sr) cos 6 (mb/sr) cos 6 (mb/sr)
Pion lab momentum Pion lab momentum Pion lab momentum Pion lab momentum
1.72 GeV/c 2.07 GeV/c 2.27 GeV/e 2.36 GeV/c
0.93 6.07 +0.51 0.93 6.54 +0.50 0.91 6.02 :0.43 —0.90 0.125::0.075
0.91 5.91 +0.50 0.91 5.00 +0.42 0.89 3.58 +0.32 —0.94 0.058+-0.101
0.89 4.78 +0.44 0.89 4.20 +0.34 0.87 3.28 +0.31
0.87 3.82 +0.41 0.87 2.53 4-0.29 0.85 2.22 £0.25 Pion lab momentum
0.85 2.84 +0.34 0.85 2.61 +0.30 0.83 1.65 +0.24 2.46 GeV/c
0.83 2.70 +0.35 0.83 1.57 0.23 0.81 1.42 025 0.93 681 -0.49
0.81 3.32 +0.39 0.81 1.15 £0.21 0.79 0.71120.150 001 o io'ss
0.79 2.07 +0.28 0.79 1.18 +0.18 0.77 0.639+0.141 0.8 33 =+ 038
0.77 1.72 +0.26 0.77 0.907£0.189 0.75 0.359-£0.123 0.87 o1 =+ 030
0.75 1.33 +£0.24 0.75 0.556-0.150 0.73 0.42140.126 08 28 £ 9
0.73 0.48820.15 0.73 0.360-:0.131 0.70 0.136=:0.071 08 i =+ 0-%4
0.71 1.00 +0.22 0.71 0.32440.145 0.66 0.0394-0.060 081 o 68:t 4
0.69 0.6360.181 0.68 0.31540.105 0.62 0.041-0.049 079 o2 Mi 0208
0.67 0.524--0.169 0.64 0.046-£0.062 0.54 0.037:0.034 Py oo 67:b 9149
0.64 0.243:0.099 0.56 0.065--0.038 0.46 0.121:0.039 oo o8 6i o129
0.58 0.16040.058 0.48 0.036:0.031 0.38 0.143-0.035 0’66 003 4i o 026
0.50 0.104-0.041 0.40 0.1070.038 0.30 0.23340.046 oo 0~0093c o
0.42 0.104=:0.042 0.32 0.13740.045 0.22 0.252-4-0.060 0cs 003 4i 0-848
0.34 0.104-:0.044 0.24 0.173:0.059 0.14 0.196-0.038 0 o gi P 36
0.22 0.1314-0.033 0.16 0.209-:0.036 0.06 0.1322-0.060 030 oo =+ 0‘0
0.06 0.1194-0.056 0.05 0.2324-0.053 —0.02 0.084--0.035 090 o 07% 0-03%
—0.02 0.1470.065 —0.04 0.1102-0.034 —0.10 0.0934-0.029 030 oo +0.03
—0.10 0.118--0.043 —0.12 0.106=:0.032 —0.18 0.037-0.023 010 -1594£0.052
—0.18 0.16340.052 —0.20 0.06340.031 —0.26 0.0654-0.027 009 8~864i8-025
—0.26 0.187-20.048 —0.28 0.077£0.030 —0.34 0.044-£0.021 o016 o 086fc 0-033
—0.34 0.1930.046 —0.36 0.059£0.023 —0.42 0.013£0.016 Tols 0. o%i 0-023
—0.42 0.247-40.052 —0.44 0.0504-0.028 —0.50 0.044-0.022 o o0 =+0.020
—0.50 0.1954-0.046 —0.52 0.02440.024 —0.58 0.009-4-0.016 o5 0 260.022
—0.58 0.130=-0.040 —0.60 0.015--0.019 —0.66 0.024--0.019 Ry 00060.017
—0.66 0.190-0.047 —0.68 0.007+0.018 —0.74 0.0014-0.015 - -gf g~806i0-017
—0.74 0.08340.034 =0.76 0.0090.020 —0.82 0.080-0.028 —8-50 .02240.017
—0.82 0.0192:0.026 —0.84 0.0170.025 —0.90 0.086-0.032 o 62 8~8§?i8-0}g
—0.90 0.007-0.026 —0.92 0.052-0.035 0.0 0.018:}:0'(0)17
. Pion lab momentum —0'82 . S:': 01
Pion lab momentum Pion lab momentum 2.36 GeV/c _0-90 8-8;(;&0.0 9
1.89 GeV/e 2.17 GeV/c 095 6,70 2079 —0. .030-£0.026
0.93 749 +0.55 0.93 6.84 +£0.78 0.93 6.40 =£0.68 Pion lab momentum
0.91 6.37 £0.48 0.91 4.82 £0.62 0.90 4.94 +0.43 2.56 GeV/c
0.89 4.73 +£0.37 0.89 4.05 +0.54 0.87 3.14 +0.44 0.95
0.87 4.58 +0.39 0.87 3.57 +0.54 0.85 1.96 0.34 003 ggg +0.80
0.85 3.61 £0.36 0.85 2.69 +0.46 0.83 1.53 40.30 001 s +0.65
0.83 2.70 £+0.30 0.83 1.69 £0.36 0.81 1.01 £0.23 0.8 62 £0.51
0.81 1.81 +0.26 0.81 1.54 +£0.33 0.79 0.932+0.225 0-87 3.41 +0.36
0.79 2.16 +0.24 0.79 0.928-:0.261 0.77 0.392-0.149 o'gs 3.59 £0.39
0.77 1.77 +0.26 0.77 0.4464-0.186 0.75 0.1824-0.102 0.83 2.?3 +0.31
0.75 1.22 £0.21 0.75 0.283-:0.149 0.73 0.264--0.123 o8 } 8 +0.25
0.73 1.46 +0.23 0.73 0.2590.150 0.71 0.309-+0.127 0-§9 31 £0.22
0.71 0.527£0.177 0.70 0.353+0.113 0.69 0.214-:0.105 oge 0.5534-0.143
0.69 0.915:-0.223 0.67 0.0950.099 0.67 0.088-0.075 092 0-48§i0~092
0.66 0.306=-0.114 0.65 0.0834-0.080 0.65 0.158-+0.087 912 0.2274-0.066
0.62 0.1344-0.094 0.62 0.090+0.065 0.62 0.024-+0.044 508 0.102+0.046
0.56 0.0670.041 0.58 0.0334-0.063 0.57 0.072-40.043 0.61 0.0424-0.042
0.48 0.086==0.039 0.53 0.05740.054 0.51 0.130+0.058 oot 0.101+0.037
0.40 0.15620.044 0.44 0.134+0.065 0.45 0.113-£0.084 o 0.1014-0.042
0.32 0.2180.046 0.32 0.101:£0.079 0.39 0.182-£0.099 o'io 0.180-£0.055
0.24 0.340-0.073 0.15 0.127+0.048 0.33 0.1770.102 031 0.135:£0.040
0.16 0.2164-0.042 0.01 0.103+£0.126 0.27 0.142-£0.112 05s 0.115-+0.056
0.10 0.227+0.132 —0.05 0.2404-0.126 0.13 0.1060.034 o2 0.108+-0.053
0.04 0.042+0.052 —0.11 0.096-0.104 —001 021940124 .13 0.127::0.025
—0.04 0.187-:0.042 —0.20 0.03040.047 —0.07 0.095--0.080 889 0.1044-0.055
—0.12 0.15140.040 —0.32 0.024+0.020 —0.13 0.155-£0.082 -—0.20 0.089-+0.058
—0.20 0.092--0.038 —0.44 0.0024-0.035 —0.19 0.086--0.061 —0.46 0.820:&0.010
—0.28 0.1464-0.040 —0.53 0.063+0.067 —0.25 0.066+=0.051 —078 0.0014-0.009
—0.36 0.088+0.028 —0.64 0.034--0.040 —034 0.010£0.030 0.8 0.0024-0.012
—0.44 0.088+-0.031 —0.76 0.017-0.047 —043 0.015+0.033 —0. 0 0.051+0.040
—0.52 0.103+0.033 —0.84 0.0964-0.049 —0.49 0.009-0.033 —0.9 0.111+£0.061
—0.60 0.07720.030 —0.92 0.095:0.073 —0.55 0.0092-0.040 Pion lab
—0.68 0.024-0.024 Pion lab —0.61 0.016=-0.037 ion Jah momentum
—0.76 0.0240.023 ton a8 'a°$entum —0.68 0.073+0.040 .65 GeV/e
—0.84 0.014=£0.025 27 GeV/e —0.76 0.046-£0.036 0.95 8.37 4£0.55
—0.92 0.029--0.034 0.93 6.03 0.44 —0.84 0.135::0.050 0.93 6.70 +0.43
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TaBLE IT (continued)

Cross section Cross section Cross section Cross section
cos 6 (mb/sr) cos @ (mb/sr) cos 6 (mb/sr) cos @ (mb/sr)
Pion lab momentum Pion lab momentum Pion lab momentum Pion lab momentum
2.65 GeV /¢ 2.65 GeV/c 2.80 GeV/c 2.80 GeV/c

0.91 4.59 +0.31 0.31 0.130+0.035 0.93 6.97 +0.45 0.45 0.076=0.027
0.89 3.42 40.24 0.25 0.071+£0.028 0.91 5.06 £0.34 0.39 0.0964-0.030
0.87 2.56 +0.21 0.11 0.081+0.013 0.89 3.46 +0.25 0.33 0.06540.026
0.85 1.59 +0.16 —0.03 0.078+0.029 0.87 2.38 +0.21 0.27 0.0794-0.031
0.83 1.30 +0.14 —0.09 0.049+0.026 0.85 1.66 +0.17 0.13 0.0494-0.010
0.81 0.9564-0.114 —0.15 0.0424-0.022 0.83 1.20 +0.14 —0.01 0.0363-0.024
0.79 0.5374-0.084 —0.21 0.0194-0.017 0.81 0.72340.099 —0.07 0.0494-0.022
0.77 0.4424-0.075 —0.30 0.0064-0.008 0.79 0.585+0.090 —0.13 0.07740.027
0.75 0.2674-0.058 —0.39 0.006+0.010 0.77 0.3334-0.067 —0.19 0.0214:0.015
0.73 0.2154+0.054 —049 0.0014-0.006 0.75 0.203+0.053 —0.25 0.0144-0.012
0.71 0.120+0.040 —0.64 0.003+40.006 0.73 0.1444-0.047 —0.31 0.01340.012
0.69 0.154+0.044 —0.76 0.018+0.011 0.71 0.09240.038 —0.40 0.00740.007
0.67 0.099-4-0.039 —0.84 0.0254+0.012 0.69 0.1494-0.045 —049 0.01640.012
0.65 0.0464-0.024 —0.90 0.015+40.021 0.67 0.11540.043 —0.55 0.001+0.011
0.61 0.088+0.021 —0.94 —0.08740.020 0.65 0.069+0.031 —0.61 0.0154-0.013
0.55 0.0854-0.023 . 0.63 0.0444-0.027 —0.72 0.0104-0.006
0.49 0.097+0.025 Pion lab momentum 0.61 0.1240.044 —0.84 0.0430.014
043 0.186=:0.042 2.80 GeV/e 0.57 0.0850.024 —0.90 0.055+0.026
0.37 0.1264-0.034 0.95 7.88 4-0.54 0.51 0.116+40.029 —0.94 —0.0024-0.034

Two-Parameter Gray-Disk Model

In this model,”® the dcs is parametrized in terms of
an “interaction radius” R, and an opacity e

do/dQ=(1—a)*R[J1(2kR sini6)/2 sin36 2. (3)
Best-fit values of R and @ obtained with the present
w+p cross-section data are given in Table VI.

Empirical Partial-Wave Analysis

Data at all momenta have been fitted with the spin-
independent purely absorptive partial-wave expansions:

2

. 4)

Lmax

> (21+1)a,Pi(cosh)

=0

do
—=(2¢k)™!
aQ

The absorption parameters a; were subjected to the
constraints

0<a,<1.0,
0<a;<2.0,

I>1;
1=0.

The best-fit values of a; are given in Table VII (z*
data only). These results are in good qualitative agree-
ment with those obtained by Perl and Corey,! the a;
being smoothly varying functions of /. A typical fit to
the data is shown in Fig. 6 (xtp, 2.46 GeV/c).

The data have also been fitted with the spin-depen-
dent purely absorptive partial-wave expansions; how-
ever, inclusion of the spin-flip terms did not result in
any improvement in the quality of the fit.

12 R. J. Glauber, Lectures in Theoretical Physics at the University
of Colorado (Wiley-Interscience, Inc., New York, 1959).
13 M. L. Perl and M. C. Corey, Phys. Rev. 136, B787 (1964).

D. Secondary Maxima in =p dcs

Hoff" has suggested that the dip at i~ —0.6 (GeV/c)?
and the secondary maximum in the = elastic dcs in
the region of 2 GeV are purely resonance phenomena.
A calculation of the type used by Hoff has been made
using dcs from the present experiment at 1.89, 2.07, and
2.27 GeV/c, and the results indicate that such calcula-
tions are very sensitive to the values chosen for the
width and mass of the resonance.

Using the nomenclature of Ref. 14

do [do do do
G 6, ®
dQ \dQ/» \dQ/; \dQ/,
do do
e
dQ b dQ d1=m/4

do do
+<k2~—> —<k2—> ,» (6)
QY 51=37/4 AQ/ s1=r/2

TasLe III. Comparison of absolute =tp differential cross
s(ectifor;, extrapolated to zero degrees, with results of Héhler ef al.
Ref. 5).

do /dQ2(6=0)
Pion Extrapolation of do/dQ(6=0)
momentum present data Hohler ef al.
(GeV/e) (mb/sr) (mb/sr)
1.72 15.441.2 12.9
1.89 12.0+1.0 11.8
2.07 11.34-0.8 11.9
2.17 10.24:0.7 12.6
2.27 13.2+0.6 13.7
2.36 12.6+1.2 14.9
2.46 15.34+0.8 16.1
2.56 14.13-0.9 17.0
2.65 18.0+1.7 17.6
2.80 17.5+2.1 18.2

14 G, T. Hoff, Phys. Rev. Letters 18, 816 (1967).
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F1G. 2. 7tp: Legendre polynomial expansion coefficients. Open circles: data of C. T. Coffin ef al., [Phys. Rev. Letters 15, 838 (1965)].

where the subscripts b, 4, and 7 denote the background,
interference, and resonance contributions to the dcs,
respectively; §; is the eigenphase of the resonant con-
tribution to the partial-wave amplitude of orbital
angular momentum /, and % is the c.m. momentum.
Equation (6) depends on the following assumptions: (a)
If there is more that one resonant amplitude in this
region, the resonant energies and total widths will be
the same. (b) The magnitude of the background spin-
nonflip and spin-flip amplitudes @, and bs, respectively,

have a k! energy dependence at any fixed angle and
their phases at a fixed angle may be assumed to be
constant.

If the resonant amplitude can be satisfactorily de-
scribed by a Breit-Wigner form, the relation between
&, the total width T';, and the resonant energy (wz)i,
is given by

tand;=T1/2[ (wr)i1—w]- @)
Taking a value of T';~200 MeV for the N (2190), as
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do Nmax
TaBLE IV. Coefficients (in sr™?) in the associated Legendre expansion, P(0)—=2%2 3. D,Pl(cosh), for =~p elastic scattering.
aQ 1

1.72 GeV/c 1.89 GeV/c 2.07 GeV/c 2.27 GeV/e 2.50 GeV/c 3.00 GeV/c
D1 —0.1554-0.011 —0.22840.011 —0.102 =-0.008 —0.0944-0.027 —0.076+0.014 —0.16840.042
D2 —0.07940.011 —0.225+0.012 —0.073 £0.006 —0.068+0.023 —0.089+0.013 —0.1934-0.037
D3 —0.12940.008 —0.25640.015 —0.069 =0.007 —0.04740.012 —0.07740.014 —0.173+0.045
D4 —0.183+0.010 —0.2864-0.016 —0.102 =+0.008 —0.038+0.014 —0.06940.016 —0.16740.050
DS —0.1294-0.008 —0.2484-0.014 —0.106 =+0.008 —0.05340.015 —0.07940.016 —0.1874-0.051
D6 —0.08440.006 —0.1914-0.014 —0.082 £0.006 —0.053+0.010 —0.089+0.014 —0.20134-0.048
D7 —0.06440.005 —0.13340.011 —0.061 =-0.005 —0.0524-0.009 —0.0804-0.013 —0.18340.042
D8 —0.0244-0.004 —0.0694-0.007 —0.038 +0.004 —0.036=40.010 —0.058+0.011 —0.14140.035
D9 (40.00340.004) —0.02540.006 —0.013 £0.002 (4+0.002=0.010) —0.036=-0.009 —0.095+0.026
2 FY,  GSmtes ey e
D12 ' ' (—0.002£0.005)  —0.011=-0.008
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TaBLE V. A Coefficients from exponential
fit to diffraction-peak data.

Pion lab
momentum 4 coefficients, 7tp 4 coefficients, 7~p
(GeV/e) data ((GeV/c)™2) data ((GeV/c)™2)
1.72 7.75+£0.38 7.1940.68
1.89 6.1940.40 6.644-0.52
2.07 5.8840.34 8.3840.47
2.17 5.254+0.38 8.04+0.61
2.27 5.99+£0.45 8.964-0.94
2.36 6.0640.42 8.8441.20
2.46 6.53+0.23 7.9040.63
2.56 6.08+0.28 7.20+0.61
2.65 6.894-0.42 7.5940.22
2.80 6.444-0.51 7.264-0.43

tabulated by Rosenfeld et al.,!’ yields §;=%w, %, and
37 at the pion momenta 1.85, 2.07, and 2.31 GeV/c,
respectively. Since no data at the outer momenta are
available, data from the present experiment at 1.89,
2.07, and 2.27 GeV/c have been used. This corresponds
to a value of I''~170 MeV.

The experimental dcs were first fitted to a Legendre
polynomial expansion, and the errors shown in Fig. 7
correspond to the errors on the fitted curves.

These results indicate both a dip and secondary
maximum in the background term in the region of
interest. Similar results were obtained using the data
of Esterling e al.1® at pion momenta 1.88, 2.07, and
2.27 GeV/e. (k¥da/dQ)s from this calculation is also
shown in Fig. 7(d).

TaBLE VI. Results of two-parameter optical-
model fits to #*p data.

Pion lab
momentum R

(GeV/e) ¥ a
1.72 0.9140.01 0.354-0.01
1.89 0.8340.01 0.34+0.01
2.07 0.79+0.01 0.354-0.01
2.17 0.83+0.01 0.384-0.01
2.27 0.844-0.01 0.37-£0.01
2.36 0.86+0.01 0.424-0.01
2.46 0.874-0.01 0.4140.01
2.56 0.864-0.01 0.4140.01
2.65 0.864-0.01 0.42+0.01
2.80 0.86=0.01 0.42+0.01

15 A. H. Rosenfeld ef al., University of California Radiation
Laboratory Report No. UCRL-8030, 1967 (unpublished).

18 R. J. Esterling et al., Report No. EFINS 66-29, 1966
(unpublished).
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If data at 1.72, 2.07, and 2.46 GeV/c are used,
corresponding to a value of I';~330 MeV, then agree-
ment with the results of Hoff’s analysis, in which the
secondary maximum appears predominantly in the
interference term, is obtained.

dcs at 1.72, 1.89, and 2.07 GeV/¢ reconstructed from

T T T T T T T T T

Mr l U.C./W.C. DATA
10k BACKGROUND
o
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5, I
Ys 5

g sk
o 1 U.C./W.C. DATA
“r 1+R(3n/4)
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{c)
2.0

(c)

Fic. 7. 7—p: Background and interference+resonance components of des (a), (b),

CERN phase-shift solutions'” leaving out the G17
contribution indicate a dip and secondary maximum
structure in the background, as shown in Fig. 8. It is
concluded that a more precise knowledge of T'; for the
N (2190) is required before the results of a calculation
based on Eq. (6) could be interpreted as evidence for

T

CER
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12 |
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(d)
and (c) from data of the present experiment: (a)

[kz(dv/dﬂ)]b, (b) [%2(do/dQ) Jeyr at 1.89 GeV/e, (c) [#2(do/dQ)Jer at 2. 27 GeV/e, and (d) [%2(do/d2)]s from data of Ref. 16.

17 A, Donnachie ¢ al., CERN Report No. TH-838, 1967; (unpublished).
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TasLE VII. #*p empirical partial-wave analysis.

Pion lab
momentum

(GeV/c) Lmax X2 ao a 2 as @4 as ag a7
1.72 4 262 19440.02 0444001 0.38+0.01 0.384+0.01 0.1540.01
1.89 5 197 1.69+0.02 0.6640.01 0.384+0.01 0.3840.01 0.13+0.01 0.06=4-0.01
2.07 6 092 1.61+0.02 0.664+0.01 0.3140.01 0.31+0.01 0.1540.01 0.05+0.01 0.001+-0.004
2.17 6 130 1.560.03 0.67+0.01 0.284+0.02 0.284+0.02 0.184#0.01 0.07+0.01 0.001-+0.009
2.27 6 181 1.53+0.03 0.75+£0.01 0.2940.01 0.2940.01 0.23+0.01 0.07£0.01 0.04 +0.10
2.36 6 0.64 1.54+0.05 0.68+0.02 0.2740.02 0.2740.02 0.224+0.02 0.1240.02 0.006+0.013
2.46 6 070 1.5540.03 0.7240.01 0.3140.01 0.31£0.01 0.23£0.01 0.1440.01 0.04 +0.01
2.56 6 097 1.18+0.04 1.0% 0.344-0.02 0.34+0.02 0.294-0.02 0.12+0.02 0.07 =+0.02
2.65 7 084 1.51+0.03 0.744-0.02 0.3340.01 0.33+0.01 0.262-0.01 0.16+0.01 0.06 +0.01 0.01£0.01
2.80 7 112 1.59+0.03 0.760.02 0.37%0.01 0.370.01 0.2420.01 0.1940.01 0.08 +0.01 0.034-0.01

a Parameter value equal to constraint limit.

10

o1

TIT

T

0.01

=-=emem 172 GeVic
G ~—— 189 GeVic
=== 207 GeVlc

0.6 02 0 -0.2 -0.6

Fic. 8. 7 p: dcs at 1.72, 1.89, and 2.07 GeV /¢ reconstructed
from phase-shift solution, omitting the G17 wave.

the phenomenon of double counting in this energy
region.!8
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