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We measured elastic-scattering angular distributions for ic+-\-p scattering at 1.5, 2.0, and 2.5 BeV/c using 
spark chambers to detect scattered pions and protons. A bump that decreases in amplitude with increasing 
momentum is observed in the backward hemisphere in the 1.5- and 2.0-BeV/c distributions, but is not 
observed in the 2.5-BeV/c distributions. It appears reasonable to attribute this phenomenon to the 1.45-
BeV/c resonance observed in the ir+-\-p total cross section. The data are compared with ir~-\-p data and are 
found to support the theoretical prediction that the scattering cross sections for both charge states should 
become equal at high energies. We fit the angular distributions with a power series in cos0*, and compare 
the extrapolated values for the scattering cross section in the backward direction with the calculation of the 
neutron-exchange pole contribution to the cross section. The "elementary" neutron-pole term contribution 
is calculated to be 90 mb/sr at 2.0 BeV/c, in violent disagreement with the extrapolated value, ~0.5 mb/sr. 

I. INTRODUCTION 

THE elastic-differential cross sections of positive 
pions on protons at incident-pion momenta of 1.5, 

2.0, and 2.5 BeV/c have been measured for pion-
scattering angles greater than about 9 deg in the 
laboratory system. The existing evidence concerning 
the pion-nucleon interaction at high energy can be 
summarized as follows: 

At about 1.5 BeV/c, the ir++p total cross section 
appears to have a broad resonance, whereas from 2 
BeV/c upward the variation of the total cross section 
with energy is smooth and slowly decreasing.1,2 Our 
lowest momentum measurement coincides with the 
highest momentum ir++p resonance known. For con­
venience, we shall refer to the entire region below 
2 BeV/c as the "resonance region" of pion-nucleon 
interactions. 

The behavior of the ir+-{-p and ir~+p total cross 
sections from 2.5 BeV/c upward can be described as an 
approach to an asymptotic high-energy limit. At that 
high-energy limit the behavior is predicted to be very 
simple3; the total cross sections for ir+-\-p and w~+p 
should approach the same value; the elastic total and 
differential cross sections should also become equal; 
and the charge-exchange cross section should go to zero. 
Additionally, recent dispersion theories4 lead to specific 
conjectures about the behavior of the differential-elastic 
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cross section with energy for the low momentum-
transfer (diffraction-scattering) region. 

The purpose of our measurements was to extend the 
known w++p elastic-differential cross section from the 
resonance region to the beginning of the asymptotic 
region. Three things will be discussed specifically: first, 
the effect of the 1.45-BeV/£ T++p total cross-section 
"resonance" on w+-\-p and ir-\-p elastic scattering; 
second, the degree to which the 7r++^ and ir-\-p elastic 
cross sections become similar as the incident-pion 
momentum increases; third, the evidence of a peak in 
the backward-scattering region. 

II. EXPERIMENTAL METHOD AND RESULTS 

The measurement was carried out at the Bevatron 
during an extensive experiment on K+ interactions by 
Cook et al.b During the time that the Bevatron beam 
was being used primarily for another experiment, the 
i£+-beam apparatus was tuned for 7r+. About 5 % of the 
internal proton beam provided sufficient 7r+ flux for this 
experiment. Since the equipment used was the same as 
in the K+ experiment and is discussed in detail else­
where,5 only a very brief description is given here. The 
apparatus, Fig. 1, consisted of a 4-ft-long hydrogen 
target surrounded on the front and sides in the hori­
zontal plane by three spark chambers which were in 
turn surrounded by an array of scintillation counters. 
The chambers were pulsed when the counters indicated 
an interaction had occurred with at least two roughly 
coplanar outgoing particles. The three spark chambers, 
each with a 90-deg stereo view, were photographed on a 
single film frame. 

All of the film was scanned at the Lawrence Radiation 
Laboratory and separately scanned at the University 
of Michigan. We selected elastic events by requiring 
that the events be coplanar within 3 deg and that the 

5 V. Cook, D. Keefe, L. T. Kerth, P. G. Murphy, W. A. Wenzel, 
and T. F. Zipf, Phys. Rev. 129, 2743 (1963). 
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FIG. 1. Horizontal section of the 
apparatus. The heavy lines represent 
scintillation counters. Those labeled S 
are the spark chamber trigger 
counters; A indicates anticounters; 
B is the target defining counter. A 
typical scattering event is indicated 
schematically. 

Tilted mirrors 
for stereo-views 

Beamc£> 

angles of the proton and pion differ no more than 4 deg 
from the kinematic prediction. Actually 80% of all 
events accepted as elastic were coplanar within 2 deg 
and agreed with the kinematic prediction within two 
degrees. The total number of pictures taken was about 
25 000, of which 3307 were finally accepted as elastic. 
We corrected the data for geometric bias introduced 
by the counters, scanning bias, beam attenuation in 
the hydrogen target, absorption of the scattered proton, 
loss of elastic events by nuclear and multiple scattering, 
contamination by inelastic events from the hydrogen, 
and IJL+ and e+ contamination in the beam. 

The results are given in Figs. 2, 3, and 4. The 0* is the 
angle of the scattered pion in the barycentric system. 
Statistical errors and uncertainties in corrections 
contribute approximately equal amounts to the total 
ir++p errors. In addition to the errors shown, there is 
an over-all uncertainty of ± 1 5 % in the absolute 

FIG. 2. Elastic-
differential cross sec­
tion at 1.5 BeV/c for 
7r+Jrp and ir~-{-p 
(forward point from 
reference 9; other 
data from reference 
8) in the barycentric 
system against the 
angle of the scattered 
pion in that system. 
The backward peak 
at cos0 = — 1 in the 
Tr~-\-p cross section 
is a result of the 
fitting procedure. 

normalization due largely to uncertainties in M+ and e+ 

contamination. To simplify the comparison with ir~+p, 
the corresponding ir-\-p differential cross section6-8 are 
also shown. The errors on the TT points are not shown 
but are about the same size as the ir+ errors. Normaliza­
tion uncertainties are about the same for both 7r+ 

and 7T_. 
The data are also presented in Tables I, I I , and I I I . 

In the calculation of the values of da/dQ at 0 deg, we 
derived the imaginary part of the forward-scattering 
amplitude from the total cross sections given in refer­
ence 2. The real part of the forward-scattering ampli-

FiG. 3. Elastic-
differential cross sec­
tion at 2.0 BeV/c for 
ir+-\-p and iT+p 
(two most forward 
points from refer­
ence 10; other data 
from reference 8) in 
the barycentric sys­
tem against the angle 
of the scattered pion 
in that system. 
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FIG. 4. Elastic-
differential cross sec­
tion at 2.5 BeV/c for 
ir+-\-p and ir~-\-p 
(from reference 8) in 
the barycentric sys­
tem against the angle 
of the scattered pion 
in that system. 

tude was taken from the calculation of Cronin,9 except 
that his assumption of constant behavior of the total 
cross section at very high energy was replaced by the 
asymptotic behavior of the total cross section given in 
reference 2. The total elastic scattering cross sections 
for 7r+ and ir~ are given in Table IV. 

The 7T+—p and T~—pQ distributions have been fitted 
with a power series in (cos#*)w. At 2.5 BeV/c, both 
distributions require at least 10th or 11th order terms, 
and the same is true of the ir~—p data at 2.0 BeV/c. 
The best values for the power-series coefficients for the 
1.5- and 2.0-BeV/c data are given in Table V, and the 
cross sections calculated from these coefficients are 
plotted in Figs. 2 and 3. 

III. DISCUSSION 

First, we consider the comparison of the ir^+p and 
7r~+p differential cross sections at 1.5 BeV/c. The 
diffraction peaks are quite similar, but the 7r++^ has a 
large backward "bump" (to be distinguished from 
backward "peak" which refers to the peak at 

TABLE I. Elastic-differential cross section for w+p scattering 
at 1.5-BeV/c incident-7r momentum. 

COS0* (mb/sr) COS0* 
d<r/d£l 

(mb/sr) 

1.00 
0.838 
0.75 
0.55 
0.45 
0.2 
0.05 
0.15 

12.7 ±1.24 
2.42=1=0.36 
1.65=1=0.25 
0.30=1=0.07 
0.44±0.09 
0.31=1=0.05 
0.47±0.09 
0.82=1=0.14 

-0 .25 
-0 .35 
-0 .45 
-0 .55 
-0 .65 
-0 .75 
-0 .85 
-0.915 

1.02=b0.15 
1.14=1=0.17 
0.98±0.15 
0.91±0.14 
0.66=1=0.11 
0.51=b0.09 
0.39±0.08 
0.78=b0.23 

TABLE II . Elastic-differential cross section for i?+Jrp scattering 
at 2.0-BeV/cincident-x momentum. 

COS0* 

1.00 
0.882 
0.825 
0.75 
0.65 
0.55 
0.45 
0.2 

-0 .05 

d<r/d& 
(mb/sr) 

10.4 ±0.96 
3.84=1=0.57 
2.93=b0.44 
1.60=1=0.24 
0.54=1=0.11 
0.47=1=0.10 
0.37=1=0.09 
0.33±0.05 
0.22=1=0.06 

cos0* 

-0 .15 
-0 .25 
-0 .35 
-0-45 
-0 .55 
-0 .65 
-0 .75 
-0 .85 
-0.915 

da/dQ 
(mb/sr) 

0.31±0.08 
0.19±0.06 
0.35=1=0.09 
0.34=1=0.09 
0.24±0.06 
0.21=1=0.05 
0.10=1=0.03 
0.03=1=0.02 
0.05±0.05 

cos0*= — 1) which reaches a maximum of 1.1 mb/sr at 
about cos0*= — 0.5, whereas the ir~-\-p only reaches 
about 0.3 mb/sr. Thus, the effect of the isotopic spin-3/2 
"resonance," which appears at 1.45 BtV/c in the ir++p 
total cross section, may also be evident in the ir++p 
elastic cross section and, to a lesser extent, also in the 
<K~~-\-p elastic cross section. 

At 2.0 BeV/c the ir+-{-p cross section is still greater 
than the TT-\-p cross section; the total elastic cross 
section is about 25% greater; and in the region outside 
of the forward scattering peak, from cos#*=+0.2 to 
cos0*= — l.O, the average differential cross section is 

TABLE III. Elastic-differential cross section for ir+Jrp scattering 
at 2.5-BeV/c incident-T momentum. 

COS0* 

1.00 
0.916 
0.87 
0.825 
0.75 
0.65 
0.50 
0.30 

da/dn 
(mb/sr) 

13.9 ±1.4 
3.12±0.47 
2.50=1=0.38 
1.55=1=0.23 
0.70±0.11 
0.29=b0.06 
0.16=1=0.04 
0.17=1=0.04 

COS0* 

0.10 
-0 .10 
-0 .30 
-0 .50 
-0 .70 
-0 .85 
-0.925 

da/dtt 
(mb/sr) 

0.08±0.02 
O.lOiO.03 
0.02=1=0.01 
0.06=1=0.02 
0.07±0.02 
0.06=1=0.02 
0.09=1=0.05 

0.21±0.035 mb/sr for w++p compared to 0.16±0.025 
mb/sr for ir~Jrp. However, at 2.5 BeV/c the total 
elastic and differential-elastic cross sections are the 
same within the errors of this experiment. 

Thus, although 2.5 BeV/c is only the beginning of the 
asymptotic region, the elastic-differential cross sections 
are already the same within the errors of these experi­
ments, namely, within about 25%. Thus, this experi­
ment supports the general picture that for increasing 
incident-pion momenta above the region of pion-proton 
resonances, not only are the total pion-proton cross 
sections becoming independent of the pion charge, but 

TABLE IV. Total elastic scattering cross sections in mb. 

7Vab (BeV/c) VjrP ~+P 

1.5 
2.0 
2.5 

13.8=1=2.0 
10.6=1=1.5 
6.9=1=1.0 

10.4±1.5 
8.0=1=1.5 
7.3=4=1.1 

9 J. W. Cronin, Phys. Rev. 118, 824 (1960). 
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TABLE V. Best values found for coefficients of cos0 power-
series fits to the T+—p and iT—p elastic-scattering angular 
distributions. 

p^lab (BeV/c) 
Order of best fit 
P(x>) 
F* 
O>Q 

a>\ 
0,2 

as 
di 

as 
a6 
ai 

7T+-

1.5 
6 
0.16 
0.16 

0.47±0.07 
-1 .03±0.31 

3.37db0.93 
-0.12±1.42 

-13.97±3.05 
5.55dbl.52 

16.69±2.67 

-P 

2.0 
6 
0.60 
0.14 

0.22±0.03 
0.52±0.16 
1.41 ±0.46 

-3.79±0.79 
-6.18±1.53 

7.97±0.92 
9.68±1.36 

IT —p 

1.5 
7 
0.48 
0.75 

0.15±0.02 
-0.09±0.13 

1.15±0.36 
2.36d=1.24 

-5.99±1.31 
-9.42±3.37 

8.75±1.25 
12.23±2.64 

a Probability that next highest term is zero, calculated using the Fisher 
" F " test. 

the elastic-differential cross sections are also becoming 
independent of the pion charge. 

Finally, we consider the possibility of a backward 
peak in the differential cross section. We observe that 
the power-series fits to the 7r++p angular distributions 
at 1.5 and 2.0 BeV/c indicate the presence of a peak at 
cos0*= — 1 in both of these distributions.10 We must 
point out, however, that we have no data in the crucial 
region between cos0*=—0.95 and —1.0. Thus we 
depend upon extrapolated curves which indicate the 
presence of considerable structure in the backward 
region. This is particularly noticeable in the curve fitted 
to the data at 1.5 BeV/c shown in Fig. 2. There were no 
measurements made beyond cos0*= —0.85 for this 
process, so the backward peak is a result of the fitting 
procedure. (The peak is much smaller in the next 
highest order fit to these data.) 

The lowest order diagrams which contribute to back­
ward ir+—p scattering are shown in Fig. 5. These 
diagrams lead to singularities in the unphysical region, 
cos0< — 1, and one might expect that the singularity 
closest to cos0*=— 1 is the most important in deter­
mining the backward scattering. The neutron-exchange 
diagram [Fig. 5(a)] can contribute only to ir+Jrp 
because of charge conservation; this diagram leads to a 
pole which is the closest singularity to cos0*=—1. 
Diagram 5 (b) is representative of processes in which a 
nucleon and one or more pions are exchanged, and these 
diagrams lead to branch cuts beginning further away 
from cos0*= —1 than the neutron-exchange pole. If the 
process represented by Fig. 5 (a) is much more important 
than the processes represented by Fig. 5(b), then one 
expects the differential cross section to rise in the 
physical region near cos0*= — 1. 

Proceeding on this assumption, one can calculate the 
contribution to backward elastic scattering from the 

10 Our angular distribution at 1.5 BeV/c is in good agreement 
with that reported by J. A. Helland, T. J. Devlin, D. E. Hagge, 
M. J. Longo, B. J. Moyer, and C D . Wood, Lawrence Radiation 
Laboratory Report UCRL-10263, 1962 (to be published). 

FIG. 5. Diagrams for processes dominating backward scattering. 

neutron-exchange pole. If the neutron is an elementary 
particle, one finds11 

da 
— ( c O S 0 * = - l ) | p o l e = | / l 3 / 2 - / 2 3 / 2 | 2 

dQ 
I g2M r(W2-M2+ix2)~\\2 

\u-M2L W2 Jr 

where g2~ 15, M=nucleon mass, M=pion mass, 
W= total energy in the barycentric system, and u is 
the square of the cross-momentum transfer given by 

u=M2-2i(q2+fi
2)(q2+M2)J?2-2q2 cosd*+}M2, 

where #=barycentric momentum. At 2.0-BeV/^ 
incident-pion momentum, 

—(cos0*= - 1 ) | poie-90 mb/sr. 
dQ 

Evidently a correct description of i&—j> backward 
scattering must include the effect of processes repre­
sented by Fig. 5(b). Unfortunately, there appears to be 
no reliable method available for carrying out this 
calculation within the framework of ordinary dispersion 
theory. 
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