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Single-pion production in iT-p interactions has been studied at 905, 960, and 1100 MeV. Comparison 
with the isobar and one-pion-exchange (OPE) mechanisms of pion production shows that, below 1 BeV, 
pion production occurs primarily through the formation of an intermediate excited state of the nucleon 
(isobar), while at higher energies the influence of the p resonance in the -K-K system becomes increasingly 
important. There is some evidence for an 1—2 state in the events at the lower energies. 

I. INTRODUCTION 

SEVERAL groups have reported work on various 
aspects of pion production in ir~~p and ir+—p 

interactions near 1 BeV in hydrogen bubble chambers. 
In 7T~—p collisions at 960 MeV, Alles-Borelli et al.1 

showed the dominance of the §,§ pion-nucleon isobar in 
accord with the model of Lindenbaum and Sternheimer.2 

The work of Derado and Schmitz3 at 1 BeV indicated 
deviations from this model, and showed the influence 
of peripheral collisions in single-pion production. Work 
from Brookhaven4 and from the Cavendish Laboratory5 

at 960 MeV also showed the importance of peripheral 
collisions and indicated the possible existence of a 
resonance in the inr system. The existence of an 1= 1, 
J=l~+ resonance (p) in the -K-K system at a mass of 
750 MeV with width of 120 MeV has been established 
by the work of several groups.6-8 

This paper gives results of the analyses of two-
pronged events at 905, 960, and 1100 MeV. Of particular 
interest is the single-pion production which is compared 
with predictions of the isobar and one-pion-exchange 
models. The effects of the p resonance are also con­
sidered. Some preliminary results of these experiments 
have been reported previously.4,9 

II. TECHNICAL DETAILS 

The bubble chamber pictures used in the present 
experiments were obtained from three sources. 
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(1) 905 MeV. These exposures were taken in the 
BNL 20-in. hydrogen bubble chamber at the Cosmotron 
in the pion beam used in the cusp experiment.10 1285 
two-pronged events were measured on digitized micro­
scopes. Track reconstruction was made with the TRED 
computer program, and the events were fitted by the 
GUTS program to the single-pion production types 

(i) 

(2) 

IT -j-p-^ir -{-7r+-\-n, 

ir~~-{-p —> 7r~"+7r°+^, 

and to elastic scattering 

+ p—>7T +p. (3) 

The average measured error in momentum was about 
3%. 

(2) 960 MeV. These pictures were obtained from an 
exposure made at the Cosmotron by Eisler et al.11 to 
study strange particle production in the Columbia 12-in. 
hydrogen bubble chamber. 1600 two-pronged inter­
actions were measured. These were in a central region 
of the bubble chamber, chosen to give reasonably long 
secondary tracks, and to minimize track distortion 
which was present in some pictures. Track curvatures 
were measured on the film with templates and with 
digitized microscopes, and a least-squares fit was made. 
This information was then used to make a graphical 
event reconstruction. The average error in momentum 
was 5-10%. The accuracy in angle determination 
was ~ J ° . 

(3) 1100 MeV. These pictures were obtained from 
Berkeley12 and were taken in the 10-in. hydrogen bubble 
chamber. 1593 two-pronged events in a central fiducial 
volume were measured on digitized microscopes. Track 
reconstruction was made by the HYDRO computer 
program, and event fitting was done by the GUTS 
program. The measuring error was about 10% in 
momentum. 

Since there was some possibility of kinematic am-
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12 We wish to thank Dr. Alvarez and his group for the loan of 
these pictures. 
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FIG. 1. Differential cross sections for ir-p elastic scattering at 
(a) 905 MeV and (b) 1100 MeV. The points marked D. P. are 
obtained from the dispersion calculation of Cronin (See Ref. 15). 

biguities in classifying reactions, because of finite 
measuring errors, all positive secondary particles were 
identified by ionization density. Events which did not 
fit one of the three reactions were classified as multiple-
pion production (involving 7r°'s). Further details of our 
analysis procedure may be found in Fickinger et al.lz 

TABLE I. Partial cross sections in mb. 

Elastic scattering 
p7r~ir° 
mr~ir+ 

^x~+neutralsa 

7r~7r++neutralsb 

Nonstrange neutrals0 

Four prongs 
Strange particlesd 

Total 

905 MeV 

25.1=4=3.0 
6.5±0.5 

10.7±0.6 
0.2±0.1 
0.8±0.2 

11.9=fcl.l 
0.6db0.1 

<0.1 

55.9 

1100 MeV 

14.6=fc0.8 
4.3±0.3 
7.3±0.6 
0.8=1=0.1 
3.1±0.5 
5.4=fc0.3 
0.7=fc0.1 
0.7=fc0.1 

36.9 

a ir~ -\~P —»7r~ -\-p + (2 or more neutra l particles). 
b ?r~ +p —> 7r~-j-7r+ + (2 or more neutral particles). 
0 Corrected for A0 and 2° modes. 
d F r o m J . Steinberger, in Proceedings of the 1958 Annual International 

Conference on High-Energy Physics at CERN ( C E R N , Geneva, 1958), p . 147. 

III. PARTIAL CROSS SECTIONS AND 
ELASTIC SCATTERING 

For the 905- and 1100-MeV experiments all events 
were recorded (including stopping tracks, four-pronged 
stars, and strange particle events). The sums of the 
partial cross sections were normalized to the total cross 
sections from counter measurements reported by 
Devlin et aLu At 1100 MeV absolute cross sections were 
also determined by counting beam tracks in the 
pictures; the total cross section obtained in this way 
was 34.8±1.4 mb, to be compared with the counter 
value of 36.9=b0.9 mb. At 960 MeV picture quality and 
beam intensity were variable so that no cross sections 
were obtained. 

Partial cross sections are listed in Table I. Corrections 
have been applied for small-angle scanning losses in the 
elastic scattering, and for overlap between the x2 distri­
butions for the different event interpretations. The 
errors include the uncertainty in these corrections as 
well as the statistical errors. 

Figure 1 shows the differential elastic scattering 
angular distributions for 905 and 1100 MeV. The 
scanning losses at small angles were obtained by 
extrapolation to the point at 0° given by the dispersion 
calculations of Cronin.15 The distributions are similar 
to those obtained by Wood et al.16 for this energy region. 

IV. SINGLE-PION PRODUCTION 

A. Pion Momentum Distributions and 
the Isobar Model 

Pion scattering experiments17 have shown the exist­
ence of resonances in the -K—p system at total c m . 
energies of 1230 MeV ( / = § , / = § ) , 1520 MeV ( / = § , 
/ = § ) and 1680 MeV ( / = § , J = f ) . In the extended 
isobar model of Lindenbaum and Sternheimer,18 pion 
production is assumed to occur through the initial 
excitation of a nucleon to a state N*9 corresponding to 
one of these resonances, with subsequent emission of 
one or more pions, according to the reaction 

T~+p->irr+N* 

13 W. J. Fickinger, E. Pickup, D. K. Robinson, and E. O. Salant, 
Phys. Rev. 125, 2082 (1962). 

\ 
N+Td, 

where irr is the recoil pion and ira is the decay pion. 
Multiple-pion production, on the model, involves the 
initial formation of the higher mass isobars, followed 
by cascade decay through the §,f state. The initial 
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Physics (University of Rochester Press, Rochester, 1954), p. 99; 
H. C. Burrowes, D. O. Caldwell, D. H. Frisch, D. A. Hill, D. M. 
Ritson, R. A. Schluter, and M. A. Wahlig, Phys. Rev. Letters 2, 
119 (1959). 

18 R. M. Sternheimer and S. J. Lindenbaum, Phys. Rev. 123, 
333 (1961). 
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FIG. 2. Center-of-mass mo­
mentum distributions for (a) 
7r+ and (b) iT from the 
reaction (1). 
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process is governed by two-body kinematics, so that The histograms in Fig. 2 show the c m . momentum 
the momentum distribution of the recoil pion must show distribution of the positive and negative pions from 
peaking corresponding to the N* mass and width. reaction (1) for the three energies. Figure 3 shows 
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FIG. 3. Center-of-mass 
momentum distributions 
for (a) iT and (b) 7r° from 
the reaction (2). 
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similar distributions for the neutral and negative pions curves the predictions of the extended isobar model. 
from reaction (2). The dashed-line curves give the These were calculated according to the prescription 
predictions of statistical theory, and the solid-line given by Lindenbaum and Sternheimer.18 Our own 
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FIG. 4. Dalitz plots of the 905-MeV 
data, (a) reaction (1) and (b) reaction 
(2). The straight lines parallel to the 
axes indicate the expected positions 
of the 3,3 isobars. The diagonal lines 
indicate the region of the low-energy 
half of the p resonance. 

Qn+*200MeVl 

Qn+ = l45MeV| 

9 0 5 MeV 
IT" + p — - 7 r "+7 r + + n 

fQ x =400 MeV 

0 = 460 MeV 

Q„ « 430 MeV 

=460 
MeV 

400 

100 200 

"L(MeV) 
(b) 

300 400 



1824 P I C K U P , R O B I N S O N , S A L A N T , A Y E R , A N D M U N I R 

100 

200 

> 
O) 

+ 

Q„ » 200 MeV 
NrHQrH»80M 

1100 MeV 
7 r " p - ^ 7 r " + 7 r + + n 

300 U?n-=200MeV y^.^, / r « j i / 

/Q «400MeV 

500 

T_(MtV) 

(a) 

1100 MeV 
7T"p - * - 7r"* + 7TU + p 

0-0*400 MeV meson. 

Q0_«430MeV 

FIG. 5. Dalitz plots of the 1100-MeV 
data (a) reaction (1) and (b) reaction 
(2). The expected positions of the 
lower I—J isobars are indications as 
well as the positions of the I—\ isobar. 
Note the strong overlap between the 
two isospin states. The diagonal lines 
indicate the full width (r) of the p 

500 



r--p I N T E R A C T I O N S A T 9 0 5 , 9 6 0 , A N D 1 1 0 0 M e V 1825 

50 

40 

3 0 

2 0 

10 

~-
~ l_ 

ir-.T+n 
1 

(905 MeV) 

J 
—1 

'—T—j r 

1 

i 

i 

i 
i 

— 

— 

i 1 
i l 

J L: 

FIG. 6. Center-of-mass 
angular distributions of 
the pions from reaction 
(1). The dashed lines 
show those events which 
are consistent with pro­
duction of the niT isobar 
(80<QB i r-<200MeV). 

60 

40 

20 

1 1 1 
(960 MeV) 

i 

r 

A 

-1 

60 

40 

20 

j 

"Vr^ u 
1 

-

-

-

100 

eo 

6 0 

4 0 

2 0 

+ | 

I I 1 

=-J 

( • , 
— i } 

1... 1 1 

0 

1 1 ! 1 1 

(1100 MtV) 

1 
I 

1 1 1 1 1 

- 1 

-

-

00 
COS0 v~ 

cross sections and the Yale w+—p cross sections7 were 
used to obtain the partial cross sections for the various 
I—J and 7 = f isobar states. 

The dominant peak in the experimental spectrum of 
7r+ from reaction (1) and TT~ from reaction (2) due to the 
recoil pion produced with the f ,f isobar is evident at all 
three energies. There is no noticeable influence of the 
7 = \ isobars, but at these energies the recoil pions from 
the higher states would be masked by decay pions from 
the f state; the regions of 7 = \ and / = § resonances are 
indicated in the Dalitz plots for the 905- and 1100-MeV 
experiments (see Figs. 4 and 5). 

At 905 MeV the agreement between experiment and 
the isobar calculation is fairly good for reaction (1), 
but less satisfactory for reaction (2). The agreement 
becomes progressively poorer at the higher energies, 

thus indicating the increasing importance of processes 
not included in the extended isobar model, such as 
interactions between final-state particles or peripheral 
pion-pion interactions. 

B. Pion Angular Distributions 

Figures 6 and 7 show the c m . angular distributions 
of the pions from the two reactions. The dashed-line 
histograms for 905 and 1100 MeV show the distributions 
for events with S0<Qnr— <200 MeV, corresponding to 
recoil pions from the dominant mr~ isobar. At 905 MeV 
the mr isobar is produced approximately isotropically 
in the c m . system (see the w+ distribution, Fig. 6). At 
1100 MeV there appears to be some asymmetry. How­
ever, it is impossible to tell if this asymmetry in the pion 
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angular distribution is to be associated with a change 
in isobar production angle or with the other interactions 
known to be present (for example, 7T7T interactions). A 
similar ambiguity applies to the pir° isobar at both 
energies since the momentum distributions exhibit 
departure from the isobar picture even at 905 MeV. 

C. « « Q-Distributions 

Figures 8 and 9 show histograms of the T+TT~ and 7r~7r° 
distributions for the three energies, with the predictions 
of the statistical model. The Lindenbaum-Sternheimer 
isobar model gives similar predictions. The distributions 
at 905 MeV show peaks at the high-energy end of the 
spectra which are consistent with some slight influence 

of the p resonance. Poor resolution may have weakened 
the peaks at 960 MeV although, as reported previously,4 

there is indication of the p in those events in which the 
nucleon is emitted backward in the center-of-mass 
system (low four-momentum transfer collisions). At 
these energies phase space limitations cause an apparent 
shift of the peak to a lower mass. At 1100 MeV the 
experimental distributions clearly show the effect of 
the p resonance in both the 7r+7r~ and 7r~7r° systems. 

There is no indication of a resonance in the region 
Q^300 MeV (f) for either the neutral or the charged 
7T7T state, nor does a separation of the events into highl­
and low-momentum transfer reveal an effect associated 
with either group. Such a resonance would probably be 
most apparent in the 905-MeV experiment. The 
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FIG. 8. Distribu­
tions of ()_+. The 
curves show the pre­
dictions of the statis­
tical model normal­
ized to the total 
number of events in 
each histogram. or 
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absence of any effect is consistent with the Yale results19 

but inconsistent with those of Saclay20 for the 7r+7r° 
system. While the possibility of an / = 1 resonant state 
in the region Q^300 MeV cannot be excluded, the data 
available at present seem to be consistent with the 
influence of just one resonant state, the p. 

19 D. L. Stonehill and H. L. Kraybill, Rev. Mod. Phys. 34, 503 
(1962). 

20 R. Barloutaud, J. Heughebaert, A. Leveque, C. Louedec, 
J. Meyer, and D. Tycho, Nuovo Cimento 27, 238 (1963). 
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of the neutrons from reaction (1). 
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FIG. 13. Laboratory kinetic energy (Tp) distributions 
of the protons from reaction (2). 

D. CM. Angular Distributions and Laboratory 
Kinetic Energy Distributions of 

the Nucleons 

Figures 10 and 11 show the cm. angular distributions 
of the final-state nucleons from reactions (1) and (2). 
At 905 and 960 MeV the neutron distributions are 
almost symmetric about 90°, but the proton distribu­
tions are predominately backward; at 1100 MeV both 
neutrons and protons are produced predominantly 
backward in the cm. system. 

The latter distributions strongly suggest peripheral 
collisions; such collisions are a characteristic of the one 
pion exchange (OPE) interaction. In the OPE model, 
single-pion production occurs through elastic scattering 
of the incident pion by a virtual pion in the peripheral 
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cloud of the nucleon, with small momentum transfer to 
the recoil nucleon. 

Figures 12 and 13 show the distributions of the 
nucleon laboratory kinetic energy (T), which is propor­
tional to the square of the four-momentum transfer to 
the nucleon (A2c^2MT). Low-energy peaking of the 
protons at all three incident energies, and of the neu­
trons at 1100 MeV is observed, corresponding to the 
asymmetric angular distributions. 

The dashed-line curves in Figs. 12 and 13 show the 
predictions of the statistical model; the predictions of 
the Lindenbaum-Sternheimer isobar model are similar 
if it is assumed that the isobar is produced isotropically 
in the center-of-mass system. The solid curves show the 
predictions of the OPE model [~A 2 / (A 2 +w x

2 ) 2 ] , 
normalized to the experimental data. 

The low-energy peaking of the neutrons and protons 
at 1100 MeV is in reasonable qualitative agreement 
with the OPE curve. Exact agreement over the entire 
range of T is not expected since non-OPE processes also 
occur, particularly at high-momentum transfers. I t 
may be noted that at 1100 MeV there is still consider­
able 3,3 isobar production which cannot be formed by 
the OPE process in reactions (1) and (2). At higher 
incident energies, where cleaner separation of the p from 
competing processes is possible, it has been observed21 

that an unmodified OPE model is inadequate to de­
scribe p production. Selleri22 has suggested introduction 
of a pion form factor into the OPE calculations to bring 
about better agreement between experiment and theory. 

The nucleon laboratory kinetic energy distributions 
at 905 and 960 MeV are more difficult to interpret. At 
these energies it is possible to excite the first / = J TT—p 
resonance as well as the 3,3 isobar, and in addition 
90S MeV is close to the peak of the second 7 = | reso­
nance and the threshold for exciting the center of the p 
resonance. These energies thus are in a region of transi­
tion between relatively simple 3,3 isobar formation and 
more complex processes. I t is possible that interference 
effects among these various states may account for the 
differences between the laboratory kinetic energy 

21 Saclay-Orsay-Bari-Bologna collaboration, Nuovo Cimento 25, 
365 (1962). 

22 F. Selleri, Phys. Letters 3, 76 (1962). 

distributions of the protons and neutrons at 905 and 
960 MeV. 

The proton distributions are, however, strongly 
suggestive of peripheral interactions, and it is tempting 
to try to explain them in terms of OPE. Since the p is 
an 7 = 1 state, its influence should be stronger in the 
neutron than in the proton events [](<r-_oA-f—)j=i=iD. 
An 1=2T—T interaction would affect more strongly the 
proton events than the neutron events [(o-_o/(r+^.)j=2 
= §[]. The experimental distributions are thus consistent 
with formation of the 3,3 isobar plus an 1=2 pion-pion 
interaction. 

The existence of an 7 = 2 pion-pion interaction has 
been suggested by the asymmetries in angular distribu­
tions of 7T~7r° and 7r+7r0 scattering above and below the 
p resonance, observed by the Berkeley group23 and by 
the Saclay-Orsay-Bari-Bologna collaboration.21 Further 
evidence for this state has been found by Barloutaud 
et al.20 in the ratio of cross sections for T+ and 7r° produc­
tion in ir+p interactions at energies similar to ours. 

IV. CONCLUSIONS 

The main features of single-pion production in w~—p 
collisions in the 1 BeV region can be explained in terms 
of (1) 3,3 isobar formation; (2) the 1=1 TT resonance 
(p) at ~750 MeV; (3) a nonresonant 1=2 inr inter­
action. 

At 905 MeV the f,-| isobar dominates single-pion 
production. C m . angular distributions and laboratory 
kinetic energy distributions of the nucleons suggest that 
there is some 1=2 TIT interaction. There is also a peak­
ing at the upper end of the TTTV Q distributions consistent 
with off-peak excitation to the p resonance. As the 
energy is increased through 960 to 1100 MeV the p 
resonance begins to replace the isobar as the dominant 
feature. 
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