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1r -PROTON INTERACTIONS AT 5 Bev 

George Maenchen 

Radiation Laboratory 
University of California 

Berkeley,' California 

April 1, 1957 

ABSTRACT 

The interaction of 5-Bev negative pions with protons has been 

studied by exposing a 36 -atmosphere hydrogen-filled diffusion cloud 

chamber to 1T beams from. the Berkeley Bevatron. One hundred and 

thirty seven interactions producing charged outgoing particles were 

observed. Of the~e, 27 were elastic scatters, 64 were inelastic 

collisions having two charged outgoing prongs, 39 had four prongs, 

3 had six prongs, and 4 involv~d the production and visible decay of 

heavy unstable particles. The total cross section is estimated to be 

22.5 ± 2.4 mb. The elastic scattering cross section is 4.7 ±1.0mb. 

The angular distribution of the elastic events is consistent with that 

expected for diffraction scattering from a sphere with radius 

(0.9 ± 0.15) x 10-
13 

em and opacity 0.6. Analysis of the inelastic 

events shows that multiple, rather than single, pion production is the 

predominant process occurrirg at this energy. An average of 2. 3 

secondary pions were produced in the inelastic events. This average 

multiplicity can be fitted by the Fermi statistical theory only by 

increasing the interaction radius occurrirg in the theory by 20o/o. The 

statistical theory, however, fails to account for the rather marked 

asymmetry found in the c. m. angular distributions of some of the 

particles emitted in inelastic events. A combination of the four ob.:. 

served strange-particle production events with 11 similar events 

obtained in exposures to high-energy neutron and proton beams shows 

that pion emission accompanies strange .:.particle production in at 

least 60o/o of elementary particle collisions at Bevatron energies. 
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I. INTRODUCTION 

This paper reports a study of Tr- -p interactions at 5 Bev. Some 
1 . 

preliminary reports on this experiment and on the related cloud 

h b . t d 11· . 2• 3 B · . c am er exper1men s on n-p an p-p co 1s1ons at evatr.on ener-

gies have already been published. 

Investigations of pion- nucleon interactions have tended to fall 

into several categories according to the range of pion energy. The 

many experiments at energies up to about 250 Mev have yielded de­

tailed information on elastic scattering and could be analyzed in terms 

of phase shifts. At higher energies inelastic processes become irn­

portant and the number of possible angular-momentum states increases. 

Consequently a phase-shift analysis is no longer feasible. The 

energy dependence of the total cross sectio.n has been measured, 4 

and the elastic and inelastic processes in the 1~ to 1.5-Bev range 

have been studied by use of nuclear emulsions 5 and hydrogen-filled 

diffusion cloud chambers6. 

Upon successful operation of the Berkeley Bevatron, it became 

possible to extend these measurements to considerably higher energies. 

The total cross section for Tr- -p collisions as a function of energy 
7 

has been measured, and several studies of the interaction of pions 

1n emulsion have been made. 8 

In the experiment presented here Tr -p interactions were observed 

in a hydrogen-filled diffusion cloud chamber expo sed to 4. 5- and 

5.0-Bev pion beams. The experiment is very similar to the Brook­

haven cloud chamber experiment at 1.4 Bev6 except that multiple, 

rather than single, pion production is the predominant process 

occurring at 5 Be:v. 

The experiment was intended as a survey of Tr-- p interactions at 

Bevatron energies to provide some information on the following: 

(a) Total cross section and the ratio of elastic to inelastic 

collisions. 

(b) Angular distribution of elastic scattering. If the scattering 

is predominantly diffraction scattering, it may yield 
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information concerning the size and opacity of the proton. 

(c} Multiplicity of pion production. The relative frequency of 

single, double, triple, and higher pion production could be 

compared with the predictions of the statistical theories of 

pion production. If the exact number of secondary pions in 

each collision could not be determined, owing to the emission 

of several neutral pions, a lower limit could still be found 

from the numbe.r of charged particles emitted. 

(d) Momentum and angular distributions of secondary particles 

from inelastic colli!?ions. 

(e) Possible correlations between pairs of emitted particles. 

(f) Production of heavy unstable particles. 

' 
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II. EXPERIMENTAL PROCEDURE 
AND REDUCTION OF OBSERVATIONS 

A. Apparatus 

The observations were made with a diffusion cloud chamber filled 

.with hydrogen at a pressure of 35 atmospheres, with methyl alcohol as 

condensable vapor. The sensitive region of the chamber was approx­

imately 12 inches in diameter and 2. 3 inches high .. The chamber was 

operated in a pulsed magnetic field of 21 500 gauss.. Details of the 

1 . 9 d h 10 c oud chamber an t e magnet have been described elsewhere. 

An automatic motor-d.riven camera was mounted directly on the 

cloud chamber 30 inches above the sensitive volume. Stereoscopic 

pairs of photographs of the chamber were taken through two 50-mm 

Leitz Summitar lenses, and a third lens viewed a number registe·r and 

an ammeter which indicated the current in the magneto The photographs 

were taken on 400-foot rolls of 1.8-inch-wide Eastman Linagraph Pan 

film. About 0.1 sec after each Bevatron pulse, the chamber was 

illuminated by discharging a 256- !J.f condenser bank, charged to 1600 

volts, through each of two General Electric FT422 flash tubes mounted 

on either side of the chamber. 

B. Pion Beam 

Pion beams of 4.5 and 5. 0 Bev/ c were used in this experimenL 

The 4.5-Bev beam was used in the early runs when the maximum proton 

energy available in the Bevatron was 5.15 Bev. When this proton 

energy was raised to 6.2 Bev the pion beam geometry was modified 

slightly to yield 5.0-Bev/c pions. Abo:ut 75o/o of the data were obtained 

in the 5-Bev beam. The 4.5- and 5.0-Bev data have been lumped 

together. 

The mesons were produced at a target inside the Bevatron and 

underwent momentum analysis by deflections of 17.6 ° in the magnetic 

field of the Bevatron and 10.8° in an external analyzing magnet. A 

4-foot-long steel collimator with an aperture 5 inches wide by 1/2 inch 
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high was inserted between the Bevatron and the analyzing magnet. A 

plan view of this arrangement is shown in Fig. L Various target 

materials (carbon, uranium, and beryllium) were used during the 

various runs. In most of the runs an additional 6-foot-long steel 

collimator with a vertical aperture of 1 inch and no sides was placed 

between the analyzing magnet and the cloud chamber. This collimator 

limited the height of the beam in the chamber but did not contribute to 

momentum selection. Both collimators were slightly wider at their 

exit ends to minimize slit scattering. 

The momenta of several groups of beam tracks in the cloud 

chamber were determined by measuring the curvatures of the beam 

tracks with a micrometer- stage microscope. The resulting pion 

momentum spectra are shown in Fig. 2. These measurements 

yielded momenta of. 4.49 ± 0.30 and 4. 99 ± 0. 33 Bev/ c,. where the un­

certainty of the average momentum in each group is about ± 0.05 Bev/ c 

Pion trajectories were plotted to determine. the expected beam ~omen­

tum, with results in excellent agreement with the cloud chamber values. 

The plotted trajectories indiCated a momentum spread of about± 0.25 

Bev/ c. The somewhat larger momentum spread observed in the cham­

ber is presumably due to errors of measurement, discussed in 

Section II-D, and to scattering of pions from the collimators. Because 

the latter effect was ignored in the plotted trajectories, the more con­

servative values found from curvature measurements in the cloud 

chamber were used for the pion momentum in processing the events. 

C. Scanning 

About 15 500 photographs were obtained. They were scanned for 

deflections or interactions of beam tracks and also for V-particle 

decays. The scanning was done by reprojecting the film on the white 

surface of a table at which the scanner was seated. The events found 

were traced on a card so that they could be relocated later. As the 

total charge of the 1T- -p system is zero, all hydrogen events must 
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Fig. 2. Distributions of measured momenta of n- -beam tracks. The 
dashed lines refer to the early run at a mean pion momentum of 4.49 
Bev/c. The solid lines represent the distribution from the later runs 
at a mean pion momentum of 4. 99 Bev/ c. 
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have an even number of emergent prongs, half positive and half 

negative. The events were classified as 2-, 4-, or 6-prong events .. 

No 1T -p collisions resulting in more than six charged outgoing part­

icles w~re observed. Zero-prong events were searched for,· but be­

cause they showed no charged outgoing particles it was extremely 

difficult to distinguish them from tracks leaving'the sensitive region 

or entering gaps. Only one certain example of such an event was 

found. 

All the film was scanned at least twice and most of it three times. 

Defining scanning efficiencies e
1 

and e
2 

for two scanners by 

n 
1 

= e 
1 
N = no. of events found by scanner no. 1, 

n
2 

= e
2

N =no. of events found by scanner no. 2, 

ni
2 

= e
1

e
2

N =no. of events found by scanners no. 1 and no. 2 

(where N is the true number of events) 

we find e 
1 

= 0.80 and e 
2 

= 0. 90, and a combined efficiency for double 

· scannin~ 1 - 0-e 1 ~ 0-e 2 ~ = 0.98. Since all the film was scanned by 

these two scanners and most of it was scanned a third time by a more 

experienced scanner the over-all scanning efficiency is probaJ;>ly 

greater than 98%. 

D. Measurements 

Of the events found by, scanning, only those satisfying certain 

selection criteria, described iri Section III-A, were considered for 

further analysis. The events were measured on a stereoscopic pro­

jector. 11 A schematic drawing of the projector (actually of an earlier 

and simpler version) is shown in Fig. 3. The projector duplicates the 

optical system of the camera and permits the reconstruction, in space, 

of events that occurred within the chamber. For each event the 

following information was recorded: 

film number, 

x, y, z position of the origin; 

magnet current, and 

number of prongs. 
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Fig. 3 . Schematic drawing of the stereoscopic projector. 
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For each track the following information was recorded: · 

(a} Radius of curvature p and the estimated uncertainty ~~'~+ 
The estimated errors in p were usually not symmetric; 

D. p+ was generally larger than £:::, p _. Radii were usually 

measured by comparing the track with ruled templates, al­

though occasionally a micrometer- stage microscope was used. 

The uncertainity in p arises from an uncertainty in the 

sagitta. For most tracks the sagitta could be measured to 

± 0.05 mm. Abnormally dense or diffuse tracks had sagitta 

uncertainties two to five times as large. 

(b~ Dip angle a. between the track and its proJ_ection ~n the hori­

zontal plane, and the estimated uncertainty ±D.o.. Typical 

values of D.o.-::- 1.0° correspond to uncertainties of± 1.5 mm 

in measurement of the relative heights of the ends of the 

track. 

(c} Azimuthal angle 13 between the horizontal projection of the 

track and the direction of the pion beam. Typical values of 

the estimated uncertainty of 13 were D-13--:: 0.5°. 

(d) The estimated ionization density dE/ dx and its uncertainty. 

(e) The visible length of the track. 

(f) The height and horizontal distance from the magnet centerline 

of the center of the track (for determining the effective mag­

netic field). 

(g} Identification of the track. When the momentum and ioniza­

tion of a positive track were such as to definitely identify it 

as a pion or a proton this fact-was noted. All negative tracks 

were assumed to be pions. 

In order to eliminate gross measurement errors, each event was 

independently measured at least twice. The results were then com­

pared, and if a discrepancy was found the event was remeasured. If 

the agreement was satisfactory, either the measurements were averaged 

or the measurement by the most experienced person was used. From 

a comparison of repeated measurements on a sample of about 50 tracks 

it was found that the estimated uncertainties mentioned above correspond 

i) 
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to approximately 1.25 standard deviations for angle measurements 

and 1.5 standard deviations for radius-of-curvature measurements, 12 

The accuracy of momentum measurements is inversely propor­

tional to the momentum, The incident-pion track was therefore the 

most poorly measured track in most events, Consequently the 

momentum of the incident pion was assumed to be that of the average 

beam partiCle as qetermined by the spectrum measurements de scribed 

above, 

Errors due to gas motion (as determined from measurements on 

.beam particles with the magnet turned off) were quite small, and 

contributed a spurious radius of curvature that, in the worst cases, 

was still more than 50 meters, This error is much smaller than the 

normal measurement uncertainties, and was usually neglected, Photo­

graphs, taken with the same optical system, of ruled grids of straight 

lines indicated that optical distortion was negligible, 

E, Data Reduction and Classification of Events 

In most of the inelastic events one or more neutral particles were 

emHted. These neutral particles carried off momentum PN and 

energy EN, Information on the presence and, in some cases, the 

number of neutral particles may be obtained from the requirement 

that energy and momentum be conserved in the event, In an inelastic 

event having n (=2, 4, or 6} charged outgoing particles whose momenta 
I . 

and angles have been measured, the mass. MN of a single neutral 

particle can be calculated by 

n 
i~1 Ei 

·_____s. 

P. 
1 
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where E 
0

, P 
0 

are the total energy and momentum of the incident rr-, 

Mp is the mass of the struck proton, and E., P. are the total energy 
1 1 

and momentum of the .!_th outgoing track. A typical inele).stic event is 

shown schematically in Fig. 4. The missing energy, ,EN, dep~nds 

on the masses chosen for the charged outgoing particles. These were 

all assumed to be pions, with the reservation that one positive track 

could be a proton. The possibility that some of the outgoing tracks 

might be K particles or hyperons was ignored except in the very few 

cas,e s in which visible decays occurred. In about half of the events 

the positive prongs could be identified as protons or~ pions by ioniza­

tion or, in a few cases, by the fact that a proton cannot be emitted 

from inelastic events at angles greater than about 80°. · When such 

an identification could not be made the neutral mass was calrulated for 

all the possible mass combinations. 

The magnitude of MN furnishes a clue to the number of neutral 

particles emerging from a collision but does not, in most cases, 

specify this number uniquely. Table I lists the types of events that 

can, in principle, be recognized. For example, an inelastic 2-prong 

event having an identified proton m~y have one or more neutral pions. 

If MN = 135 Mev or can be brought to this value by adjusting the angle 

and momentum measurements within their errors, then {p-0) is a 

possible interpretation of the event. If MN cannot be increased above 

270 Mev then (p-0) is the only possible reaction. In this case the 

adjusted values of momenta and angles that gave MN exactly equal to 

135 Mev are usedin the momentum and angular distributions in 

Section III- D. If, on the other hand, MN cannot be reduced below 

270 Mev, then two or more neutral pions were emitted: (p-00 .. ). 

Two neutral particles of mass M
1 

and M
2 

and total energy E
1 

and E
2 

can yield any value of MN between (M 1 + M 2 ) and (E
1 

+ E
2 

}. Therefore 

a large value of MN does not permit us to determine the exact number 

of neutral particles. For instance, a value of MN = 600 Mev could be 

due to 2, 3, or 4 pions. 
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Fig. 4. Schematic drawing of a typical inelastic 2-prong event. 
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Table I 

Classes of events considered in this paper. 

Type Charge Number of Mass of neutral 
a state secondary~ particle MN 

pions, m (Mev) 

Zero-prong (nO) 0 

(not recorded~ (nOO .. ) ~ 1 

Elastic 2-prong (p-) 0 0 

Inelastic: 

2-prong (p- 0) 1 135 

(n+-) 1 940 

{p- 00 ... ~ ~ 2 ~ 270 

(n+-0 .. ) ~ 2 ~ 1075 

4-prong (p+--) 2 0 

(p+-- 0) 3 135 

(n++--) 3 940 

(p+- -00 .. ) ~ 4 ~ 270 

(n++-- 0 .. } > 4 ~ 1075 ... 

6-prong (p++---) 4 0 

{p++--- 0) 5 135 

(n+++---} 5 940 

a . 
The notation (p- 00 .. ) means that one proton, one lT and two 

neutral pions re suited from the collision. The notation . . is used 

to indicate the possibility of additional neutral pions. The ordering of 

the pions is of no significance. 
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In the Brookhaven study of L4-Bev TT- -p collisions it was assumed 

that the frequency of events involving the production o{ three or more 

secondary pions was negligible. 
6 

This made it possible, in principle, 

to classify each event uniquely, because any event having two charged 

prongs could have no more than two neutral particles. In the experi­

ment reported here examples of quadruple pion production were 

observed. Consequently the unique classification of 2-prong (and 

4-prong) events is no longer possible. 

These calculations of MN were carried out on an IBM 650 computer. 

When the positive particles were not identified the machine tried all 

combinations consistent with the number of prongs and the reactions 

in Table I. Thus in a 4-prong event there are three possible choices 

in as signing masses to the measured tracks: p+--, +p--, and ++--. 

For each permitted choice the machine calculated PN, EN, MN, and 

the derivatives of M with respect to all the input parameters: 
N 

P
0

, P
1

, P
2

, . ~, a
1

, a
2

, ... , 13
1

, 13 2, .. . .. Then,, using these 

derivatives, it used an iterative procedure to find the amount of adjust­

ment of the input data (within the estimated errors} necessary to 

bring MN to values corresponding to the appropriate neutral particle. 

In this adjustment each parameter was varied in proportion to its 

uncertainty., The amount of adjustment 'T is defined by 

'T =I x'T ...: x 0 \1 Ax, where xis any of the in~ut parameters, Ax is 

the estimated uncertainty of x (in the direction of the adjustment}, 

x 0 is the measured value, and x'T is the value used in the adjusted 

solution. The maximum and minimum values of MN, corresponding 

to 'T = ±1, were also calculated. The magnitude of 7' served as a 

measure of the probability that the corresponding adjusted solution is 

indeed the correct one. For example, an event having an unadjusted 

('T = 0) MN = 1 Bev and requiring a 'T of -0.95 to fit the (p- 0} reaction 

would be classed as (p-00 .. ), because an adjustment of all the input 

parameters by 95o/o of their errors is extremely improbable. 

In most events, however, the main variation in MN is generally 

due to only a few of the input parameters(usually the momenta}. 
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Although all the measured quantities were adjusted, some had such 

small errors (or small 8MN/8x) that almost the same adjustment of 

only a few parameters would have_ yielded the same value of MN. 

Consequently the pro):>ability that a given adjustment is the correct 

one depends not only on 'T but also on the number of input parameters 

that strongly affect MN. _ This number is much smaller than the total 

number of input parameters, and is usually 2, 3, or 4. Since the 

estimated errors of the momentum measurements correspond to 

about 1. 5 standard deviations, an adjustment of two momenta by 6 5o/o 

of their errors corresponds to a probability of about 5o/o. A 65o/o 

adjustment of th~ee parameters yields a probability of only 0.3o/o. 

Therefore only those adjusted solutions having -r < 0.65 were con­

sidered as valid possibilities. 

For each adjusted solution as well as for the unadjusted cases 

the machine also calculated the laboratory polar angles e and cp, the 
* . c. m. angle e , and the c. m. momentum p* for· each partide, as well 

as Q values and c. m. correlation angles between an pairs of particles. 

The average time required for one adjusted solution, including cal­

culation of all the c. m. quantities, was approximately 2 minutes . 
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III. RESULTS AND DISCUSSION 

A. Total Cross Section 

The sensitive region of the chamber had occasional insensitive 

gaps due to locaLdepletion of methanol vapor. Because 1T- p collisions 

occurring in such gaps might be missed in scanning, only those events 

satisfying the following selection criteria were used for finding the 

total cross section. The origin of the event must be clearly visible 
I 

in both stereoscopic views and must be located in a well-defined· 
:1 * 

1 0-by -1 O~inch fiqucial region in the chamber; the momentum of the 

incident pion mu$t be consistent with the beam momentum, and its 

direction must be within ±4° of the average beam direction. 

In order to find the total eros s section the flux of pions must be 

known. The visible length of beam tracks was measured in every 

25th picture by use of these same selection criteria. The average 
0 

temperature of the gas at the level of the beam was -40±5 C, and the 

average pressure was 519.4 psig. From the average track length per 

picture and the total n_umber of pictures taken, the total track length 
2 

was found to be 11 600 g/ em of H 2 . De spite the large distance from 
I 

the Bevatron target to the chamber, the high momentum (f3yF'35~ 

yields the rather low calculated f-l- co~tamination of 5± 2o/o. 

A total of 130 events was found under the above restrictions .. 

This includes four events involving production of heavy unstable part­

icles. The probability that any of these events are due to collisions 

with carbon· or oxygen nuclei is considered extremely small. Methyl 

alcphol, which Vl('as the congensable vapor in the cloud chamber, 
'· 

constit.uted about 0. 1 o/o of the gas, molecules at the beam leve 1. Carbon 

or oxygen stars should be recognizable as such because of the net 

* Seven additional events with origins near the entrance end of the 

chamber but slightly outside the fiducial region were included in the 

dist~ibutions in Sections Ill-B through III:..E, but were not included 

in the calculation of the total cross section. 
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I ... ~ 

positive charge of the event of 5 or 7, and pecause of the typical 

highly ionizing low-momentum prongs. Assuming a cross section of 

(6 O)A 2/ 3 rob, we expect to find two 1T- -alcohol collisions. The three 

alcohol stars observed were easily recognized. 

To find the total cross section the following corrections :must be 

applied. The scanning efficiency (Sect. II-C ~ was estimated at 98%. 

The angular distribution of elastic events (Sect. 1II-B~ indicated that 

8 ±4 small-angle elastic events were missed. This type of missed 

event:is in addition to the scanning- efficiency correction. These 

corrections yield a cross section for all processes involving charged 

secondary partie les. of 

a.. = 21.1 ±: 2.3 mb. 
charged 

The total cross section is slightly larger than this because those 

events in which all the outgoing particles are neutral were not recorded. 

These unrecorded zero-prop.g events may be divided into elastic (nO) 

and inelastic (nOO .. ) events. The number of inelastic zero-prong 

events is estimated to be nine (see Sect~ III-C). This estimate is 

based on charge-independence considerations and on the number and 

type of observed inelastic events. It is somewhat dependent on the 

relative frequency of 1T- -p interactions in the isotopic spin T = 3/2 

and 1/2 states. In this experiment, in which double and triple pion 

production is frequent, the number of inelastic zero-prong events is 

~mall and rather insensitive to the T = 3/2, 1/2 mixture. 

The number of charge-exchange (nO) events, however, depends 

strongly on the relative strength of interaction in these two isotopic 

spin states.
13 

For a
3

/
2 

= a
1
;

2 
the predicted ratio (nO):(p-) is 0:1; 

it is 2:1 for a
1
;

2 
=0, and 1:2 for a

3
; 2 = 0. Assuming for the moment 

that we have a 
3
;

2 
~a 

1
;

2
, so that there is very little charge-exchange 

scattering, we find that the total eros s section is 

a total = 22.5 ± 2.4 p1b. 
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This cross section may be compared with the total cross sections at 

4.3 Bev/ c found by Wikner 
7 

in a good-geometry attenuation experiment. 

He finds <T(tr-, p} = 28.7 ± 2.6 mb and <T(tr-, D
2
0- H2 0~ = 23.0 ± 2.6 mb. 

From the latter one may apply a correction of 5 ± 2 mb for the ':'shadow 
4 ( - \ -effect," and find- <T tr , nu = 28 ± 4 mb. The near equality of the tr - p 

and tr- -n cross sections, obtained in the same experiment, indicates 

<T 3; 2~ <T 
1
;

2 
and that consE':quently the charge-exchange cross section 

is very small. . A similar result was found by Cool et al, 
4 

at 2 Bev /c. 

Therefore the slightly low eros s section found in our experiment is 

presumably not due to a failure to count charge-exchange events. 

If, on the other hand, the 6. 2-mb difference between the total 

tr- -p cross sections measured by Wikner and by us were due to charge­

exchange scattering, then the measured elastic eros s section of 4. 7 mb 

(Sect. III-B~ would imply that the ratio of the scattering amplitudes in 

the T = 3/2 and 1/2 states is about 14:1. This ratio would require a 

n- -n elastic cross section of about 32 mb, which is clearly incom­

patible with Wikner 1 s measured total n- -n cross section of 28 mb, 

most of which is probably inelastic. It must be concluded that the 
I 

difference between these two measurements of the tr- -p: total cross 

section is due to statistical fluctuations and perhaps to systematic 

errors, and not, in the,main, to charge-exchange scattering. We 

have not found any systematic errors that could account for t,his 

difference. 

B. Elastic Events 

The most easily identified events were the elastic scatters. They 

can be recognized by three independent criteria: the incident and 

outgoing tracks are coplanar, the laboratory angles of the outgoing 

tracks are simply related, and the momentum of each outgoing track 

is related to its angle. In practice the last criterion was used only 

as a check, because the angle measurements were always more pre­

cise than the momentum measurements. 

Only 27 elastic events were .observed. .Their angular distribution 

in the center-of-mass system is shown in Fig. 5. The distribution 
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Fig. s·. Center-of-mass angular distribution of elastic events. 
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obviously suggests that the elastic events are due to diffraction 

scattering- -which, indeed, is to be expected as a consequence of the 
14 . 

inelastic interactions. Two of the events occurred at large angles 

far outside the diffraction pattern, and are considered in the next 

section. 

In this experiment the wavelength of the incident pion in the 
. . - 14· 

center-of-mass system 1s cons1derably smaller (""?\.-:::-- 1.4 x 10 em) 

than the size of the proton (::::: I0- 13 cm) as defined by the range of 

1 f b . . 1 h d. . b . . 1 5 0 th nuc ear orce s or y 1ts spat1a c arge 1str1 utlon. ne may ere-

fore atte~pt to describe the diffraction scattering by methods com"" 

manly applied to nuclei. 
16 

The statistics are far too poor to justify 

an attempt to distinguish between various proton density distributions, 

but it is of interest to fit the data with the diffraction scattering from 

a uniform opaque or semitransparent sphere of radius R. Curves of 

the expected distribution for three values of R are shown in Fig. 5. 

A radius of R=O. 9 ± 0.15 x 10-
13 

em fits the data quite well, and 

indicates that about 8 ± 4 small- angle events (corre spending to 

laboratory angles of less than 3°} were missed in scanning the film. 

The cross section has been corrected for these missed events, and 

may be separated into diffraction CYd. = 4. 7 mb and reaction CY = 17.7 mb . a 
cross sections. This yields an opacity CYa/TIR

2 = 0.6 ± 0.2 and an absorp-

tion coefficient K = 1.02 x 10 13 cm- 1, and fits Bethe and Wilsoc1-;s 

curve for k
1 
A.~ 0 (here k

1 
depends on the nuclear potential and A. is 

the mean free path in nuclear matter). The comparisons in Table II 

show that these values are similar to the interaction radii and opacities 

found in other experiments. 

C. Inelastic Events 

Eighty percent of the events were inelastic and involved pion 

production. The data-reduction process described in Section II-E 

was used to classify these events, as far as possible, according to 

the charge states listed in Table I. In about half the events the charge 

state of the nucleon (i.e., whether it was emitted as a proton or as 
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Table;Il 

Comparison of interaction radii found by several- experiments. 

System 

-
1T -p 

-
1T ;-p 

p-p 

p-p 

p-p 

p-p 

-e -p 

Bombarding.. 
errergy '(lab) 

(Bev} 

5.0 

1.4 

4.4 

2.75 

1.5 

0.81 

0.2 - 0.5 

Interaction 
:y~ius 

(10 · em) 

0.9 

1.2 

l.Oa 

0.93 

0.93 

0.93 

0.77b 

Opacity Reference 
Number 

0.6 (this 
experiment) 

0.6 6 

17 

0. 9 2 18 

0. 96 18 

0.97 18 

15 

a 
rms radius of region of pure absorption. In addition to this, the 

data appear to indicate a region of potential interaction of rms radius 
-13 0.45 x 10 em. 

brms radii of the charge anq moment distributions. 
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a neutron) could not be determined. In ten of these events it was 

possible, however, to determine that two or more neutral particles 

were emitted regardless of the charge state of the nucleon so that 

some information about multiplicity of pion production could be ob­

tained although the exact charge state was not known. The clas sifica-
, * tion of all events is given in Table III. 

One of the ohjectives of the exper}ment was to obtain some infor­

mation about the relative frequency of single, double, triple, ·and 

higher pion production. The classifications listed in Table III do not 

provide this information directly because for many events only the 

lower limit of multiplicity can be specified. Thus an event classed 

as {p- 00 .. ) can involve the production of 2, 3, 4, or 5 pions. How­

ever' by use of the principle of charge independence, information 

about the multiplicities can be obtaine.d from the distribution of the 

events in Table III. Here we assume that the probability of observing 

a system of one nucleon and a given number of pions in its various 

possible charge states is proportional to. the statistical weight 19 of 
/ 

each charge stafe. These statistical weights are essentially just the 

Glebsch-Gordan coefficients relating the isotopic spin states to the 

various charge states. 

Table IV lists the_ statistical weights used in analyzing the event 

distribution. It was calculated with the assumption that u 
3

;
2 

r.:- u 
1
;

2 
(see Sect. III-A). A more complet table, not involving this assump­

tion, is presented in the Appendix. The entries in Table IV are the 

normalized probabilities that an event involving the production of m 

pions appear as ann-p-rong star. For example: a double pion­

production event has a 28o/o probability of showing four charged prongs 

(p+--~; 66o/o of having two charged prongs: (p-00) or (n+-0}; and 6o/o of 

showing no charged prongs {nOOO) and thus not being recorded~ For 

every (p+--) event observed there must be, on the average, 66/28 

* One of the events listed in the 4'-prong group in Table III actually 

had six charged prongs, two of which were electrons. These electrons 
0 + were presumably due to a 1T -+ e + e + 'I decay. 
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Table III 

Classification of events 

Type Charge State Noo of 
everrts 

\ ,·. 

Nondiffraction 
elastic (p-} 

Inelastic 2-prong (p...:o~ 
I 

(64 events) (n+-) 

uncertain 

{p-000.} 

(n+-0. 0} 

:} 

{p-00 .. } or (n+-0 .. ~ 
~~} 

4-prong {p+--} 

(39 events} uncertain 

{p+--0} 

~} (n+f--} 

uncertain but not (p+--} 

(n++--0. 0} 

:} (p+--OO .. }or 

(n++-~O.o) 

6-prong !p++- _,-) 

:} (3 events} uncertain 

(n+++---} 

Diffraction elastic (p- }a 
• Strange-particle production 

a 
corrected for missed small-angle event so 

2 

6 

30 

28 

8 

5 

3 

18 

5 

3 

33 

4 

Multiplicity 
m 

0 

;.. 1 

~ 1 

~ 2 

= 2 

~ 2 

::: 3 

~ 3 

~ 4 

~ 4 



No. of 
outgoing 
particles 

2 

3 

4 

5 

6' 

7 

>' 
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\ 

Table IV 

Probability that n charged prongs emerge from 

an- -p collision producing m secondary pions. 

No, of new Probability of n charged prongs 
6 pions, m n = 0 2 4 

0 0,444 0.556 

1 0.156 0.844 

2 0.061 0.662 0.277 

3 0.021 0.411 0.568 

4 0.008 0.224 0.639 0.129 

5 0.003 0.112' 0.543 0.342 
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inelastic 2-prong events involving double pion production and 6/28 

unrecorded zero-prong events. These statistical weights may be 

used to find a set of cross sections for various tnultiplicities of pion 

production that is cons~stent with the event distribution shown in 

Table III. Unfortunately such a set of eros s sections is not unique. 

Consequently several such sets, all_ of them consistent with the data, 

were calculated, so as to give some indication of the variations 

allowed by the data. The following sample calculation illustrates the 

process. 

It is assumed throughout that production of more. than five pions 

does not occur, because only three 6-prong and no 8-prong events 

were observed. Let n . be the number of collisions in which m 
m 

new pions were produced. Since three 6-prong events were observed, 

3 = (0.342)n
5 

+ (0.129}n~ (i.e. 12.9% of the quadruple pion produ~,tion 

events result in six charged prongs; see Table IV}. We may thus 

choose any trial value of n
5 

between 0 and 9. If we choose n 5 = 3, the 

number of obs~rved 6-prong events requires that n 4 = (3 - 0.342n
5

)/ 

0.129 = 15. From Table IV we find that (0. 543 }n
5 

+ (0.63 9}n4 = 11.2 

of the 4-pr~ng events and (O.ll2)n5 + (0.224}n4 = 3.7 of the 2-prong 

events were due to n
4 

and n
5

. Subtr,acting these from the distribution 

in Table III, one finds a reduced distribution which involves only 

single, double, and triple production. One now repeats the process, 

choosing some reasonable value for n
3

, finding the value of n 2 
required to account for all the remaining 4-prong events, finding the 

number of 2- prong events due to n 2 and n
3

, and finding the value of 

n
1 

that.will account for all the remaining inelastic 2~prong events. In 

all cases n 0 = 2/0.556 ~ 4, since it must account for the two wide­

angle elastic events. In this way one can rapidly find many sets of 

n that fit the data. 
m 

Several such sets are shown in Fig. 6. The 

smooth curves in Fig. 6 are intended only to guide the eye from one 

point to the, next. Some of the sets of points involve a dip at n
2 

or at 

n4 and are considered rather unlikely. About 20 sets of nm were 

calculated, for some of which slight variations of the distribution of 
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MU-13115 

Fig. 6. Three possible sets of multiplicities. Here n is the number 
of events in which m secondary pions are produced. IT.the solid curves 
connect sets of points found from the data. The dashed curve connects 
the set of po'ints predicted by the statistical theory using a modified radius 
and normalized to a total of 117 events. 
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I 

Table III were used to test the effect of the statistical uncertainties 

in the data. Although the "curves' 1 for the various sets differed greatly 

in appearance they all yielded nearly the same values for the total 

number of reaction collisions ~ n = 117 and for the average number 
m m 

of pions produced per collision m = ~ mn / ~ n = 2. 3 ± 0. l (these 
m m m m 

numbers do not inc1ude the four events involving production of heavy 

unstable particles). The total number of reaction collisions ~ n m m 
indicates that nine reaction events involving no charged outgoing prongs 

occurred. The total cross section ~Section III-A) has been corrected 

for these unrecotoded events. 

Fermi has proposed a statistical theory to describe multiple pion 

production in high-energy collisions. 
20 

In this theory and its several 

d . f. . 2 1' 22 . t . d th t th . . t. l . t ' t' . 1 mo 1 1cahons 1 1s assume a e 1n1 1a 1n erac 1ng part1c es 

coale see into a small volume n and that this interaction region sur­

vive s long enough to allow all the possible final states to reach a 

statistical equilibrium. Thus the probability of observing a particular 

final state depends only upon the total statistical weight of that state. 

In all the statistical theories the assumption of statistical equilibrium 

requires that the angular distribution of the emerging particles be 

symmetric abo1.1t 90° in the center-of-mass system. It will be seen 

in Section III- D that some of the distributions are found to be quite -

asymmetric, indicating that complete statistical equilibrium was not 

attained in these 'IT- -p collisiqns. Nevertheless it'is of interest to 

calculate the multiplicities predicted by the Fermi theory and to 

compare them with the results of this experiment. 

In the Fermi theory the probability that one nucleon and m + 1 

pions result from the 'IT- -p collision is 

P(m) = const (r2/h3 }m+l S(m} T{m}dQ/dW. 

Here n is the volume resulting from the Lorentz contraction of a 

spherical interaction volume n0 = {4/ 3} nR 
3

. In the Fermi theory the 

interaction radius R is assumed to be the Compton wavelength of the 
11 -13 pion (R0 = -n fl.C = 1.4 x 10 . em}. Because the predicted multiplicity 
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of pion production is a rather sensitive function of R we treat R as an 

adjustable parameter~ Hence njh
3 

may be expressed as 
! 

1 4TI (-h \3 

3 p.c) (R )3 3 Ro = 9. 11 7 x 1 o-

where 'i is the Lorentz ·contraction factor due to the proton's motion 

in the c. rn. system, and p. = c = 1. The factor S(rn) = 1/ (rn+l}'! takes 

into account the indistinguishability of the pions. The isotopic- spin 

weight factor T(rn) is the number of ways a system of one nucleon and 

rn + 1 pions can form a state of given total isotopic spin. The values 

of T (rn) are listed in Table VI (in the Appendix). The factor dQ/ dW 

is the volume in momentum space available to the system subject to 

the conservation of energy and momentum. It was calculated by means 

of the saddle-point approximation method of Fialho. 
23 

This method 

treats all the particles as exact relativistically but does not provide 

for conservation of angular momentum and conservation of the "center 
21/ . I 3 of energy. 11 · ·Absorb1ng a constant factor of n h into the constant, 

we find 

T(in) 
(rn+l}! 

dQ 
dW 

Table V lists several sets of P{m) corresponding tq various 

choices. of R/R0 . The dependence of the average multiplicity, m, 
upon R/R0 is shown in Fig. 7. The e,xperirnental value of rn = 2. 3 

. -13 ' 
corresponds toR= 1.19R0 = 1. 7 x 10 ern. The difference between 

this value and the interaction radius (0. 91 x 10-
13 

ern) found from the 

diffraction pattern of the elastic events {nay indicate that the interaction 

volume expands somewhat before the system breaks up into a group 

of free particles. The set .of P(rn) corresponding to R/R
0 

= 1.19 is 

shown in Fig. 6 together with some of the po9 sible experirne ntal 

distributions. ' 

A similar calculation has peen done by Nikishov 22 using a radius 

of 1.4 x l0- 13 
ern and a modification of the Fermi theory to include 

the possibility of forming a J = T = 3/2 nuclear isobar. Although the 
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Table V 

----.------------=========================== 

Number of 
secondary 
pions, m 

2 

3 

4 

5 

Relative probability of producing m secondary 

pions as predicted by the statistical theory. 

P(m) 

R/R0 = 0.67 1.00 1.19 l. 50 

0. 151 0.024 0.00:8 0.001 

.546 .284 .. 159 .053 

.266 .461 .434. . 290 

.03'5 .203 0 321 0 432 

.001 .027 .. 072 . 195 

0.000 0.001 0.005 0.028 

m! = 1.19 1 .. 93 2.30 2.85 

2.00 

0.000 

.008 

. 103 

.. 363 

-.389 

0.135 

3.54 

·---·-······- ----------·-·---

aDoes not include diffraction scattering. 
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Fig. 7. Predicted average multiplicity, m, as a fuf!ction of the ratio of the 
interaction radius R to the pion Compton wavelength R

0
. 
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pions ' were treated as extr'eme relativistic particles in Nikishov 1s 

calculation, the results are quite similar to those presented above. 

We have seen that the distribution of the inelastic events and the 

average multiplicity of pion production can be fitted by a statistical 

modelwith a suitably: chosen radius. A more sensitive test of the 
. ~ 

validity of the statistical model is found in the angular distributions 

de scribed in the next section. 

D. Momentum and Angular Distributions of Inelastic Events 

The angular distribution of the elastic events was described in 

Section III-B. We now consider the distributions of momenta and 

angles of particles emitted in inelastic events. The distributions 

should, in principle, be plotted separately for each of the various 

reactions listed in Table I. Not only would extremely poor statistics 

result from such a detailed division of the events, but also the results 

would be strongly biased by such a division because events in which 

the positive particles are emitted backwards in the center-of-mass 

system are more likely to be uniquely identified. To prevent this 

bias all the inelastic events were included in the plotted distributions, 

and the only division :was made ori the basis of the number of emitted 

charged particles. 

The distributions are presented in the scatter diagrams shown 

in Figs. 8 - 12, where momentum is plotted vs- angle in the center- of­

mass system. Separate histograms were plotted for high-multiplicity 

(4 or 6 charged prongs) and low-multiplicity (2-prong) events. 

Although the 2-prong group cpntains events involving production of 
. .•, 

two or more pions, the average multiplicity of the group is somewhat 

lower than that of the 4-prong events. In about half of all the events 

the positive particles were not identified as a proton or- a 1T +, The 

c. m. momenta and angles were calculated for both possible inter­

pretations and included in the appropriate scatter diagrams. Con­

sequently some of the .unidentified tracks in the proton distribution 

were really pions, and vice versa. Whet+ an unidentified positive 
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PROTONS 

(INEL. 2-PRONG EVENTS) 
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Fig. 8. Center-of -mass scatter diagrams of protons from inelastic 
2-prong events (upper) and from 4-prong and 6-prong events (lower). 
Positive particles definitely identified as protons are represented 
by Circles (o) and the shaded portion of the histograms. Unidentified 
positive particles (calculated on the basis of a proton mass) are 
represented by crosses (x) and by the unshaded portion of the histograms. 
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0 

cos a* 
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(INEL. 2-PRONG) 
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t:.N/t:.P* 
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MU-13118 

Fig. 9. Center-of-mass scatter diagrams of positive pions from 
inelastic Z-prong events (upper) and from 4-prong and 6-prong events. 
Positive particles definitely identified as pions are represented by 
circles (o) and by the shaded portion of the histograms, Unidentified 
positive particles (calculated on the basis of a pion mass) .are represented 
by crosses (x) and by the unshaded portions of the histograms. 
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Fig. 10. Center-of-mass scatter diagrams of negative pions from inelastic 
2-prong events (upper) and from 4-prong and 6-prong events (lower). 
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Fig. 11. Center-of-mass scatter diagram of neutral pions from all inelastic 
events consistent with the emission of a single TI
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Fig. 12. Center-of-mass scatter diagram of neutrons from all inelastic 
events consistent with the emission of a single neutron. 
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track is calculated both as a proton and as a pion the resulting c. m. 
I 

angle of the proton is always greater than that of the pion. The slight 

forward peak in the angular distribution of.the positive pions, shown 

in Fig. 9, may therefore be due to protons. However, the backward 

peaks in the proton dist'ributions, shown in Fig. 8, consist largely of 

identified protons. Thus, if the unidentified tracks due to pions could 

be subtracted, a strong backward peak would remain. 

In the distributions of negative pions, shown in Fig. 10, there is 

no ambiguity con~ernirig .the mass of the particles. The angular dis­

tributions of TI- from 2-prong and 4-prong events are markedly different. 

An isotropic distribution is found for 'IT from 4-prong events, while 

the negative pions from 2-prong events show a sharp forward peak, 

which may indicate that low-mul_tiplicity events involve relatively 

small momentum transfer. Distributions for neutral pions and neutrons 

are shown in Figs. 11 and 12. They are quite simil~r to the distribu­

tions of the corresponding charged particles but are considered less 

certain because in most events the possibility that two or more neutral 

particles were emitted could not be eliminated. 

These angular distributions furnish a rather sensitive test of the 

validity of the statistical theory of multiple pion production. It was 

showg in the previous section that the number of emitted pions could 

be fitted by the statistical model with a sq.itable choice of interaction 

volum~·. However, the assumption of statistical equilibrium in the 

statistical th~bries requires that the angular distributions of the 

emitted particles be symmetric about 90° in the c. m. system. The 

strong asymmetry shown in Figs. 8 and 10 indicates, therefore, that 

statistical equilibrium is 'not attained in 5-Bev 'IT- -p collisions. 

· The momenta of particles from z.:prong events tend to be some­

what higher than the momenta of the, corresponding particles from 

4- and 6- prong events. This is consistent· with the view that the 2-prong 

~vents involve relatively low multiplicity and leave more. o~ the avail­

able energy for the charged particles. The momenta and angles of all 

charged particles are summarized in Fig. 13. The average momentum, 

in the c. m. system, of all protons is 736 Mev/ c, and that of the pions 

is 537 Mev/c. 
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Fig. 13. Center -of-mass momentum and angular distributions of all 
charged particles from all inelastic events. These histograms are the 
sum of the histograms shown in Figs. 8, 9, and 10. 
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E. Angular Correlations and Q Values Between Pairs of Particles 

The Brookhaven experiments on 'll'- -p, n-p, and p-p collisions 

in the 1- to 2-Bev energy range showed rather marked angular corre­

lations between certain pairs of particles emitted from inel~stic ~ 

6, 18, 24, 2 5 Th l . · · h. d 1 events. ··· ese corre at1ons were cons1stent w1t a roo e 

in whichc:the production of pio_ns proceeds via an intermediate excited 

(T = J = ;3/ 2) nucleon state or is influenced by resonant final- state 
. . . 26 
1nteract1ons. 

The data of this experiment were examined for correlations that 

might yield evidence for similar interactions between pairs Oif emitted 

particles. Correlation angles and relative kinetic energies .(Q-values) 

were calculated for all pairs of particles emitted from inelastic events. 

The distributions from 2-prong and 4-prong events were quite similar 

and have been lumped together. Figure 14 shows the distributions of 

* . * cos e. . for. several pairs of particles, where e. •. is the angle in 
1, J . 1, J 

the center-of -mass system between the emitted particles i and j. 

The distributions appear rather isotropic except for a tendency for 

some nucleons and pions to be emitted in opposite directi,ons. This 

angular correlation results from the asymmetric angular distributions 

described in the preceding section. However, a slight correlation· 

would be required by momentum conservation, even in the absence of 

these asymmetries, because the average_ c. m.. momentum of the 

protons was found to be 200 Mev/ c greater than that of the pions. The 

distributions involving neutrons are considered much less certain, and 

may be biased, because in most events the possibility that two 

neutral particles were actually emitted could not be ruled out. 

The.distributions of Q values for these same pairs of particles 

are shown in Fig. 15. Like the angular correlations, the Q value 

distributions show no dramatic effects. If the production of pions 

procee9.s via an excited nuclear isobar with T = J = 3/2, the Q-value 

di~tributions of the (p, rt +) and (n, 'll'-} pairs should have a rather strong 

peak at about 160 Mev corresponding .to the 3/2, 3/2 pion-nucleon 

scattering resonance. The distributions in Fig. 15 are, rather broad 
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Fig. 14. Distributions of correlation angles, in the c. m. system, between 
various pairs of particles from all inelastic events. 



co-

-44-

60 

(7T+, 7T-) PAIR 

0 

LL 
0 

20 

..J 10 
<t 
> 0 0:: 
w 
1-
z 

> PAIRS 
w 
CD 

N 
0 
0:: 
w 
Q. 

en 
0:: 
<i 
Q. 

LL 
0 10 
0 
z 0 

30 /(P,1T+) AND (N,,.-) PAIRS 

20 r- -.. ____ (P,7T+) PAIR ONLY 
I I---, 

10--- ..J !....---i 

.2 .4 .6 .8 ·1.0 1.2 1.4 1.6 
Q (BEV) 

MU-13124 

Fig. 15. Distribution of Q values between various pairs of particles 
from all inelastic events. 



'• 

-45-

and do not show anYi sharp peaks. ·The pre s~nce of any resonant pion­

nucleon or pion-pion interactions might be expected to yield Q distribu­

tions of varying shapes. The similarity of the shapes of all the Q dis­

tributions indicates, therefore, that this ex,periment does not furnish 

evidence for resonant interactions between pairs of emitted particles. 

F. Production of Heavy Unstable Particles 

Only four of the events involved the production and visible decay 
' . 

of heavy unstable particles. It is quite likely that several of the other 

inelastic events also involved the production of strange particles that 

did not decay before leaving the sensitive region of the chamber. If 

a K me son of about 300 Mev/ C' were emitted in such an event, ~t might 

be recognized by its ionization. In two events tracks appearing to be 

K+ mesons' were indeed observed, but this identification was not 

sufficiently sertain to justify classifying these events as strange-' 

particle pr eduction events. 

In addition to these events, the decay of 103 neutral V particles 

produced by the pion beam in the chamber wall was observed. An 

analysis of these and 10.9 additional wall-produced v 0 
decays from 

neutron and proton beam exposures has been published. 
12 

Event A, shown in Fig. 16, is interpreted as the associated pro'-

/\
0 +( 

duct ion of a and a K me son. Tracks 1, 3, and 4 are identified as 

a K+,' a proton, and a TI respectively by their momentum and relative 

ionization (Track 2 is presumably a TI- ). If Track 1 were a pion its 

ionization would be very nearly minimum, and if it were a proton its 

ionization would be 2. 5 times as great as that of Track 4. Consequently 

its identification as a K+ seems rather certain. This identification is 

consistent with Gell-Mann and Pais 1 s assignments of strangeness 
. AO + 27 S = -1 for the 1\ and S = + 1 for the K . Lack of energy and momentum 

balance indicate that one or two neutral pions were produced. The 

event is the,refore interpreted as 

- + - J\0 0 
TI + p - K + TI + 1\ + (one or two TI ). 
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/ 
I 

ZN -1690 

Fig. 16. Event _A . The most pro+bable interpretati o n is t_?.at Track 0 is 
the incident rr , Track l is a K meson, Track 2 is a rr , and T racks 3 
and 4 are the proton and rr- from a / ' 0 decay. 
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The dihedral angle between the production and decay planes of the 

1\
0 0 .· + 

was 28 . The visible length of Track 1, the K meson, corresponds 

to a proper time of flight of only 1/40 of a mean life, so that it is not 

surprising that no decay was seen, 

In event B, shown in Fig. 17, the decay of both strange particles 

was observed. The positive prong {Track 2) of the 2-prong event 
0 

decayed through an angle of 5 , and at the very edge of the cloud 

chamber a 'faint V particle was seen (Tracks 3 and 4). Although one 

can assign only lower limits to the momenta of the two tracks form­

ing the V, the geometry is incompatible with the possibility that this 

is a 1\ 0
, but fits a 8° of about 970 Mev/ c. The positive unstable . 

particle could be either a ~ + or a K+, since the momentum of its decay 
I 

product is practically unmeasurable. Consequently there 'are two 

alternative interpretationsfor this event: 

n + P ._ n + ~ + + 8 o + (no) 

_... n- + K+ + e 0 + (n}. 

0 Momentum and energy can be balanced by a tr in the first reaction 

and by a neutron in the second one. The estimated ionization of the 

positive decaying track and its short lifetime (r:::' 10- 10 sec) favor its 

interpretation as a ~+ rather than a K+ One may note that the e in 

the second reaction must have strangeness S = -1 corresponding to 

a -eo. 
The most interesting event was event C, shown in Fig. 18, in 

whi<;h a e 0 was produced together with two charged prongs. All the 

outgoing tracks are about 20 em long, and their momenta could be 
+ measured to within 5o/o. Track 1 is identified as a proton or a~ and 

Track 3 is a n +. Interpretation of Track 1 a~ a ~ +, however, r'esults 

in more missing momentum than missing energy for all permissible 

adjustments of the measurements, and must therefore be ruled out. 

The e0 has a Q value of 222.6 ± 7. 7 Mev and a proper. lifetime of only 
-12 . . 

2 x 10 sec. The most probable interpretation of the event is 
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ZN -1691 

Fig. 17. E ventB+. TrackOistheincidentn-, Trackl isaTI -, Track2 
1s a K+ or a ~ that decays in flight, and Tracks 3 and 4 a r e p ions from 

a 0 ° d e cay . 
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ZN-1692 

Fig. 18 . Event C. Track 0 is the incident TT , Track 1 is a proto n, 
Track 2 is a TT-, and Tracks 3 and 4 a r e p ions from a f)

0 d~ cay, w hich 
occurr ed about 3 mm from the original TT- -p collisio n. 
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=so-

'TT +p 
- o _o 

~ 'TT + P' + e + (e }. 

The presence of thee 0 is indicated by a neutral mass of MN = 502 + 91 
-124 

Mev, and is consistent with the assofiated production of two neutral 

K particles of opposite strangeness, according to the scheme of\ 

Gell-Mann and Pais. A more detailed description of this event has 

already been published. 
1 

The last event involving strange..:particle production and decay 

was found in an extremely poor picture. A' 4-prong star was observed 

in which one positive outgoing particle decayed in flight. The momen­

tum and angle of decay were definitely too large to be consistent with 

a TI- f.1 decay. The momenta of the other three tracks could not be 

measured sufficiently well to permit further analysis. However, the 

presence of four charged outgoing prongs shows that at least one 

additional pion was emitted together with the heavy unstable particles. 

It is interesting to note that in all these collisions pions were 

produced in addition to the heavy unstable particles. If we combine 

the four events described above with two similar events produced by 

5.3-Bev p-p collisions
3 

and nine similar events produced by high 

energy n-p collisions, 
2 

we find that pions were certainly· emitted in 

nine out of the fifteen cases and that all the remaining cases are 

uncertain and may also have involved pion production. This is not 

surprising in view of the fact that the energy available in the center­

of-mass system ranged up to 2 J?ev. It appears, therefore, that 

strange-particle production without accompanying pion production is 

quite improbable in elementary particle collisions at these energies, 
28 

in contrast to the results at 1.4 Bev, 29 whe::r;e all the st~ange-particle 
production events were interpreted as TI + p ~ Y + K. 

) 
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IV. SUMMARY 

The analysis of 137 events resulting in charged outgoing particles 

shows that inelastic collisions involving production of one or more 

secondary pions are the predominant processes occurring at 5 Bev 

(80% of all collisions that result in charged particles}. Eight. examples 

of production of four or more secondary pions were observed. The 

cross section for all processes resulting in charged particles is 
. I 

21.1 ± 2.3 mb. An estimate of the number of unrecorded zero-prong 

events yields a total cross section of 22.5 ± 2.4 mb. 

The elastic scattering cross section is 4. 7 ± 1.0mb. Nearly 

all the elastic events occurred at small angles (less than 9° in the 

laboratory system} and were due to diffraction scattering. The 

diffraction pattern indicates that the region 'of interaction has a radius 
-13 

of 0.9 ± 0.15 x 10 em and an opacity of about 0.6. 

The relative frequency of events involving production of different 

numbers of secondary pions could not be uniquely determined be­

cause of the many possible reactions and the measurement uncertain-
' ties. The observed distribution of the various types of inelastic 

events nevertheless yields a rather definite value of 2. 3 for the average 

number of secondary pions per inelastic event. This average 

multiplicity is greater than that predicted by the Fermi statistical 

theory of multiple pion production. The predicted average multi­

plicity can, however, be rais~lf to 2.3 if the interaction radius occur­

ring in the theory is raised to 1. 7 x 10-
13 

em. The resulting predicted 

distribution of events of differe'nt pion multiplicities is entirely. con­

sistent with the observed distribution of events. 

·Some of the angular. distributions of the emitted particles are 

quite inconsistent with the statistical model v s .basic assumption of 

statistical equilibrium. Negative pions from low-multiplicity events. 

are most frequently emitted in the forward direction in the center- of-· 

mass system and the angular distribution of nucleons from all events 

has a strong backward peak. The observation that the distributions 

are not symmetric about 90° in the c. m. syste1n is therefore 
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interpreted as evidence that complete statistical equilibrium was not 

attained in these collisions. 

Angular correlations and Q values were examined for possible 

evidence of interactions between pairs of emitted particles. The 

distributions of correlation angles were essentially isotropic. The 

Q-value distributions were rather broad, and showed no striking 

effects. 

Four events involved the production and visible decay of heavy 

unstable particles. All four are consistent with the scheme of Gell­

Mann and Pais. One of the events is interpretated as the production 
0 -0 . 

of a f) , a pair. One or more pions were emitted in each of these 

four events. The combination of these four events with 11 others 

resulting from high-energy p-p and n-p collisions shows that pion 

production accompanies the production of strange particles in,at 

least 60% of elementary-particle-collisions at Bevat;on energies. 
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APPENDIX 

Statistical VVeights 

An event resulting in one nucleon and a given number of pions 

may be observed'in several different charge states. The relative 

probability of these charge states may be found by assuming that 

isotopic spin is conserved in the collision. VVe use the notation {T, M) 

for states having total isotopic spin T and charge component T =M z 
and, for example, the notation (n+- 00) for the charge state containing 

one n·e.utron and otie positive, one negative, and two neutral pions. 

Table VI lists the statistical weights of the various charge states 

that can result from 'IT- -p collisions. The initial state (p-) has a 

probability of 1/3 of being in the isotopic spin state (3/2, -1/2) and a 

probability of 2/3 of being in the (1/2, -1/2) state. If the interaction 

cross sections in these two states are the same, the final states of 

T=3/2 and T=1/2 are formed with probabilities of 1/3 and 2/3 

respectively. The column in Table VI labeled {'IT-, p~ is such a com­

bination of the (3/2, -1/2} and 0/2, -1/2) columns. The numbers 

in brackets at the end of each gr~mp represent the total statistical 

weight, T(m~, of the group. A detailed description of the method of 

calculation is given in Reference 19. 

! 
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Table VI 

Statistical weights for the products of 'IT- -p collisions. 

·~ 

(3/2, -1/2) (1/2, -1/2) • No. of No. of Final ('IT:- -p) ('IT~ -p) -
pion~ prongs state (norm. ) 

.. 
1 2 ' (p-) 1/3 2/3 5/9 0. 5556 

0 (nO) -2/3 1/3 4/9 0.4444 
Total (l) ( 1) (1) 

2 2 ( p-0) 14/15 2/3 34/45 0.3778 
2 (n+-) 12/15 3/3 42/45 0.4667 
0 (nOO) 4/15 1/3 14/45 0.1555 

Total ' (2) (2) (2) . 

3 4 (p+--) 6/5 6/5 18/15 0.2769 
2 (p- 00) 5/5 4/5 13/15 0.2000 
2 (n+- 0) 12/5 9/5 30/15 0.4 615 
0 (nOOO) 2/5 1/5 4/15 0.0615 

Total (5) (4) (13/3~ 

4 4 (p+--0} 152/35 16/5 376/105 0.3581 
4 (n++-.-) 80/35 10/5 220/105 0. 2095 
2 (p- 000) 44/~5 4/5 100/105 0.0952 
2 (n+- 00) 136/35 14/5 '332/105 0.3162 
0 (nOOOO) 8/35 1/5 22/105 0.0210 

Total (12) (9) (1 0) 

5 6 (p++-- -} 25/7 20/7 65/2.1 0 .12. 90 
4 (p+:-- 00) 64/7 44/7 152/21 0.3016 
4 (n++--0} 70/7 50/7 . i70/21 0.3373 

1., 2 (p-0000) ·9/7 6/7 2.1/21 0.0417 
2 (n+:- 000) 40/'J 2 6/7 92/21 0.1825 
0 (n00006) 2/7 1/7 4/21 0.0079_ 

, Total (30} (21) (24) 
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Table VI (ConL ) 
.. 

Statistical weights for the products of 1t 
- -p collisions. 

;"':'\ No. of tNo, of Final (3/2, -1/2) (1/2, -1/2~ (1T- -p) (1T- -p) 
~ 

pions prongs state (norm.) 

.. 
6 6. (p++--- 0) 390/21 270/21 930/63 0.2488 

6 (n+++---) 140/21 105/21 350/63 0.0936 

4 (p+-- 000 ~ 336/21 216/21 768/63 0.2054 

'4 (n++--00} 540/21 360/21 1260/63 0.3371 

2 (p- 00000) 30/21 18/21 66/63 0.0177 

2 (n+- oooor 156/21 99/21 354/63 0.0947 

0 (nOOOOOO) 4/21 3/21 10/63 0.0027 . 

Total (76) (51) (178/3) 
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