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~-p Elastic Scattering in the Energy Range 3QO—VOO MeV*

PHILIP M. OGDEN)$ DONALD E. HAGGE, t. AND JEROME A. HELLAND)

Lawrence Radiation Laboratory, University of California, Berkeley, California

AND

MARCEL BANNER, JEAN —FRANQOIS DETOEUR, AND JACQUES TEIGER))

Centre d'Etzsdes Xucleuires, Sacluy, k'rance

(Received 18 September 1964)

Differential cross sections for elastic w-p scattering were measured at eight energies for positive pions and
even energies for negative pions. Energies ranged from 310 to 650 MeV. These measurements were made

at the 3-GeV proton synchrotron at Saclay, France. A beam of pions from an internal BeO target was di-
rected into a liquid-hydrogen target. Fifty-one scintillation counters and a matrix-coincidence system were
used to measure simultaneously elastic events at 21 angles and charged inelastic events at 78 m-p angle pairs.
Events were detected by coincidence of pulses indicating the presence of an incident pion, scattered pion,
and recoil proton, and the results were stored in the memory of a pulse-height analyzer. Various corrections
were applied to the data and a least-squares fit was made to the results at each energy. The form of the
6tting function was a power series in the cosine of the center-of-mass angle of the scattered pion. Integration
under the fitted curves gave values for the total elastic cross sections (without charge exchange). The im-
portance of certain angular-momentum states is discussed. The w -p data are consistent with a D13 resonant
state at 600 MeV, but do not necessarily require such a resonant state.

I. INTRODUCTION

HIS experiment constitutes a portion of an ex-
tensive study of the phenomenology of the ~-X

interaction at energies above that of the well-known
(ss, zs) resonance occurring at a Pion kinetic energy of
195 MeV (=1236 MeV total c.m. energy for the Ir-X
system). Differential and total elastic cross sections
were measured for the interactions or+p —&Ir+p and
or p —+or—p. In Fig. 1 we see plots of the total cross
sections for Ir+ —p and Ir —p scattering as functions of
the lab kinetic energy of the pion. The vertical lines
represent the energies at which the measurements of
this experiment were made; they are 310, 370, 410, 450,
490, 550, 600, and 650 MeV. The Ir+—P interaction was
studied at all eight energies; for Ir —P, 310 MeV was
omitted.

Many experiments have been performed at energies
below 310 MeV. This low-energy region, dominated by
the (z,—,') resonant state, is understood quite well.
Recent extensive measurements at 310 MeV by I'oote
et al. , Hill, Rugge, and Vik have given a fairly complete
description of the m-X interaction at that energy. ' Also,
considerable information is available in the energy

' (a) J. A. Helland, T. J. Devlin, D. E. Hagge, M. J. Longo,
B.J.Moyer, and C. D. Wood, Phys. Rev. 134, B1062 (1964);134,
B1079 (1964); (b) C. D. Wood, T. J. Devlin, J. A. Helland, M. J.
Longo, B.J. Moyer and V. Perez-Mendez, Phys. Rev. Letters 6,
481 (1961); (c) Richard D. Eandi, Ph.D. thesis, Lawrence
Radiation Laboratory Report UCRL-10629, 1963 (unpublished).

s (a) M. E. Blevins, M. M. Block, and J. Leitner, Phys. Rev,
112, 1287 (1958); (b) R. R. Crittenden, J. H. Scandrett, W. D.
Shephard, W. D. Walker, and J. Ballam, Phys. Rev. Letters 2.
121 (1959); (c) L. K. Goodwin, R. W. Kenney, and V. Perez,
Mendez, Phys. Rev. 122, 655 (1961); (d) F. Grard, G. MacLeod-
L. Montanet, M. Cresti, R. Barloutaud et a/. , Nuovo Cimento 22,
193 (1961); (e) E. L. Grigoryev and N. A. Mitin, Zh. Eksperim.
i Teor. Fiz. 37 1583 (1959) I English transl. : Soviet Phys. —JETP
10, 1123 (1960)7; (f) M. Kozodaev, R. Suliaev, A. Filli ov, and
Iu. Shcherbakov, Dokl. Akad. Nauk. 107, 236 (1956) English
transl. : Soviet Phys. —Doklady 1, 171 (1956)7; (g) R. S. Mar-
gulies, Phys. Rev. 100, 1255 (1955); (h) N. A. Mitin and E. L.
Grigoryev, Zh. Eksperim. i Teor. Fiz. 32, 445 (1957) (English
transl. : Soviet Phys. —JETP 5, 378 (1957)7; (i) John I. Shonle,
Phys. Rev. Letters 5, 156 (1960); (j) William J.Willis, Phys. Rev.
116, 753 (1959); (k) V. G. Zinov and S. M. Korenchenko, Zh.
Eksperim. i Teor. Fiz. 38, 1099 (1960) LEnglish transl. : Soviet
Phys. —JETP 11, 794 (1960)7; (1) Peter C. A. Newcomb, Phys.
Rev. 132, 1283 (1963).
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range from 550 to 1600 MeV from the experiments of
Helland et al'. , Wood et al. , and Eandi. 2

The purpose of this experiment was to give informa-
tion in the 300—650-MeV region in an attempt to bridge
the gap in the existing data. Several experiments have
been performed in this region. However, the statistical
accuracy of those measurements is quite poor in general,
and in several cases the gap in energy between measure-
ments is quite large.

In the study of the x-S interaction it is of interest to
know the role of the various angular-momentum states.
Such information can be obtained from a partial-wave
analysis, in which the scattering is defined by a set of
phase shifts.

As the energy is increased, a partial-wave analysis
becomes more dificult because of the large number of
angular-momentum states that become important.
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and a second signal from M2 were used in the double-
pulse-rejection system (discussed in Ref. 2a).

In order to reject electronically the electrons and a
portion of the muons, a gaseous-ethylene Cerenkov
counter C was placed near the intermediate image.
Ethylene was chosen because at easily attainable
pressures it has an index of refraction in the proper
range to distinguish between muons and pions at the
energies of this experiment. At 310 MeV an absolute
pressure of 42.5 kg/cm' was required. The Cerenkov
counter is described in Ref. 4.

The array of 46 scintillation counters used to detect
scattered particles is shown schematically in Fig. 3. The
21 m counters were placed to the right of the beam at
various lab angles between 25 and 153 deg. Their
purpose was to detect scattered pions.

The solid-angle region available to protons conjugate
to the pions detected by the x counters was covered by
25 overlapping counters called p counters. The p
counters were combined in 21 groups, each group con-
taining from three to seven counters. Such a group,
called a I' counter, detected all protons conjugate to the
corresponding x counter. The p counter signals for a
given group were added electronically. The way in
which the p counters were combined was different for
each energy of the incident pion beam.

The counter So, shown partly around the hydrogen
target in Fig. 3, was arranged so as to be missed by the
pions in the beam but to be traversed by any pion
scattered from the target into a x counter.

D. Electronic Apparatus

The electronic apparatus consisted of three systems:
the beam-monitor system, the matrix-coincidence
system, and the core storage system. These systems
were very similar to those used in the experiment by
Helland et a/ "Two diffe. rences should be noted: (a)
Changes were made in the beam-monitor system to
improve its frequency response and reliability. (b) A
100-channel core storage was used instead of the
original 64-channel core storage. The matrix-coincidence
system was modified to adapt to the larger core storage.
These changes made possible an increase in the number
of inelastic channels from 42 to 78.

III. ANALYSIS OF DATA

Data were reudced and corrections applied in a
manner similar to that of Helland et al."Two exceptions
were: (a) The necessity of a correction for electron
contamination in the beam was eliminated by the use
of the Cerenkov counter C. (b) Muon-contamination
corrections were smaller than in the experiment of
Helland et ul. , because of the use of the Cerenkov

4 J. Duboc, J. Banaigs, and J. F. Detoeuf, J. Phys. Radium 22,
64A (1961).

.
p counters

M M~g

II

I'10. 3. Plan view of array of scintillation counters.

counter. The muon correction in this experiment ranged
from 2.25% at 650 MeV to 4. 1%%u~ at 310 MeV.

B. Least-Squares Fitted Curves

The curve of the form

do (tt*)—= Q a„cos"8*
dQ

was least-squares fitted to the data. ' The coeKcients

TAsLE I. DiGerential-cross-section data for T =310 MeV.

cos8*

1.000
0.533
0.450
0.355
0.258
0.160
0.045—0.067—0.174—0.308—0.472—0.613—0.720—0.800—0.860—0.903—0.946

do (e*)/do* (mb/srl
~+—p

14.090&1.410
7.102&0.330
6.391~0.408
4.775~0.523
2.722~0.925
2.910+0.621
2.071%0.119
1.646~0.103
1.447&0.104
1.402~0.077
1.699~0.085
2.163~0.104
2.818&0.134
3.549%0.166
3.962~0.205
4.214~0.240
4.786a0.218

'Robert J. Cence, David A. Cheng, and Charles B. Chiu,
Lawrence Radiation Laboratory, Berkeley, California (private
communication).

6 P. CziGra and M. J. Moravcsik, Lawrence Radiation Labora-
tory Report 'UCRL-8523 Rev. , 1959 (unpublished).

IV. RESULTS

A. Differential Cross Sections

The results of the differential-cross-section measure-
ments and the associated errors in standard deviations
are given in Tables I through VIII. The values given
for cosa*= 1.0 are theoretical values obtained from the
optical theorem and dispersion relations. The dispersion-
relations calculation is that of Cence, Cheng, and Chiu. '
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TABLE II. Differential-cross-section data for I =370 MeV. TABLE V. DiGerenti'al-cross-section data for T =490 MeV.

cose*

1.000
0.584
0.510
0.425
0.328
0.228
0.130
0.014—0.098—0.204—0.336—0.496—0.632—0.735—0.811—0.868—0.908—0.949

10.040&1.000
5.524&0.160
4.845~0.157
4.045a0.212
2.933&0.291
1,918&0.404
1.744~0.585
1.349+0.070
0.869a0.056
0.653&0.050
0.596&0.036
0.629+0.038
0.910+0.050
1.219&0.065
1.448&0.081
1.848&0.098
1.995&0.113
2.199&0.108

1.240&0.120
1.305&0.044
1.182&0.052
1.117&0.075
0.899&0.093
0.563~0.114
0.582w0. 142
0.581&0.026
0.447~0.024
0.448&0.024
0.389&0.016
0.429&0.018
0.506+0.022
0.650&0.027
0.740&0.034
0.823&0.041
0.933&0.050
1.000&0.043

do (S*)/dn' (mb/sr)~'—p 7r —p cos8~

1.000
o.685
0.617
0.545
0.466
0,376
0.276
0.173
0.073—0.043—0.154—0.258—0.386—0.538—0.665—0.760—0.830—0.881—0.918—0.954

do./dQ'"
m+ —p

5.170+0.520
3.701a0.091
3.751&0.079
2.960&0.080
2.471~0.112
2.140&0.131
1.279a0.179
0.819&0.220
0.645&0.310
0.419&0.042
0.243&0.028
0.093%0.024
0.061+0.016
0.100~0.019
0.169&0.021
0.241a0.028
0.342%0.031
0.402 &0.038
0.378&0.047
0,353+0.041

(mb/sr)
T —p

3.570m 0.360
1.866m 0.057
1.879+0.046
1.558~0.051
1.433&0.089
1.286&0.097
0.941~0.118
0.620a0.127
0.494&0.165
0.498~0.030
0.288&0.023
0.255~0.020
0.235~0,015
0.321~0.018
0.589w0.026
0.781a0.034
1.009&0.043
1.101a0.057
1.292~0.064
1.513&0.058

TABLE III. Differential-cross-section data for T =410 MeV.

cos8*

1.000
0.639
0.571
0.495
0.408
0.310
0.209
0.110—0.006—0.118—0.223—0.353—0.511—0.644—0.744—0.818—0.873—0.912—0.951

~+—p

8.150+0.810
5.423&0.116
4.375&0.119
3.841&0.142
3.199~0.218
2.065&0.254
1.342 &0.370
1.361+0.363
0.923&0.052
0.551a0.038
0.364a0.036
0.279&0.025
0.284&0.029
0.507a0.036
0.773+0.044
0.912~0.055
1.034&0.066
1.156a0.077
1.137+0.070

5 —p

1.710a0.170
1.542&0.039
1.383&0.044
1.264&0.065
1.192%0.089
0.928w0.094
0.651~0.125
0,661+0.117
0.531%0.026
0.406m 0.023
0.372~0.021
0.358~0.015
0.389&0.017
0.528~0.022
0.680&0.028
0.765%0.034
0.856a0.044
1.050m 0.051
1.149a0.047

do/dn* (mb/sr) a„were determined by the least-squares calculation.
The error matrix of the least-squares fit was used to
determine the errors in the coeKcients.

The diQerential-cross-section data and fitted curves
are plotted in Figs. 4 through 7. The dispersion-
relations points were used in making the fits. For
7r+ —p, a fourth-order fit, i.e., 1V=4, was used at all
energies. For m

—p, a fourth-order fit was used at 370
and 410 MeV, and a fifth-order fit at energies 450 MeV
and above.

The coefficients and their errors are listed for each
energy and charge in Tables IX and X. They are also
plotted as a function of energy in Figs. 8 and 9.

Several criteria were considered in choosing the order
of fit. One criterion was that if a given order were re-

TABLE VI. Di8erential-cross-section data for T =550 MeV.

coso~

1.000
0.628
0.558
0.480
0.392
0.292
0.191
0.091—0.025—0.136—0.241—0.370—0.525—o.655—0.752—0.824—0.877—0.915—0.953

~'—p

6.520&0.650
4.386+0.092
3.552~0.094
3.090&0.126
2.483&0.150
1.844%0.201
1.070&0.306
1.116&0.243
0.634&0.040
0.351&0,032
0.201&0.027
0.104&0.019
0.186%0.019
0.268&0.025
0.357w0.032
0.534a0.040
0,602&0.046
0.599&0.059
0.689w0.051

(mb/sr)
7r —p

2.540&0.250
1.594&0.041
1.494m 0.046
1.412&0.078
1.190&0.088
0.980m 0.107
0.566&0.139
0.670%0.102
0.426&0.026
0.380&0.022
0.276&0.021
0.255&0.015
0.355&0.018
0.496&0.023
0.717&0.030
0.917&0.039
1.077&0.047
1.197&0.059
1.161&0.053

TABLE IV. DiGerential-cross-section data for T =450 MeV.

coso~

1.000
0.728
0.671
0.600
0.526
0.445
0.354
0.251
0.148
0.047—0.070—0.180—0.283—0.408—0.556—0.679—0.771—0.838—0.887—0.922—0.957

da/dn*
m+ —p

3.850&0.380
3.046%0.068
2.792+0.065
2.661&0.055
2.192a0.060
1.771&0.078
1.403&0.085
0.923&0.121
0.523%0.184
0.418&0.194
0.299&0.026
0.154&0.020
0.067+0.018
0.053&0.014
0.104~0.014
0.138&0.016
0.152%0.020
0.155m 0.023
0.146&0.027
0.125&0.032
0.133~0.026

(mb/sr)
& —p

5.410a0.540
2,951+0.075
2.702&0.071
2.422&0.057
2.061&0.063
1.634~0.082
1.419&0.095
1.014~0.124
0.567&0.175
0.413~0.183
0.189&0.031
0.161~0.023
0.133&0.022
0.190~0.016
0.406~0.022
0.724a0.031
1.031~0.040
1.219~0.056
1.394a0.065
1.832a0.084
1.696~0.075
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quired at a certain energy, no lower order was ever
chosen at a higher energy. This corresponds to the
principle that as the energy increases, the number of
partial waves taking part in the scattering should not
decrease.

An interesting test was made by comparing the hts
obtained with and without the dispersion-relations
point. In almost every case, the two Q,ts for the chosen
order were nearly identical.

An important consideration was the standard y' test.
The goodness-of-fit parameter, (y'/d)U', for which d is
the number of degrees of freedom, was calculated for
each order. The chosen order was the lowest one for
which an increase in the order gave little change in the

TABLE VII. Differential-cross-section data for T =600 MeV.

l4'

I2

IO

T~ = BIO MeV

0
I 2

$

IO'
E

T~ = 370 MeV

l6f I / i / I ( I / I / I f I / I
/

I

cose~

1.000
0.718
0.659
0.586
0.511
0.428
0.335
0.231
0.127
0.026—0.090—0.200—0.302—0.425—0.570—0.691—0.779—0.844—0.891—0.925—0.958

2.890%0.290
2.340&0.055
2.118&0.052
1.994&0.044
1.576a0.050
1.406&0.068
1.041&0.071
0.669~0.097
0.419&0.167
0.384+0.105
0.200+0.022
0.108&0.019
0.068&0.019
0.043&0.016
0.091~0.016
0.182+0.018
0.151&0.020
0.135%0.022
0.107~0.024
0.126&0.027
0.082~0.027

6.930&0.690
3.778&0.088
3.289&0.082
2.995+0.069
2.462&0.075
1.888w0.087
1.449&0.097
1.037&0.133
0.569&0.238
0.356&0.156
0.207&0.029
0.081&0.023
0.103&0.024
0.185&0.022
0.449&0.026
0.640+0.034
0.950&0.045
1.028&0.053
1.155&0.064
1.216&0.079
1.340m 0.072

do /dQ~ (mb/sr)
~+—p x' —P

Cg

b

4

a a a~
0 I I I I I I l I I I I I I I I I I I I

8'
T~ = 4IO MeV

4-

2-

0
I,O

I s I t I i I & I i P i +~I'
0.8 0.6 0.4 0.2 0 —0.2 -0.4 -0.6 -0.8 -I.O

Cos 8+

FIG. 4. Differential-cross-section data and 6tted curve for ~+—p;
T =310, 370, and 410 MeV.

cose*
dn/da' (mb/sr)

1.000
0.708
0.648
0.573
0.496
0.412
0.317
0.212
0.107
0.006—0.110—0.219—0.320—0.441—0.584—0.701—0.787—0.850—0.895—0.928—0.960

2.340&0.230
1.786&0.046
1.599w0.047
1.590&0.039
1.301&0.048
1.048&0.058
0.795+0.064
0.496&0.087
0.240&0.104
0.168&0.143
0.111&0.023
0.009&0.019
0.072~0.018
0.128&0.016
0.158&0.018
0.171&0.020
0.233&0.021
0.207&0.023
0.151~0.028
0.121~0.029
0.125~0.027

6.430&0.640
3.170&0.085
2.756&0.081
2.379&0.064
1.951&0.077
1.444&0.086
1.228+0.096
0.833&0.125
0.252&0.155
0.155&0.226
0.171&0.033
0.153&0.025
0.204&0.027
0.343&0.024
0.618&0.032
0.676&0.039
0.820&0.045
0.797&0.050
0.650&0.059
0.763&0.064
0.755&0.058

TABLE VIII. Differential-cross-section data for T =650 MeV. goodness-of-fit parameter. Except for a few cases in
which the other previously mentioned criteria indicated
strongly that a higher order was needed, the p' test
determined the order of 6t. The goodness-of-6t param-
eter, the order of Qt, and the number of degrees of
freedom for each energy are listed in Table XI for
m.+—p and Table XII for ~ —p.

C. Total Elastic Cross Sections

By integrating under the 6tted differential-cross-
section curves, measurements of the total elastic cross
section were obtained. These values and their errors are
listed in Table XIII and plotted as a function of energy
in Fig. 10.

V. DISCUSSION

A. Partial-Wave Equations

In the study of the pion-nucleon interaction, it is of
interest to know how the various angular-momentum
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TABLE IX. COeKCientS Of pOWerS Of COS8~(Ir+ —p).

Coeffi-
cients 310 370

Pion kinetic energy in lab system (Mev)
410 450 490 550 600 650

ao
ag
ag
as
a4

1.958 &0.051
4.697 ~0.253
8.925 &0.472
0.297 &0.644—0.719+0.754

1.256 +0.031
3.968~0.140
5.670 ~0.209
0.193a0.416—0.314+0.440

0.905 +0.036
3.558 +0.167
5.112+0.218
0.249 +0.458—0.871 &0.485

0.691~0.026
3.038 &0.118
4.260 +0.147
0.305 &0.329—0.880 &0.334

0.554 &0.034
2.692 ~0.138
3.771 &0.171—0.022 +0.353—1.280 +0.362

0.412 ~0.017
1.988~0.068
2.960~0.088
0.053 &0.162-1.272 &0.171

0.312 +0.015
1.546 +0.060
2.446 ~0.087
0.044 &0.144—1.234 &0.158

0.207 &0.022
1.192 &0.070
2.348 &0.118—0.102 &0.168—1.440 &0.194

states participate in the scattering. Particularly, one
would like to know what states, if any, are dominant.
One approach to this problem is to examine the be-
havior, as a function of energy, of the coefficients of a

I I I I I I I I I I I I I I I I' I

T» = 450 MeV

cosine-power-series expansion of the differential cross
section.

The partial-wave expansion of the diRerential cross
section for a spinless particle (pion) and a spin--,
particle (proton) is

~ (8*)
=

) g L(1+1)A~++lA I jP~(cos8*) ~'
dQ*

(A &+—A i )PP (cos8*)
/=1

(2)

The index l represents the orbital angular-momentum

2-
I I I ~ I I I I I I I I I I

T» = 370 MeV

0
!

5
T» = 490 MeV

0

~I ~~I

I %~g~ ~~$
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T» = 550 MeV
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T» = 650 Mey

I

Q I I I I I I I I I 5 H I+ ~~ I . r I

I.O 0.8 0.6 0.4 0.2 0 -0.2 -0.4 -0,6 -0.8 -I,O

Cos 8

0
I.Q 0.8 0.6 0.4 0.2 0 -0.2 -0.4 -0.6 -0.8 -I.O

Cos e+
FIG. 5. Differential cross-section data and fitted curve for w+ —p;

T =450, 490, 550, 600, and 650 MeV.
I'IG. 6. Differential cross-section data and fitted curve for m

—p;
T =370, 410, 450, 490, and 550 MeV.
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TAnLE X. Coefficients of powers of coss*(~ —P).

Coeffi-
cients 370 410

Pion kinetic energy in lab system (Mev)
450 490 550 600 650

ao
af
au
ag
a4
as

0.561 +0.014
0.964 &0.045
1.076 ~0.098—0.858 +0.089—0.449 ~0.126

0.537 &0.013
1.092 &0.045
1.285 &0.085—0.786 +0.104—0.290 &0.134

0.497 &0.021
1.316+0.092
1.371 &0.139—1.220 ~0.377
0.080 %0.233
0.460 &0.361

0.518+0.029
1.501 +0.115
1.347 W0.194—1.425 ~0.469
0.621 ~0.352
0.773 &0.495

0.347 +0.029
1.718%0.112
3.095 +0.218—0.501 %0.485
0.138~0.390
0.117&0.558

0.343 +0.024
2.039 %0.094
4.081 +0.193—0.041 &0.405—0.608 &0.360
0.439 +0,482

0.274 +0.034
1.371 ~0.121
3.914+0.263
0.332 +0.523—1.057 +0.469
0.847 +0.609

state, and the + and —superscripts indicate that the
total angular momentum J is /+ ,' or i—-—,', respectively.
The functions P~(cos8*) and PP (cos8*) are, respectively,
the Legendre polynomial and the erst associated
Legendre polynomial of order l. The partial-wave
scattering amplitude A~+ can be written as a function
of the real part of the phase shift b~+, the absorption
parameter g~+, and the c.m. wave number k:

If the summations in Eq. (2) are cut off at a valuel, , that expression can be expanded and the terms
recombined in the form

(4)

This expansion relates the coefficients a„ to the partial-
wave amplitudes. )See Eq. (16) of Ref. 2a.)

B. Interpretation of sr+-p Results

The 7r+ —p coefEcients are plotted versus energy in

Fig. 8. The smooth behavior of the coefFicients indicates
that little of interest is occurring in the T= ~ state in
this energy range. Below 300 MeV we know that the
scattering is dominated by the P» state, resonant at
about 200 MeV. The smooth decrease in ao, a1, and a2

in going from 300 to 700 MeV can easily be recognized
as a result of the decreasing importance of the F33 state.

One observation regarding the D-wave phases can be
made from a consideration of the coefficient a4. Since a
fifth- or higher-order fit was not needed, we are fairly

8 I- I i I ~ I ~ I
TABLE XI. Order of fit (g), degrees of freedom (d), and goodness-

of-fit (x'/d)'" parameter at each energy (s.+—P).

T~ = 600 MeV Energy

310
370
410
450
490
550
600
650

12
13
14
14
15
16
16
16

0.788
0.793
1.174
1.051
1.442
1.032
1.077
1.438

Vl 2
J3
E

0

b

I ~ I ( I i I i I i 4—a i I & I

T = 650 MeV

a4 ——45 Re(Dss*Dss)+ (45/4)
~
Dss ~'. (5)

From Fig. 8 we see that a4 is negative. Since the second
term in Eq. (5) is positive definite, the first term must

be negative. This implies that the D33 and D35 phases
have opposite signs.

confident that Ii waves can be neglected. With this

assumption, we have

3—

2—

I

I.O 0.8 0.6 0.4 0.2 0 -0.2 -0.4 —0.6 -0.8 -I.O

Cos 8

Fro. 7. Differential-cross-section data and fitted curve for ~ —P;
T =600 and 650 MeV.

Energy

370
410
450
490
550
600
650

13
14
13
14
15
15
15

0.991
0.911
1.124
1.301
1.158
0.878
1.123

TABLE XII. Order of fit (E), degrees of freedom (d), and goodness-
of-fit (x'/d)'" parameter at each energy (x —p).
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IO—

6—
E

0
-I—
-2—

200 400 600
T~ (MeV)

800

ated with peaks in both the total cross section (Fig. 1)
and the total elastic cross section (Fig. 10).

Several explanations have been given for the 600-MeV
enhancement. Peierls, on the basis of photoproduction
measurements, ascribed the enhancement to a resonance
in the D» state. ~ Bareyre et ul. have recently reported

of powers of cp evidence that a D» resonance is not sufficient, and that
plotted versus pion a reso nance in either the S~~ or P~~ state may occur at
&"«V '+ P) — . about 43O Me& in addition to a Di3 resonance at 6OO

MeV. Further suggestion of two resonant states is
given by the recent partial-wave analysis by Roper. '

C. Interpretation of m -p Results

Next, let us consider the more complicated m= —p
situation. The presence of both isotopic spin states
makes the interpretation of the coeS.cients dificult.
However, we have seen that the T=—,

' states are in
general of small amplitude and slowly varying in this
energy range.

The m —p coefficients are plotted versus energy in
Fig. 20. Considerable structure is apparent in the region
aronnd 600 MeV. This structure appears to be associ-

50

E 40

30

b
20

IO

0
300 400 500

T~ (MeV)

600 700

FiG. 10. Total elastic cross sections plotted versus pion energy.

40

o I-
E

I-
0

E —I-

0
E —I

-2-
-3-

200

02

Og

400 600 BOO

FIG. 9. CoefFicients
of powers of coso *
plotted versus pion
energy (m. —p). The
dashed lines show the
higher energy behavior
as indicated by the
results of Helland et al.
(Ref. 2a).

Neither a P~~ nor a D» resonance fits in the scheme
of the Regge-pole hypothesis. " Furthermore, the
nucleon itself can be considered as a P~~ ~-X state, and
one would not expect two distinct resonances with
identical quantum numbers. Such theoretical difhculties
and various other considerations have led many to
believe that the 600-MeV enhancement is a result of
inelastic processes. Ball and Frazer have pointed out
that a rapidly increasing inelastic cross section may
give rise to a peak in the elastic cross section. "Such a
behavior could also be associated with certain promi-
nent angular-momentum states.

Im
I.O

T~ (MeVI

Energy
~t,t ei (mb)

TABLE XIII. Total elastic cross sections from integration
of differential cross sections.

FIG. 11.Circles show-
ing the locus of Breit-
Wigner scattering am-
plitudes for three values
of the parameter x
(where x=I', i/I").

310
370
410
450
490
550
600
650

60.19&1.41
38.74&0.73
30.59&0.66
24.31&0.49
19.55w0.46
14.38&0.19
11.06&0.18
8.82~0.22

~ ~ ~

10.42&0.17
11.40&0.16
12.19&0.26
13.71&0.35
16.98&0.37
19.87a0.34
17.19a0.45

-0.5 0.5
7 Ronald F. Peierls, Phys. Rev. 118, 325 (1960).
P. Bareyre, C. Bricman, G. Valladas, G. Villet, J. Bizard, and

J. Seguinot, Phys. Letters 8, 137 (1964).' L. David Roper, Phys. Rev. Letters 12, 340 (1964)."P.Carruthers, Phys. Rev. Letters 10, 540 (1963)."J.S. Ball and W. R. Frazer, Phys. Rev. Letters 7, 204 (1961).
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TABLE XIV. Breit-Wigner parameters assumed
fOr Pss, D1s, and J 15 reSOnanCeS.

0.4
kIm Pj/p

State

Psa
D1s
~15

1238
1512
1688

~=r.|/r
1.0
0.8
0.9

165
110
100

FIG. 13. Assumed
behavior of the S1I2,
P1I2, and D15 am-
plitudes.

0.2—

O. l—

0 I

400

Re Schiz Re Phiz =0

500 600
T~ (MeV)

TOO

alld
~=r.,/r

& = (2/r) (&~ &) .

In terms of these symbols,

kA =x/(e —i).
If the polar form of kA is used, that is,

ua = (u~ ie~(io),
one can show

&=cot8
aild

ill i
=x sine.

(10)

(12)

Thus, if the elasticity x is constant, the amplitude
kA lies on a circle of radius x/2, as shown in Fig. 11.

In order to assess the compatibility of the data of this
experiment with a D» resonance, we shall assume that
a D» resonance with a Breit-Wigner form is present and
attempt to fit the energy variation of the vr —p co-

0.6

0.5

0.4

0.3

0.2

O. i

A few general remarks about resonances are in order.
The Breit-Wigner resonance theory predicts for an
elastic resonant amplitude the form"

ka =r.,/L2(z, —z)—ir].
Here, F,i and F are the elastic and total widths of the
resonance. The total c.m. energy is E and the resonant
energy is E&. It is convenient to introduce the notation
of Watson et al. ,

"

efficients. Certain reasonable assumptions will be made
about the other states involved. The accuracy of the
fits will determine the compatibility of the data with the
assumptions.

In this rough analysis we shall neglect the effects of
the states whose amplitudes we would expect to be
small, namely, the P», D», D», and J» states, and all
states with total angular momentum J)2. Experiments
at higher energies have indicated that the Fi5 state is
resonant and the Diq amplitude large (or vice versa) at
about 900 MeV. ' We shall assume an Fi5 resonance at
900 MeU with a Breit-Wigner form. A Breit-Wigner
form for the P33 resonance will also be used, the width
being such as to agree at 310MeV with the partial-wave
analysis by Foote et al. 'b The parameters x, F, and Ez,
which we shall use for the P33, D», and F&5 resonances,
are given in Table XIV. Those for the D» and Fi5 states
were either taken directly from or estimated from the
work of Omnes and Valladas. "These parameters were
chosen somewhat arbitrarily and should not be taken
too seriously.

The real and imaginary parts of the resonant ampli-
tudes are plotted versus energy in Fig. 12. On the low-

energy side of the D» and F» resonances, multiplicative
factors were put in to bring the amplitudes to zero. This
was necessary because of the simplifying assumption
that the F's were constant.

The behavior assumed for the Si/2, Pii~, and Dis
states is shown in Fig. 13. Motivation for the assump-
tions made is given in the ensuing paragraphs.

Let us now consider the coefEcient ao. The iD3i2i'
term gives a positive peak at 600 MeV, as shown in
Fig. 14. From Fig. 9 we see that no such peak appears
in ao. However, if we assume that the real part of the
S&i2 amplitude is negligibly small and that the imaginary
part is constant at a value 0.27, the Si/2D3i2 interference
term cancels the effect of the iD»&i' term. The Sl(2D3ig

-0 I—

—0.3
300 400

-0.2—
Re P33

I
f I

500 600
T (MeV)

I

&00 800

FIG. 14. Contri-
bution to ao from
iD3(a[' and Sii&g2
terms.

1.0

0,5

0
E

—0.5

FIG. 12. Assumed resonant behavior of the
Pss D», and F» amplitudes.

-I .0 I

400
1 I

500 600
T~ (MeV)

700

'2 J. M. Blatt and V. F. Weisskopf, Theoretical ENclear Physics
(John Wiley R Sons, Inc. , New York, 1952), p. 400.

's M. B. Watson, M. Ferro-Luzzi, and R. D. Tripp, Phys. Rev.
131, 2248 (1963).

'4 R. Omnes and G. Valladas, in Proceedings of the International
Conference on Elementary Particles, Aix-en-Provence, September
1961 (Centre d'Etudes Nucleaires de Saclay, Seine et Oise, 1961),
Vol. I, p. 467.
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1.5

0
400 500 600

T» (MeY)
700

FIG. 15. Contri-
bution to a2 from
IDs/2I' and S'l2Dllm
terms.

l,p—

h

0

- l.0
400

Pl/2

Ps+, 03i2

500 600
T»(MeV)

I

700

FIG. 18. Contri-
bution to a~ from
+1/2D3/2p +3/2D3/2p
and D~/21" ~/2 terms.

-3
400

0e12

I I

500 600
T (MeY)

I

700

FIG. 16. Contri-
bution to a4 from
D3/2Df, /2 term.

bine to produce a large peak, as shown in Fig. 15. This
is consistent with the large positive peak in a2 shown in

Fig. 9.
The general trend in the coefficient a4 appears to be

consistent with a Dal~qlm interference for which the
D5/2 amplitude has the form shown in Fig. 13. The
contribution to a4 from this term is plotted in Fig. 16.

The contribution to a3 from P3/2D3/2 interference is
shown in Fig. 17 together with that from D5/2F5/2
interference. These two terms give the proper trend
ln C3 ~

The states discussed so far do not give a good pre-

term is shown with the IDal2I' term in Fig. 14. The
assumption of a pure imaginary S-wave amplitude is
not unreasonable in view of the fact that one would

expect inelastic scattering to be most important in the
low-angular-momentum states. Furthermore, since the
» —p amplitude is a combination of two amplitudes,
it could be pure imaginary even though the phase shifts
for the individual isotopic spin states may be pure real.
If 2 Re S~~= —Re S3~, the resultant S~/2 amplitude for
» p is pure imaginary.

The same two terms,
I
D3l2 I

' and S'l+3 lm, which have
opposite signs in ao, have the same sign in a& and com-

diction for the coe%cient a~. Both the P3/2D3/2 and
Ds/2F5/2 terms give little contribution to a~ at 600 MeV,
as shown in Fig. 18. However, a 2-mb peak in u~ is
indicated by the data in Fig. 9. The only other state
that could interfere with the D3/2 state and contribute
to u& is the Pj/2 state. If we assume, as we did for the
S&/2, that the P&/2 amplitude is pure imaginary and
constant, the P]/2D3/2 contribution to a~ is as shown in

Fig. 18. Furthermore, the P] /2D3/2 interference term
does not contribute to any other coefficient.

Thus one can see the motivation for choosing the
forms of the amplitudes given in Figs. 12 and 13.Using
these amplitudes and considering all the terms that
contribute to each coeKcient, we obtain the behavior of
the coefFicients shown in Fig. 19. The data of this

2—
I -g ap

0

5—
4

2 — 0 2

0
E -

I

-2—

—4

-2—
0)

JD
E

Pggg D

I
— 05

0

I

04
0

—
I

—2-
400

I I

500 600
T (M6V~

I

700

-6
400

I

500
T (Mev)

t

600
I

700

FIG. 3.7. Contribution to a3 from P3/2D3/2 and D5/2F~/2 terms.

Fn. 19. Energy dependence of x —p coefBcients ao, ay, a2, and
a3, a4, and as, using the scattering amplitudes in Figs. 12 and 13.
The data are plotted again for comparison. ~, this experiment;
o, Helland el at (Ref. 2a). .
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simplifying assumptions made. This does not prove the
existence of a resonance in the D» state, but shows that
the data appear to be consistent with a D» resonance.

The amplitudes chosen to fit the coefficients of the
angular distributions can also be used to predict the
polarization of the recoil proton. In Fig. 20 the pre-
dicted polarizations for 523, 572, and 689 MeV are
plotted with the data of Eandi. "Although the agree-
ment at 523 MeV is not very good, the predictions for
572 and 589 MeV fit the data very well.

In regard to the evidence for two resonances in the
400—700-MeV region, it can only be said that in this
rough analysis the necessity of a second resonance was
not apparent.

In summary, we can say that the D» state rises to
prominence in the energy region from 400 to 700 MeV.
Furthermore, it appears that the m

—p differential-
cross-section data are consistent with a D~3 phase shift
that passes through 90 deg. However, an alternative
explanation cannot be ruled out. Because of the im-
portance of inelastic processes, the D» resonance, if
indeed it may be called a resonance, may be of a nature
fundamentally different from that of a bound-state type
of resonance, associated with a Regge pole. Further
investigation will be necessary to resolve these un-
certainties. Accurate polarization and charge-exchange
measurements should aid in a better understanding of
this problem.

E zo. 20. Predicted recoil-proton polarization at 523, 572, and 689
MeV. The data are those of Eandi (Ref. 2d).

experiment and the 698-MeV data of Helland et al."
are also plotted in Fig. 19.

One can see that the agreement between the data and
the predictions is fairly good in view of the many
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