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THE PRODUCTION OF CHARGED P1 MESONS BY NEUTFONS 
ON OXYGEN 

Franklin C. Ford 

ABSTRACT 

Charged mesons were produced in oxygen gas in a cloud 

chamber bombarded by high-energy neutrons from a LiD target placed 

in the 340 Mev proton beam of the 184-inch, cyclotron. The postulated 

reactions producing the negative pions are: 

n+ri—+n+p+ir 

ord 

n+p—p+p+ir 

and the reaction for the positive pions;is: 

n +p n + n + ir+ 

The particles of the disintegration were identified by curvature and rel-

ative ionization and by characteristic track endings. As many as seven 

tracks were associated with a single st3r. Measurements of the energy 

and momentum of the disintegration fragments gave a minimum energy 

for the neutrons producing mesons. A weighting factor was computed 

for each meson which corrected for tracks too slanted to be measured. 

The angular distribution of the pions was obtained for the laboratory 

frame and for a special center of mas.s frame. The fast particles as-

sociated with each meson:event were identified and tabulated for energy 

and angle. An absolute cross section of 4.4 millibarns for meson pro-

duction by the neutron beam was established by normalizing with respect 

to ordinary star production. for neutron energies above 280 Mev, and 

by normalizing with respect to the n-p cross section using a beam mon-

itor to relate the data of two cloud chamber experiments. 
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THE PRODUCTION OF CHARGED P1 MESONS BY NEUTRONS 
ON OXYGEN 

Franklin C. Ford 

INTRODUCTION 

Experiments involving the production of pi mesons may be 

expected to indicate which features of present meson theories are qual-

itatively correct and to furnish quantitative checks with which.any future 

meson theory must agree. Pimesons are important because they are 

intimately associated with the fundamental problem of nuclear physics- - 

the problem of nuclear forces. The cloud chamber is particularly adapted 

to the study of meson production involving neutrons on nuclei as it pres-

ents the ultimate in "thin" targets resulting in the best possible view 

of the associated particles in the reaction, The energetic s of the col-

lisions still remain somewhat of, a mystery, but the general participation 

of the nucleus can be observed to a higher degree thanby other experi-

mental means. It is alays hoped that the experimental results will 

contain striking features from which the meson-nucleon interaction may 

be deduced directly. 	 , 

The charged particles ejected from nuclei bombarded by 

high energy neutrons have been studied 2,  in a number of experiments 

and the results indicate that the collision process for high energies is 

predominantly the interaction of the bombarding particle with an indi-

vidual nucleon rather than with the nucleus as a whole. The theory as 

outlined by Goldberger 4  predicts the production, of fast particles in the 

forward direction and low energy particles emitted more, or less isotrop-

ically, and when sufficiently high energies are reached the production 

of pions becomes possible. 

Gardner and Lattes were the first to observe the production 

of mesons in the laboratory using high energy alpha-particles to bombard 

targets. When neutrons are used as the bombarding particle, the prob-

lem of generating a beam with a reasonably narrow high-energy peak 

arises. A suitable neutron beam was obtained by bombarding a LiD 

target 5  with 340 Mev protons. With any other target the background 
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in a cloud chamber due, to the .low energy events is too great for a rea-

sonablemeson production rate. Mesons produced by neutrons bombard-

ing.. argon gas in a cloud chamber were first observed by Hartsough, 

Hayward, and Powell, 6 
 However at that time the copper target used 

in the cyclotron produced so many lower energy neutrons that the high 

background of other events in the chamber made a detailed studyof the 

pion production impractical. One technique used to avoid background 

in another experiment, using neutrons on carbon, employed a time 

of flight measurement for the pions; but only a limited part of the pion 

spectrum can be studied with such methods atpresexit. The usual tech-

niquein charged meson studies makes use of nuclea.r emulsions embedded 

in absorbers and magnetic separation to sort out the mesons formed at 

desired angles. 8.  

The 'splitting up Of a nucleus is referred to as a star when 

two or more charged particles are visible in a cloud chamber or nuclear 

emulsion. Neutron-induced stars are particularly suited for study with 

'a cloud chamber.' A star experiment using 90 Mev neutrons was carried 

out by Tracy and 'Powell, 9  and the techniques developed by them for 

analyzing the fragments of the stars were extended by Pete.r Tannenwald 10  

for study of neutron-induced events in helium. This same basic technique 

of track identification has been applied in the present study. The low 

cross section for the production of pions in hydrogen, helium, and mon-

atomic carbon (such as methane) made it necessary to use a high-pressure 

cloud chamber for studies involving meson production by neutrons on 

these nuclei. Oxygen gas gives sufficient production to permit its use 

at atmospheric pressure. An experiment using deuterium in a ten at-. 

mosphere cloud chamber 11 
 is now in progress. 

4 
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EXPERIMENTAL.PROCEDURE 

Apparatu 	 . 	.. 	: 	..: 

The neutrons produced by bombarding a, one-inch thick LiD 

target with 340 Mev protons were collimated outside the concrete shield.. 

ing of the 184-inch Berkeley cyclotron by :means of a rectangular coppe,r 

collimator three feet long passing a beam three inches wide and one 

inch high (see FIgs, 1, 2, and 3). The neutrons entered the 22-inch 
13 	•. 

Wilson cloud chamber through a three mill copper foil windpw 5 x 1 

inch, and passed out through a similar window to reduce back-scatter-

ing from the exit wall of the chamber The bottom of the chamber con-

sisted of a half-inch thick homalite disk which moved vertically and was 

controlled by a pantograph which kept it horizontal during the expansions 

Gelatin containing a black dye covered the disk to a depth of 

1/16 inch to provide a black background for photographing the tracks 

General Electric FT422 flash tubes were used on either side of the cham-

ber and gave uniform illumination over 2 1/2 in. of the 3 1/2 in, high 

chamber. 14  Each lamp was flashed by discharging 256 microfarad con-

densers charged to 1700 volts through it. 

Operation 

The cloud chamber was operated in a pulsed magnetic field 

of .22, 000 gauss which was energized by a 150 h.p. mine-sweeper gen-

erator. The field requires about 2..5 sec. to attain its maximum value, 

where it remains steady for about 0.15 sec. before being turned off. 

The cycle of operation, repeated once a minute, is as follows: the cur-

rent is turned on.in advance so that its maximum coincides with the ex- 

pansion of the chamber. The cyclotron beam, is pulsed through the cham-

ber at the instant the diaphragm hits bottom, and the lights are flashed 

about 0.04 sec. after the beam signal. The current which passes through 

the magnet is recorded with each picture through a third lens which views 

the magnet current meter. The chamber is kept at constant tempera-

tuz'e by means of a temperature-controlled circulating water system,, 

A clearing field of about '60 volts is turned off prior to expansion of the 

chamber and turned on again after the lights have flashed. 
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The chamberwas 'filled with oxygen gas to a total pressure 

of 86 cm Hg in the expanded position. Of this pressure 1.8 cm was due 

to the partial water vapor pressure from the gelatin. The chamber was 

-then compressd to a otlprsre ôlll.0 cm representing an expansion 

ratio of around 29 percent. ...... . ...... - 

Photography 

A specially constructed camera was mounted on a light-tight 

crown 27 in above the top glass of the chamber. The pictures were 

taken through a pair of Leica lenses at f 6 3 on Eastman Linagraph Ortho 

film in 100 foot strips 1 80 in wide Life-size reprojections, which 

duplicated the geometry of the camera optical system and employed the 

camera lenses, were used for measuring the tracks Western Union 

arc lamps type 300K provided brilliant projected images The repro-

jection apparatus is described in detail in reference 15 and the sketch 

of the projector, Fig 4, is taken from there 

.4 
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METHOD OF ANALYSIS OF EVENTS. 

Because of the large solid angle of observation, the cloud 

chamber offers possibilities of obtaining more information concerning 

stars from a pure substance than does any single experimental device. 

It enables one to study individual events in detail and, with the aid of 

a stereoscopic camera and projector, it permits reprojection of each 

track in its original size, shape and position. With the addition of a 

magnetic field one can gain information about the momentum and energy 

of each charged particle. 

Available Data 

Following an outline by J. Tracy, the data available for 

analyzing an event in this investigation may be divided into three cate-

'gories. These are: 	 , 

• 	 General Experimental Data. This includes knowledge of 

the direction and approximate energy distribution of the neutron beam, 

the direction and strength of the cloud chamber magnetic field, and the 

• composition and stopping power of the gas, mixture in the cloud chamber. 
• 	.. Individual Star Data. This includes informatioriobtained 

from measurements on the individual events, such as initial radius of 

curvature, density, initial direction, range, rate of change of curvature 

and rate of change of density.  

Auxiliary Information.. This includes application of the laws 

of conservation of momentum, energy, mass and charge, as well as 

• 	knowledge of range-energy relations, specific ionization vs. energy 

relations and characteristic track endings. 	 . 

Identification Procedure 	 . 

On the average, about 20 oxygen stars appear in each pic- 

• ture and one meson star is obtained for each 95 oxygen stars. The data 

• collection rate is therefore about 1 meson star for each 5 pictures. 

The negative charge' associated with the negative pi meson makes it the 

onlyparticle associated with a star which has a counter-clockwise cur-

vature in the magnetic field. Electron pairs are created in the gas yield-

ing the only other track with characteristic curvature for a negative 

particle, but they have no associated star. These tracks lie in a plane 
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parallel to the chamber bottom and are dir'e'èted toward the target from 

which the neutrons come, enabling one to differentiate between mesons 

and electrons in all cases, ' 

The positive pi n'esons and remaining particles of the stars 

are identified by standard cloud chamer'techniques; i. é., by a coxnpar-

ison of Hp vs. ionization for p, d; t, He 3 , and He4 , and by character-

istic endings. The heavier shortranged particles could'not'be identi-

fied completely, but in the majority of cases some mass and charge 

estimate was obtained and when usedwith range-energy relations for 

heavier particles 16  gave approximate values for their energy and mo-

mentum. The complete identification procedure is outlined in reference 

10 and essentially the same procedure was used inthe present study. 

Stopping Power,, The, range-energy relations expected from 

the calculated stopping power of the gas in the chamber were verified 

experimentally. The :enegies of protons of range greater than 20 cm. 

ending in,the chamber were determined from Hp.easuremènts.and their 

ranges measured with a flexible ruler, The calculated and measured 

ranges agreed within ten percent which is.within.the experimental error 

expected. In addition, theoretical track endings were drawn from range-. 

energy relations for the calculated stopping power and compared to the 

experimental, track endings obtained. 	 " 

Errors in Measurement 

Analysis of an event involves, besides identification of the 

particles, measurements of radius of curvature, :dip angle, 'beam angle, 

height 'of track in chamber at point of curvature measurement, length 

of track used in curvature measurement, distance.of track frothenter 

of chamber, range (when the track stops in'the illuminated region and 

magnetic field strength.  

Radius of Curvature. The curvature of a t'rack is:measured 

by reprojecting it life-size on a translucent screen adjusted to the proper 

angles, to contain the plane of the track (called the s1nt plane) (see Fig. 

4) and then matching itwith One of a series of arcs ruled on a lucite 

:template. The error made in curvature measurement 'amount's to 0. 1 

mm error in the sagitta independent of' the particular curvature and track 

length. The effect of turbulence on. the curvatre can be calculated from 



-10- 

inspection of tracks made with no magnetic field. On thç average such 

errors are negligible in comparison with measurement errors, 

Dip Angle and Beam.Angle. The accuracy of reprojection 

and measurement with the apparatus used in.this experiment has been 

investigated by W. Powell and collaborators 
15

. 
	They concluded that 

dip angles a, Fig. 4, could be determined to * 1 1/2 for 0 < a. < 50 

and beam angles 3, Fig. 4, to ± 10. The systematic error due to align-

ment of reference crosses on top glass with the direction of the neutron 

beam is included in this error. All.neutrons are assumed to enter the 

chamber in a parallel beam and the ratio of the number of stars in the 

collimated region to the number outside the region makes this avalid 

assumption. 

No restriction of dip angle was placed on measurement of 

meson events in this study, but for angle and energy distributions the 

dip angle was limited to ± 600 and proper corrections were made  for 

this limitation. The associated fragments of the stars were identified 

as completely as possible, and cases in which excessively large dip 

angles prevelited identification of one or more fragments of the . star 

were tabulated only as to the information readily obtainable. The en-

ergy involved makes most stars appea,r swept forward and on the aver-

age only the low energy particles are scattered at wide angles. In spe-

cial cases this is not true, and particles of rather high energy are seen 

to go off at large angles with respect to the beam direction- -some even 

essentially backward. 

Magnetic Field. The  ammeter reading of the magnet cur - 

rent is photographed simultaneously with each picture and the field strength 

is then obtained from a magnetization curve. The magnet field varies 

by 6 percent over the region where tracks were measured and an accurate 

map of the field is used to determine the field strength at the center 

of the measured part of the track. Itis necessary to know the magnetic 

field at the center of a track only since the field varies quite slowly over 

the useful region of the chamber, 

Calculations . 	 . 	. 

The analysis of, an event is completed by making appropriate 

calculations for such. quantities as Hp, energy and angle for the particles 
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of the star, and the minimum energy of the incident neutron. The details 

for calculating the minimum energy are given in reference 10 and are 

only briefly outlined here. From the measured dip angle a. and beam 

angle 1 the scatter angle 9 and azimuthal angle c  are computed (.see Ap-

pendix I). The momentum of each particle of the star is then resolved 

intb three components. Momentum components parallel to the beam 

are added to obtain a .:for.ward momentum for an incident neutron. This 

is not a minimum value for the momentum of the incident neutron because 

of the possibility of there being neutral particles going backward from 

the star. The energies of the visible particles of the star, the binding 

energy of the indicated reaction, and the meson rest mass are added 

together to obtain a minimum energy for the incident neutron. If the 

minimum energy and the fo.rwar.dl momenbim agree and there is no un-

balanced transverse momentum, the star is considered balanced. For 

cases in which this neutron energy and momentum do not agree and the 

energy balance leads to a larger value for the incident neutron energy 

than indicated by the momentum balance, a series of approximations 

is used which involves adding one or more neutron prongs to The star 

of an energy sufficient to raise the momentum by the required amount. 

As a result of the large energy involved in the rest mass 

of the pi meson, no stars - were found for which the momentum balance 

lead to a larger neutron energy than indicated by the energies of the 

visible prongs. In about 1/3 of the cases examinedthe two methods of 

calculating the minimum incident neutron energy agreed within the.limits 

of experimental error. For these cases very little energy was assôci-

ated with neutrons leaving the star. 184 stars were treated in this man-

ner, while the remaining stars were measured with the same techniques 

but no balance was attempted for energy and momentum. The average 

minimum energy of the incident neutrons producing mesons was 310  Mev. 

The absolute minimum threshold for negative pi meson pro-

duction by neutrons on oxygen calculated by the method of .energy and 

momentum balance (based on the assumption that the entire nucleus acts 

like a target particle) using the most favorable reaction is 156 Mev. 17 

This is much lower than the minimum energy calculated for neutrons 

producing mesons in this experiment, indicating the nucleon-nucleon 

character of the interaction, 



If one assumes that the n + n - n + p + ir excitation function 

is of the same shape as the p. + p - p + n + 7 excitation function, then 

it is possible to compar,e the average value of the incident neutron en-

ergy obtained by the. energy and momentum balance of the stars with 

the average value of the energy of the incident neutron indicated by the 

product of, the neutron. spectrum5 
11 

 and the p + p - p + n + ir±  excitation 

function17  (seeFig. 12), Thedetails of the average collision producing 

a meson are, given on page 18 and the information concerning the xteutron 

in the nucleus has been used to calculate the relative pion yield. The 

relativepion yield as a function of the incident neutron energy, curve b, 

Fig. 12, indicates that the average energy for neutrons producing pions 

is about 320 Mev.,. . Agreement between this calculated value and the ex-

perimental value of 310Mev is.in  accord with the predictions of the hy -

pothesis of. charge independence of nuclear. forces if a deuteron is pro-

ducéd in the n n process. In the sections, Energy and Angular Distri-

butions and Cross Sections, more evidence is given which indicates the 

charge independence character of nuclear forces. 

0 
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CORRECTIONS 

The relatively low ionization of the mesons makes possible 

accurate alignment of the tracks up to * 60 degrees dip angle for all 

scatter angles A geometrical correction factor due to the restriction 

of ± 60 degrees in dip angle was applied to all pion tracks and the tracks 

at all angles were measured as a check on the validity of this correction 

so as not to overlook significant contributions at larger angles. The 

maximum correction factor under these limitations is 1 5 and would 

apply only to a small group of tracks In the range 60 1 	120 degrees 

the observed number of tracks for all dip angles was 138 while the number 

of tracks expected from application of the correction factor ,  to the tracks 

in the regioii± 60 degrees dip angle was 152 The correction factors 

are shown in Fig 5 and are determined by the equations giv.en in Appen-

dix V. 
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RESULTSAND DISCUSSION 

Negative Meson Events  

The reactions for negative pion production, by neutrons on 

nuclei are 	 . 

(1) 

or 	d + rr 	 (2) 

	

n+p•—p+p+1T 	 (3) 

The hypothesis of charge independence of nuclear forces 18  would make 

the n-n interaction thesame as the p-p interaction; a reaction which has 
19,20,21,22,23 

been studied in some detail. 	 On this basis, reactions 

(1) and (2) would contribute the majority of the 344 negative pions observed 

in this study, while reaction (3) would contribute the same number of 

pions as the reaction (np, 	rrtnn) or about;21 of the 344 observed pions. 

The possibility of deuteron formation in reaction (2) is of special interest 

and will be treated in the section on deuteron formation (see page 15). 

The events were classified according to the number of prongs 

displayed on the associated star, not counting the meson track. In ad-

dition the events were then classified according to the identity of the fastest 

associated particle with energy greater than 10 Mev. The results of this 

classification are given in Table I. 

TABLE I 

Prongs 

Negative Meson Events 

(Energy of Fast Particles Gre.ter Than 10 

Fast 	 Fast 
Stars 	Deuterons 	. Protons 

Mev) 

Unclassified 

2 108 	 39 	 65 . 

3 	. 101 	 41 	 49 11 

20 	 34 23 

5 35 	 5 	 18 12 

6 .. . 	 10 . 

7 

344 	 114 	 176 	. 54 
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The interpretation of the second row is as follows: 101 three 

prong stars were obtained of which 41 showed fast deuterons, 49 fast 

protons, and 11 were unclassified. Particles of eñerg.ygreáter.than 10 

Mev are classified as "fast". Theunclassilied stars in the table arise 

from events which have no visible particle with energy greáter than 10 

Mev, or they arise from events whose fastest particle is neither a deu-

teron or a proton. 

If the same classification is made withthe restriction that 

the energy of the fastest particle be greater than 50 Mev, the following 

tabulation results. 

TABLE II 

Negative Meson Events 

(Energy of Fast Particle GreaterlThan 50 Mev) 

• 	 . 1.: Fast Fast 
Prongs. Stars. Deuterons Protons Unclassified 

2 108 15 31 	. 62 

3 101 • 	 16 29 	• 	 • • 	 • 	 56 

.4 77 .. 	 • 	 9 	. 11 	• • 	 . 	 •. 	57 

5 35 5 . .27 

6 22 1 2 19 
7 

344: 	 47 	 • 76 	• 	 221 

Deuteron Formation. A coincidence between the.pásitive 

pion and deuteron was obtained by Crawford, Crowe, and Stevenson 20  

which confirmed the formation of deuterons in the free p-p interactions. 

The data of C.Richman for 340Mev protons on protons is in agreement 

with the pion angular distribution required by deuteron formation. 19 

For the n-n interaction, deuterons bombarded with neutrons exhibit twice . 

as many events which have a meson, deuteron, and proton as the end 

products of the reaction producing mesons as events which have no deu-

teron among the final products. 
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A comparison of Tables I and II shows no marked change 

in the ratio of deuterons to protons. The energy spectrum of the deu- 

terons from Table I has no distinct maximum, but rather is spread uni-

formly over the range zero to 120 Mev with an upper limit at 160 Mev. 

An analysis of the oxygen stars not containing mesons yielded a deuteron-

proton ratio of about 1:3 ,  for particles with energies greater than 50 Mev 

while the same ratio from Table II is' about 3:5. In spite of the difference 

of these ratios, it is still impossible to be sure that these deuterons 

are formed directly with the mesons The stars containing mesons would 

be expected to exhibit more pick-up deuterons than corresponding stars 

without mesons because in the former stars the incident neutron has 

been degraded energetically by meson production to a favorable energy 

range for the pick-up process. The presence of a large number of en-

ergetic deuterons, however, would seem to indicate correspondence 

between the formation of deuterons and meson production. The fast 

deuterons obtained from neutrons on oxygen fall into an angular range 

of ± 30 degrees in 0, which is in ágreement"with.the expected angular 

distribution of the dèut'e.rons from the pion production process; but the 

• pick-up deuterons would have a âimilarly sharp angul.r" range for high-

energy cases,' preventing the separation of the two type's of deuteron 

associated with the star.  

Positive Meson Events 

The reaction for positive pion production by neutrons on 

nuclei is n + p—n + n + 7r 	The two neutrons in the final state of this 

reaction are not detectable in a cloud chamber so that the stars asso-

ciated with positive pion production appear less complex than the stars 

associated with negative pion production Only 21 cases of positive pions 

were found, as compared with 344 negative pions, thus yielding a nega-

tive to positive ratio of 164 ± 3,7 over all angles and all energies. 

A determination of this ratio in carbon, 24 
 using neutrons from a Be 

target and the emulsion detection technique, yielded a value of 14 to 1 

In determining the negative to positive ratio for neutrons on oxygen, 

it should be noted that the error in the ratio is statistical and no attempt 

has been made to present the experimental error that might arise from 

the fact that the positive pion was more difficult to detect than the negative 
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meson (the positive pion was identified by its relative ionization for a 

given curvature while the negative pion was identified primarily by its 

unique counterèlockwise 'curväturë). 

The po'sitive'pions were produced over a wide range of en-

ergies and angles, but the small number of events prevented any study 

of the angular and energy distributions as was done for the negative e-

vents'.. An examination of the associated stars revealed two cases of 

the fast deuteron in 21 events as compared with the 47 cases in 344 e-

vents for the negative pions. If the pick-up' process were the predom-

inant process for producing deuterons in the observed cases, the posi-

tive pion events with two neutrons in the final state should contribute 

at least 6 such deüteroris instead of the two observed. The evidence 

is again in favor of some deuteron formation in the production of nega-

tive pions in complex nuclei when the final state contains a neutron and 

a proton 

Energy and Angular Distributions 

The distributions for angle and nergy have been presented 

in two frames of reference The laboratory angular distribution is given 

in Fig. 7 and the laboratory energy distribution is given in Fig. 8. The 

general features of the laboratory angular distribution are the same as 

those obtained for protons on carbon. Measurements by W. Dudziak 22  

for 340 Mev protons on carbon at zero degrees and ninety degrees to the 

beam, and by S. Leonard25  at 180 degrees to the beam indicate the same 

forward peak in the production cross section as in the case Of neutrons 

on oxygen. Agreement of the angular distributions of pions produced 

by protons on carboxi and neutrons on oxygen is evidence for the charge 

independence of nuclear forces. The neutron beam has a continuous 

energy spread from pion threshold at 280 Mev to a maximumenergy 

of 340 Mev, The resultof this spectrum is to furnish a continuous range 

of meson energi'es at any viewing angle. For this reason no comparison 

of the laboratory energy distribution of pions from neutrons on oxygen 

with the pions from protons on carbon has been made. The average dif-

ferential'cross section over the range zero to 30 degrees has been ob-

tained as a function of the pion energy and is presented in Fig 11 



• 	 , There are indications Irom the data.of L. Neher that the 

production of negatve pions by,the n-n inter3çtion.is similar to the pro - 

ducution of positjve'p'ions by the. p-p interaction. Inorder,to treat the 

data obtained here in a way suitable to make a comparison with the p-p 

data, the problem .3rise,s. of choosing an appropriate average center of 

mass for the reaction 'of neutrons with oxygen'. It is assumed that the 

reaction occurs between a neutron in the nucleus and an incident neutron. 

Several further assumptions are made, the' first being that the nucleons 

have a gaussian momentum distribution with an average energy of 20 

Mev, The secc.nd assumption is that the incident: neutron (producing 

pions) has an energy. E1  o,f 320 Mev. The third assumption is that the 

cross section for the production process, of negative pions is similar 

...in.'its 	dependence to the cross section for the production of posi- 

'.tive pions by protons .onprotons26..(Fig.  12., curve.c), Amarked char'-

acteristic of this positive pion cross section is its extremely rapid rise 

' • with energy. . 	. ., • ' 	'' 	.•• 	. 	. 	... 	, 

- .- 

E 1 , P1 	
beam direction 

' U 	 • ,', 	 . ' 

/ 

• 	. '' •, 	'' 	. 	'• '. 	' 	Sketch 1'  

Sketch 1 shows a" schematic representation 'of the collision 

of an incident neutron of energy E' 1  and a neutron in the nucleus moving 

• at an angle Oto the beam direction with an energy'E 2  a.n'd 'a mOmentum 

For a'givènvalue'ofF,'the eñergy'in the center'of mass is amax-

imum when the 'angle '8 is 180 degr'ees while the solid angle for collision 

is a maximum when the angle 9 is 90 degrees. Because a rapid rise 

of cross section with energy has been assumed, the numbe'r of negative 

pions produced becomes a maximum in the region where e has a value 
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around 145 degrees. Although the average energy of the neutrons in 

the nucleus is 20 Mev, the strOng.energy' dependence assumed for the 

production process makes the most favorable nucleon energy E 2  about 

30 Mev.*' 	 . 	 H 

Under thes'e'assumptions the valüe'3 of the average center 

of mass becomes 0,28 as determined by the relation (see Appendix IV) 

CP1  + CP 	'°S 	 . .. 
p. 	E1+E2.. 	: 

.1. The corresponding value of y= 	 is 1.04. The angle and en- 

ergy of each meson in this average cnterof mass was Obtained by the 

usual relativistic transformations (see Appendix IV). 

Fig. 9 shows the angular distributionobtaiñed for the cal-

culated average center of. mass. The uncertainties are the standard 

deviations based on the number of events observed in 20 degree scatter 

angle intervals. The solid line in Fig. 9 is a least squares fit of the 

data to a curve of the type'A(B + cos 2  0) where B has the value 1.2 with 

a statistical error of ± 0.15. Rjchman and Whitehead find that for free 

p-p collisions the value of B is about 0.2.31  The shape of the curve 

is sensitive to the value of p assumed for the center of mass, but the 

symmetry of the angular distribution justifies the present choice of the 

average center .of mass, Fig. 10 gives the energy distribution of the 

mesons in the average center of mass over all scatter angles. 

TheResidualNucleus 

In the case of stars where only a meson, proton and residual 

nucleus or meson, deuteron and residual nucleus were observed, a spe-

cial study of the residual nucleus was made. The average recoil range 

of the residual nucleus was 0.55 ± 0.10cm representing an energy of 

1.5± 0.3 Mev, 16  The energy ofaneutron, with momentum equal and 

opposite to the momentum of the recoil nucleus, would be 24 ± 5 Mev. 

The angle of the residual:nucleus recoil is tabulated in 20 degree intervals 

and the results are given in the following table. 

*Calculations were, performed. by L. Neher.., 
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• 	 TABLE III  

Angular Distribution of the Recoil Nucleus 

Angle of Reèoil 	0-20 	20-40 	40-60 1 60-80 	80-100 

Number of Recoils 	55 	47 	18 	5 	2 

It is clear from TableIll that' the data concerning the recoil nucleus 

supports strongly the assumptions made in obtaining the average center 

of mass. 

Cross Sections 	. .. 

Two methods were used to obtain the absolute cross section 

for the production of negative pions by neutrons on oxygen.. The first 

method used the oxygen stars appearing as background :  in the, chamber 

and the second method depended on the calibration d an ionization chain-

ber in the neutron beam behind the cloud chamber, 

Method I. The cross section for pion production is obtained 

from the relation  
N 

where 	. 	= cross section for meson production 

= cross section for star production at 310 Mev (inelastic 
oxygen cross section) 

N = number of mesons observed 
in 

N = number of stars produced as background by neutrons 
above 280 Mev.. 	' 

The inelastic neutron cross section of oxygen. was.taken to 

be 0. 7'othetotalcross iection based on the measurements of W. Ball 5  i  

who determined the ratio of the inelastic to total cross section of carbon, 

aluminum, copper and lead to be about 0. 7 of the total cross section over 

the range of neutron'energies from 100 Mevto'340.Mev. 'The cross section 

data ior neutrons from 14 Mev to 280. Mev 27  (extrapolated 'to' 340 Mev) 

was used to obtain curve b Fig. 13'which shows the energy dependence 

of the. total neutron cross section of oxygen. The ineiastic cross section 

is obtained by multiplying curve b by, 0.7. ''The product of the 'inelastic 

neutron cross section of oxygen and the neutron energy spectrum from 
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the LiD target 5 '
11 

 is given by curve c, Fig. 13. The area under curve 

c was divided at 280 Mev into two parts, and the ratio of the shaded area 

A under the curve for enerEies  above 280 Mev to the total area under 

the curve was determined to be F (the value of F is about 0. 73). In this 

calculation the number of neutrons below 100 Mev in the LiD spectrum 

is sufficiently small to be neglected. The product of F and the total 

number of stars observed is equal to Ni  the number of stars produced 

by neutrons with energies greater, than 280 Mev. The pion crpss section 

calculated from equation (4) iá, found to be 4.0 ± 1. 5 millibarns. 

Method U. An independent check on this cross section was 

obtained by using an ionization chamber behind the cloud chamber to 

monitor the beam. The neutron pulse associated with a picture passed 

through the ionization chamber which collected the charged particles 

produced by the neutronstraversing the ionization chamber. The col-

lected pulse of charge was recorded by a recording electrOmeter. The 

relative number of neutrons associated'with each picture could be obtained 

from the recorder. trace. To normalize the results of the trace, a sim-

ilar record was taken during a cloud chamber n-p scattering experiment 

which used the same target and alignment system 11  with the ionization 

chamber in the same relative position. By counting the high energy 

n-p events in the pictures and applying the known, cross section for n-p 

scattering (35 millibarns), the total number of incident neutrons for 

a series of pictures could be calculated. 156 n-p scatter events, initiated 

by neutrons above 280 Mev, were counted in 43 pictures For the same 

pictures the total trace length was measured from the recorder data, 

making possible a determination of the average number of neutrons per 

unit.trace length. This result was appliéd.to theoxyg.en experiment to 

convert, the trace length into an absolute number of neutrOns, and the pion 

cross section was then determined bya strâightforwar.d calculation. 

The. value of the. cross section obtained by-thisprocess if-4.. 8 ± 1.5 mil-

libarns which is .in agreement with the prevIous 'result.obtained by using 

the inelastic oxygen cross section.: . . . 	. .. 

Errors in the Total Cross Section. The error assigned to 

the cross 
I section value is made, up of the., standard deviation'bas -ed on 

the number of events and an experimental error based on the extrapolation 



for neutron cross sections, the uncertajnty.in. the neutron spectrums 

and the efficiency of the counting device. 

Comparison with Theory 

The. phenomenological theory of meson ptoductidndeveloped 
27 by Watson and Brueckner, predicts the angular• distribution of..pions 

produced in free •nucleon.nucleon collisions, .:.-They introduce certain 

simplifications by considering (1) final nucleons inS states only h  (2) mesons 

emitted, inP states only, *.(3)  only pseudoscalar mesons28' 2, 30 and 

(4) that conseryation laws apply. to isotopic spin in addItion to parity and 

angular momentum. Thehypothesis of charge independence, contained 

in the conservation,of isotopic spin, can be tested by comparing the re-

sults of the neutron bombardment of oxygen from which a study is made 

of the n-n interactioni The predicted angulardistribution for.th free 

nucleon case (in which deutéron formation is assumed, or at least 3S 

final nucleons with high probability of deuteron formation)- is.of the type 

A(B + cos 2  0) in the center of mass. For 340 Mev protons on protons 

the value of Bds aboutO, 2, while the. theory predicts  a value nearer 

1/8. For complex nuclei the momentum distribution of the;nucieons 

and the energy spectrum of the beam can beexpected tomakethedis -  

tribution more.nearly isotropic (the effect would be to 'smear: out the 

cos 2  0 distribution so thatit would appear more i..sotropc in the center 

• of. mass), For 340 Mev protons on carbon 22 
 the value of B is 'about. 0, 5, 

and for neutrons. on carbon 7  the value is approximately the same.- 

.- 	The.totalcross section for the reaction (iin--'r np) pre 

dicted by the phenomenol.ogical.theory of Watson and Brueckner is equal 

to the (p p-_* 7r+ np) cross section .for the same incident energy. In view 

of,  the values obtained forprotons on carbon by Richman and Wilcox at 

•*L For P state-emssion,...the reaction (pp_-_-iiP:pp) is forbidden, The 
small cross section observed for this reaction with respect to the reaction 
(i 	ir+ d) is èon-ipatible with a dominant P wave term (K. Watson and 
K. A. Brueckner, P. R. 83, 1 (1951)), 	 1. 

	

. 2. The constant angular distribution of the reaction (pp—*ir d) with 
increasing energy of the pion indicates that only one term is important, 
as thetwo. terms should have different energydependences (R. Durbin, 
H. Loar, J. Steinberger, P. R. .84, 581 (1951)), 

3, If the pions are' restricted to and P states, the predominantly 
cos 2  8 angular distribution must come from the P wave (M Whitehead 
and C. Richman, P. R. 85, 855 (1951)), 
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8.  90 degrees to the beam and by W. Dudziak at zero degrees to the beam, 

the cross section for protons on carbon shOuld be about 8.0 millibarns 

at 340 Mev. Since this value is for 340 Mev protons on carbon it can 

be expected to be higher than the cross section obtained for neutrons 

on oxygen because the production process is highly energy dependent. 26 

A comparison of the cross section for 340 Mev protons on carbon and 

the cross section for neutrons on oxygen may be obtainedby the appli-

cation of a correctio.n factor for the energy dependence (the average 

energy of the neutrons is about 310 Mev instead of 340 Mev'ás for the 

proton beam). This reduces the cross section for protons on carbon 

by a factor of 2.3, so that the values to be compared are 4.4 millibarns 

for oxygen and 3.4 millibarns for carbon. It thus appears thatthe ef -

ficiency of the production process per nucleon has not changed much 

from carbon to oxygen and that the estimate of pion production based 

on the hypothesis of charge independence is in good agreement with ex-

pe:riment. 	 . 	 . 	. 

The phenomenological theory predicts the cross section for 

the reaction (pn—.ir pp) to be equal to that forthe reaction (np__,rr+  nn). 

If the experimental value of the cross section for the production of posi-

tive pi.ons by protons on carbon is divided by the observed ratio of posi-

tive to negative pions, one obtains the expected value of the cross sec-

tion for the reaction (pn—tr pp) and hence an estimate of the expected 

cross section for the reaction (np___)lr+  nn). From the results of the 

carbon data22' 24 
 one would thus expect the positivepion production cross 

section by neutrons on oxygen to be about 0.76 millibarns (if the neutron 

beam were monoergic at 340 Mev). When this value is corrected for 

energy dependence of the production process, a value of 0. 33 millibarns 

is obtained while the observed value for neutrons on oxygen is 0.27 ± 0.1 

millibarns. The positive pion cross section for neutrons on oxygen is 

therefore in agreement with the predictions of charge independence of 

nuclear forces. 

The agreement of the angular distribution and the production 

cross sections obtained in this study with the angular distribution and 

cross sections predicted by the.phénomenological theory make it appear 

quite certain thatthe ideas put forewardby Watson and Brueckner are 
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ino ay-contra.djcte,d byth data. -..,Tjbe r.1ati' 1y:.1argyaluGf the 

constant term B in the expression for the pion angular dtrjb.ution in 

the average center of mass for neutrons on oxygen ;  (.B equal to 1.2 as 

compared with 0 5 for protons on carbon) can be justified without a con-

tradiction of theory. The energy si3ectrum of the neutrqn beam contrib-

utes an appreciable number of low energy mesons, which would not be 

present in the case of a monoergic beam or, accounted fin calculations 

that treated only the case of interactions for a fixed inçidept energy. 

For this reason it is concluded that the theory has,not been contradicted 

by the data for neutrons on oxygen. 

In addition, the observation of a larger number of deuterons 

in the beam direction in connection with stars showing negative pion 

production is in agreement with the prediction that the final nucleons 

in triplet S states have a high probability of forming a deuteron. The 

ratio of the cr- ( 0 ° )/cr-(18° ) (for laboratory angles) furnishes another check 

on the predictions of the theory of charge independence. On the basis 

of the production of pions with deuteron formation, the ratio of the cross 

sections at zero and 18 degrees should be 1. 54 (this is the value for the 

340 Mev protons on protons) while the experimental value for neutrons 

on oxygen is 1.6 ± 0.2. 

Azimuthal Symmetry Check 

Since there is no reason to believe otherwise, all processes 

in this experiment are expected to occur with azimuthal symmetry. 

Because this has been one of the assumptions employed in this experi-

ment and in order to be certain that no systematic errors have been made 

in the angular measurements, a measurement of this symmetry has 

been made. 

The following table shows the number of mesons observed 

in the four azimuthal angle groups. 

TABLE IV 

Azimuthal Symmetry Check 

AngularGroups 	0-60 	120-180 	180-240 	300-360 

Mesons 	 66 	 78 	 69 	 68 

U 
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These nttrnberslieweliwithin the errôrs•éxpected frOm statistica1 fluc-

tuations. 

Low Energy Mesons 

It is possible by the methods outlined in the section on Iden-

tification Procedure to identify a meson with an energy as low as 1/4 

Mev since it would still have a radius of curvature of one centimeter 

and would be followed by capture or decay, both of which are observable 

in a cloud chamber. Few pions of this energy were observed, but one 

case was obtained where the pion was created and subsequently decayed 

to a muon and the muon decayed to an electron 
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coN;cLuoNs 

• 	 • iog pie. specjl types pf.ira,stic.events when oxygen 

is bpiibarded by Iig.energ.y. neutrons, •are;the onesproducingpions. 

These events reprtepent : opp out of 4 .j,igl energy inelastic events and 

• they are 	sily idntijedby t,d ti.nçtive curvatur e.4 ionization as - 

spciád with the event. The negative pions account fqrall ; but six per-

cent of the vsibe .neoT, events... The sharp forward •pealc of the an- 

• 	gular. istributjon of the negative pioii in the laboratory. frame is in 

.gretith 	 on cr 
22,25,31 

bon, 	and also with thework Q:. . Neher using.neutr.o.ns.  on carbon. 

The conclusion to be drawn froML the agreement is the charge independence 

of nuclea.r forces. As far as the energy dependence of thepicess is 

concerned, no marked dependence is evident since the possible presence 

of a secondary neutron prohibits an attempt to correlate pion threshold 

with an incident neutron energyo The energy spectrum contains more 

low energy pions than found for the case of 340 Mev protons on carbon, 

which could be expected from the lower energy of the neutrons. The 

special.transforrnation used for the center of mass distributions is not 

completely justified but the evidence is quite good that it is not unrea-

sonable. The value of 1 (0. 28) for the, transformation is approximately 

the value taken by other experimenters7' 21 
 and the symmetry of the 

results of its application agrees with the results of experimenters 23  

who have made measurements of positive pions from the p-p interactioii. 

The experiment which remains to be done obviously is the 

production of negative pions by neutrons on deuterium. This study has 

been undertaken by W. Powell and M. Knapp 12
and should lead to a clearer 

picture of the n-n interaction since the calculations become simplified 

for such an elementary target nucleus. The center of mass transfor-

mation can be applied to events to yield angular distributions which will 

be practically unaffected by scattering, absorptipi, or similar processes. 
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APPENDIX I 

Definitions 

Dip angle a 	 The angle between the initial direction of the 
track and its projection on the horizontal plane 
containing the neutron beam. 

Beam angle 1 	The angle between the projection of the initial 
track direction on the horizontal plane and the 
direction of the neutron beam. 

Scatter angle e 	The angle between the initial track direction and 
• 	 the neutron beam. 

Azimuthal angle 4) 	The angle between the projection of the initial 
track direction on a plane• perpendicular to the 

• 	 neutron beam and the horizontal plane. 

Slant radius p 	 The radius Of curvature of the track measured 
in, the slant plane. 	 : 

Radius p 	 p = 	cbs a., and is the radius of curvature which 
a particle of slant radius Ps would have if it were 
moving with the same momentum in a plane per-
pendicular to the magnetic field, 

• 	Slant Plane 	 The plane containing the initial track direction 
and the horizontal line perpendicular to the in-
itial track direction. It is approximately the 
plane of the track except that in general the path 
of a charged particle in a magnetic field describes 
a helix. The slant plane is at dip angle to the 
horizontal plane. 

Transverse Momentum Hpt E Hp sinO 

Momentum in the beam 
direction 	 Hp E Hp cos 9 
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APPENDIX Ii 

Sample Pictures 

The following pictures serve as examples of the type of events 

• 	analyzed. The letters are abbreviations for the particle identities. 

• 	In Fig. 14 the meson event is located centrally in the picture and appears 

to be a two prong star. Note the negative curvature of the pion track and 

the density of ionization of the forward track associated with the star 

in comparison to the background tracks of similar curvature passing 

through the chamber. This track was identified as a deuteron track 

caused by a particle of energy 103 Mev scattered at an angle of 11 degrees. 

The pion was created with an energy of 13 Mev and at an angle of 57 de-

grees to the beam. •The five rcrosses:represent the direction of the beam 

and are used for stereo-lining up of the pictures. Fig. 14 includes back-

ground tracks and additional oxygen stars not producing mesons. 

Fig. 15 shows the track of a negative pion created in a five 

prong star. The lette rs indicate the identity of the particles causing 

the tracks. The remaining track was::not identified but it is probably 

a deuteron or triton track from the range-energy relations. Not vis- 

ible in the picture is another prong that lies, along the alpha track and 

undoubtably carries the remainder of the charge of the oxygen nucleus 

The pion making the track shown here had an energy of 74 Mev and was 

scattered atanangleof 25 degrees. The other particles are low energy 

and could not possibly lead to a momentum balance for the star. For 

this reason a secondary neutron is hypothesized which has an' energy 

of at least 40 Mev if it is in the .forward direction. Fig.. 15 also includes 

background tracks and additional oxygen stars. 
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APPENDIX III 

'Ene.gy and Momenturn Relations 

The .follwing equations apply to the general case involving 

any number of neutron: 	 . 	. 

E fl  =ZE 1  +Z(BE).+E 
fl

, 
1  

and 	P=ZPcosO.+P cbs9 
n 	1 	 1 	 n' 	n v 

where 	E nP P 
n

=energy and mô'men-tuth' of incident neutron 

sum of energies of ejected charged particles 

=sum of binding energies of the particles for the 
reaction measured, 

Ent P1 	energy and momentum associated with a particle 
of one or more neutron masses, as indicated 
by the reaction s  representing the minimum en- 
ergy necessary to balance the reaction and lead-
ing"to the minimum energy possible for'the in 
cadent neutron. 

The final value of the energy and momentum should be made to agree 

by using proper values for the secondary neutrons that are lumped into 

the one particle of one or more neutron masses0 This case is equivalent 

to the pd case of reference 10, and the notation is taken from there 
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APPENDIX IV 

Transformation Equations 

• . 	. 	The follOwing equations apply to the particular transformation 

used to obtain the center of mass distribution for the mesons shown in 

Fig. 8. 	 . 

cpsin8 tan 91 
= cP/cP =cPyI/cPxt = y (cp cos 8 - 13E) 

where 	0 = angle meson track makes with incident neutron direction 
(scatter angle).. 

.01 = sca.tter angle in the center of mass. 

E = total energy of meson in lab, frame. 

p = momentum of meson in lab frame 

= v/c_for c.m.. 

y =.1/I1'PT  

This equation makes it possible to change the laboratory angular distri-

bution into a center of mass distribution. The transformation of the 

energy distribution to the center'of mass is performed with the aid oI 

the following equation 	 . 	. 	•.. 	•, 

= y (-3cp cos 0 + E) 

where . E .= energy of the meson in lab, frame. • 

= energy of the meson in c.m. frame. 

3 .  = v/c for c. m.. 

S = scatter angle of meson in lab. frame. 

p = momentum of meson in lab, frame, 
1 

'Il-p2 
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APPENDIX V 

Derivation of Correction Factor 

The dip angle a i limited by experiment to.. any convenient 

• value and the correction factor is then determined by calculating the 

effect on 4,. The relation connecting the dip angle, scatter angle and 

azimuthal angle is 

sin .o. = sin 8 sin c 

cosada 	cosad'a 
so 	..d4,..= 	 ___• sin 9 cos 4, 	sin 8 Y1 - ...sin 

sina 	 . • 	cos.da 
let 	 x 	.• 	• 	.. 	. 	dx 	.. 

sine 	 sin8 

then 	d4,= dx • 
jl-x2 	.. 	. 	. 

• 	now 	P(4,)d4,= 	 • 

and 	P = 5P(4,) d4, = 	= 	
- sinO 	dx

Zrr
-x. 

X 	ginO 

putting in the limits for the integral 	.. 	 . 

2  P 	
[11sin

inai •z
=—.sin. 	 x

9J iT 	 . 

The correction factor is then 	• 

f= 
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Fig. 1 	Sketch of the cyclotron, cloud chambr andcollimator ar- 
rangeent 

Fig. 2 	Schematic drawing of 22-inch cloud charib'ér .ssembly show- 
ing arrangement.9fmagnet cameia n4 lights.71  

Fig. 3 	Photograph of cloud chambe:r, magnet and timing circuits. 
The neutron beam emerges through the hole in the wall and 
enters the far side of the magnet platform. 

Fig. 4 	Sketch of the stereoscopic projector used in the life-sized 
reproduction of tracks. The meanings of the various symbols 
in the sketch are given in Appendix.I. 

Fig. 5 	Correction factor as a function of the scatter angle. This 
geometric correction factor corrects for tracks too slanted 
to be measured. (See Appendix V). 

Fig. 6 	Incident neutron energy distribution from 340 Mev protons 
on LiD target. (Reproduced from reference 5). 

Fig. 7 	Angular distribution of negative pi mesons from neutrons on 
oxygen. The points were obtained from division of the weighted 
number of tracks by the average number of steradians in each 
20 degree interval. (Laboratory frame). Standard deviations 
are indicated. 

Fig. 8 	Energy distribution of negative pi mesons from neutrons on 
oxygen. The points were obtained by plotting the number of 
events in each 10 Mev interval. (Laboratory frame). Stand-
ard deviations are indicated. 

Fig. 9 	Angular distribution of negative pi mesons from neutrons on 
oxygen. The average transformation was applied to the data 
and the points were obtained from division of the weighted 
number of tracks by the average number of steradians in each 
20 degree interval. (Average center of mass frame). Stand-
ard deviations are indicated. 

Fig. 10 Energy distribution of negative pi mesons from neutrons on 
oxygen. The average transformation was applied to the data 
and the points were obtained by plotting the number of events 
in each 10 Mev interval. (Average center of mass frame). 
Standard deviations are indicated. 

d2  Fig. 11 Differential cross section 	for negative pi mesons from 
neutrons on oxygen. Area undr the curve' is equal to the 
average dc-/df2 for the range O 8 30 degrees. (Laboratory 
frame). Standard deviations are indicated. 

Fig. 12 Meson yield curve for LiD target obtained from multiplication 
of LiD neutron spectrum by the p-p excitation function. 

Fig. 13 Number of oxygen stars as a function of the incident neutron 
energy. Curve c is obtained as the product 0.7 x a x b. 
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Fig. 14 Oxygen star obtained by neutron bombardment showing a deu-
teron track and a negative pion track. (See Appendix II). 

Fig. 15 Oxygen star obtained by neutron bombardment showing tracks 
due to a proton, deuteron, ngative pion and an alpha. The 
remaining prong was unidentified. (See Appendix I, 
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