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ABSTRACT  

This thesis is divided into two parts. In Section I a description 

is given of a liquid hydrogen bubble chamber expansion system designed 

for use with the Imperial College 40cm. hydrogen chamber, and as a 

prototype system for the 150 cm. British National chamber. 

••• 

Section II contains a study of - proton interactions at an 

incident pion momentum of 4 Gev/c. The Saclay 81cm. liquid hydrogen 
bubble chamber was exposed to a beam from the CERN proton synchroton, 

and produced 60,000 useful pictures. The analysis of those events with 

two charged secondaries, excluding strange particle events, is presented. 

Chapter II reviews the background to and objectives of the experiment. 

In Chapter III an account is given of the apparatus and methods used in 

the processing of the film. The individual identification of events is 

described in Chapter IV. Cross-sections, angular and momentum distributions, 

and resonance production for the different reaction channels are presented 

and discussed in Chapters V and VI. Finally in Chapter VII, a brief 

description is given of some preliminary results of an investigation of 

+
-proton interactions of 4Gev/c. 
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PREFACE. 

The work presented in this thesis was undertaken by the author, 

from October 1958 - April 1962 as a member of the Imperial College bubble 

chamber group under Mr. N.C. Barford and from April 1962 as a member of 

the bubble chamber film analysis group under the supervision of 

Dr. I. Butterworth. 

It was decided in 1956 to build a small 10cm. liquid hydrogen bubble 

chamber at Imperial College. The chamber became operational in January 1958 

and was subsequently used for the study of p-p interactions of 146 Mov and 

n-p interactions around 50 Mev, both using the Harwell cyclotron.(1/
2) In 

early 1958, design began of a 40 cm. bubble chamber for use with hydrogen 

and deuterium. This chamber was intended to be used as an instrument in 

its own right, but also as a prototype for the British National chamber. 

The author joined the bubble chamber group in October 1958, and 

initially spent some time gaining experience with the 10 cm. chamber at 

Harwell. His time was then devoted to the design, construction and testing 

of the components of the 40 cm. chamber, being especially concerned with 

the expansion system. 

The chamber was transported to Saclay in May 1961 for final testing. 

It was proposed to study proton-deuteron, and neutron-proton interactions 

at 3Gev/c using the Saturne proton synchrotron. However, after several 

tests at nitrogen temperatures, the chamber body was found to have 

become magnetic and the window clamping flanges badly distorted. To overcome 
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these technical difficulties would have been very costly in time and 

money, and the decision was taken to discontinue the project. 

The author returned to Imperial College in May 1962 and jointed the 

film analysis group. During the period from November 1961 until 

February 1962, 60,000 photographs of 4Gev/c i[ had been taken at CERN. 

This film was analysed by groups from Aachen, Bonn, Hamburg, Munich, 

Birmingham and Imperial College. The author took responsibility for the 

organisation of scanning, measuring and analysis of the Imperial College 

film. The results of this 7C -  investigation have appeared In four 

publications.(3) 

The analysis by the same collaboration together with an East Berlin 

group of 70,000 4Gev/c <I.  photographs, taken in April 1962, began in 

June 1963. The author took part in the scanning and analysis of this 

film. 
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CHAPTER I  

EXPANSION SYSTEM OF A LIQUID HYDROGEN BUBBLE CHAMBER. 

1.1. 	Introduction.  

In 1953, Glaser(4) after a series of experiments with diethyl ether 

and other liquids, showed that in a superheated liquid, bubble formation 

occurred along the track of an ionising particle. It was soon realised 

that such a detector had advantages over other detectors because of its 

short resolution time, rapid cycling rate, high density and good spatial 

resolution.(5) Many liquids have been used for this instrument - the 

bubble chamber - but the greatest effort has been in the construction of 

liquid hydrogen bubble chambers, the largest in operation being the 

Berkeley 72", Brookhaven 80" and British National 60" chambers. 

1.2. 	General Considerations. 

When a liquid is brought into a superheated state, bubbles of 

visible size will only form if an energy source is available to create 

bubbles greater than a critical radius rc, given by 

rc = 20 /(pv-pL) 

where 

a 	is the surface tension of liquid 

pv 
is the vapour pressure inside bubble 

PL is the pressure of surrounding liquid 

Early theories of nucleation were based on the repulsion of ions 
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on the bubble wall. Seitz
(6) 

however, in disagreement with the 

electrostatic theories, showed that 6 -rays of about lkev would deposit 

their energy in a region 10
-6 

cm. radius, and produce bubbles of critical 

size in 10 1 °sec. Typical growth times to bubbles of visible size are 

between 0.1 and 2 m.sec. 

To bring liquid hydrogen into a superheated state one maintains 

it at just below boiling-point at a given initial pressure (e.g. 29°K at 

8 Atm), and then suddenly releases the pressure. For early, all glass, 

chambers it was possible to hold the condition of superheat for several 

seconds, but with composite chambers, parasitic boiling prevents a lengthy 

period of superheat. Hence it is necessary to re-apply the pressure 

to the liquid after only a few milliseconds. An idealised form of pressure 

pulse is shown in Fig. 1.1. In order that the heat input to the chamber 

be small, the duration of the expansion-recompression cycle should be 

as short as possible, since 'dynamic' heat loss, due to irreversible heat 

exchanges during the cycle, is in general much greater than the 'static' 

loss caused by conduction, convection and radiation. The expansion time 

(Fig. 1.1) must be kept as short as possible to prevent boiling at the 

chamber wails becoming important. It must not be too short, however, 

as turbulences may occur, and a time of 5-10 milliseconds is a typical 

compromise. The recompression time can be as short as possible, although, 

in general, it is necessarily of the same order as the expansion time. 

The time of arrival of the beam of particles can vary by 1-2 m.sec., and 
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allowing for bubble growth time, requires the sensitive time to be 5-10 m.sec. 

Thus the total expansion-recompression cycle should be between 20 and 

30 milliseconds. 

1.3. 	Expansion Systems.  

There are in general two ways of expanding a bubble chamber: 

liquid expansion and gas expansion. In the former, a piston or bellows 

system in contact with the liquid surface performs the expansion. In the 

latter, the gas above the liquid is expanded. 

Various technical problems present themselves in the design of 

expansion systems for liquid hydrogen chambers. It is essential to have 

complete reliability of the moving parts. This is especially true in the 

case of liquid expansion, as the piston or bellows work at hydrogen 

temperatures. Thus,to repair a broken piston ring or fractured bellows, 

the whole chamber must be brought to room temperature and for large 

chambers this could take several days. A gas expansion system has its 

moving parts at room temperature. However, turbulent gas flow promotes 

the mixing of hot and cold gas in the expansion pipes, and flashing also 

tends to occur at the liquid surface. Both these effects tend to increase 

the dynamic heat loss for gas expansion systems. 

1.4. The 40 cm. Chamber Expansion System.  

A schematic diagram of the expansion system is shown in Fig. 1.2. 

The gas line from the chamber was joined through two valves to high and 

low pressure tanks of 1 and 120 cu.ft. respectively. These valves will be 
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referred to as the recompression valve and the expansion valve. .During 

the expansion cycle, the expansion valve had to close before the 

recompression valve opened to prevent direct connection of the high and 

low pressure tanks. A compressor pumped gas from- the low pressure tank to 

the high pressure tank. This system is known as a closed circuit gas 

expansion system. 

These valves consisted of a cylindrical steel spool, ground and 

highly finished to a precision sliding fit within a sleeve containing holes 

at one end. (Fig. 1.3.(b)). The valve was opened when the spool was at 

one end of the sleeve, and gas flowed through the radial holes. In the 

closed position, the spool covered these holes. The good sliding fit 

required no lubricant, and the leak rate between sleeve and spool could be 

made sufficiently small. Specially designed rubber buffers were used to 

stop the moving spool at the end of i.Gs travel. 

The expansion and recompression valves were opened and closed with 

the use of pilot valves. To keep the main valves closed against a line 

pressure of say, 100 psig,required the use of a pressure in excess of this, 

say 120 psig. To open the main valve, the excess pressure was released 

through the pilot valve. A pilot valve vas designed to have very precise 

timing of operation. The valve was operated by the fast movement of a 

piston which opened a 1" port for 10 m.sec. The valve body formed the 

yoke of an electromagnet, and the piston was held in its closed position 

by magnetic attraction to the valve body. A small 'knock—off' coil was 
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wound on the same former as the main coil, and was so arranged that when a 

discharge current was passed through it, it reversed the main field, and 

allowed the pressure to force up the piston, thus opening the valve (Fig.1.4(a) 

A spring returned the piston. A typical timing sequence of the pilot and main 

valves is shown in Fig. 1.3(a). 

The chamber itself was a cylinder of 40 cm. diameter and 20 cm. effective 

depth, giving a useful liquid volume of around 25 litres. In order to prevent 

the turbulent motion of the liquid during the expansion cycle causing 

distortion of the tracks, it is desirable to expand the liquid in the direction 

of the magnetic field. To achieve this and also to provide uniform linear 

flow, the chamber body contained an expansion manifold near the chamber 

window with radial slots of different width, calculated to give equal volume 

flow through each slot. These slots led into an annular ring, which in 

turn led to the expansion pipes (Fig.1.5). The liquid in the chamber was 

calculated to have a natural period of oscillation of 12 milliseconds, so that 

the half—period (6 m.sec.) could be used for the pressure pulse generated in 

the chamber during each expansion cycle. 

1.5. 	Performance of Expansion Valves.  

The reliability of operation of the main expansion valves was dependent 

on the clearance between spool and cylinder. It was necessary to have a 

small clearance to keep the leak rate small compared with the compressor 

pumping speed. The leakage through the valve is given by 

dV 	h3w 	p2
2 
 — p2  

dt 	yne 
	

Po 



w is the width of gap 

2h is the spool-sleeve clearance on diameter. 

1 is the viscosity of the gas. 

1 is the length of leakage pa th 

p
12 

are the downstream and upstream pressures. 

p
o 
is one standard atmosphere. 

The first valve used (Fig. 1.6(a)) cycled very reliably for 10,000 cycles. 

It had, however, a clearance (2h) of 0.70 x 10 3  inch, which with 100 psi. 

pressure difference, corresponds to a leak rate of 3 standard litres/sec. 

This leak rate was not insignificant when compared with the compressor 

pumping speed (14 litres/sec). When the clearance of the valves (2h) was 

reduced to 0.2 x 10 3  inch, the leak rate was then only 0.1 litre/sea, but 

considerable difficulty was experienced with scratching of the highly 

finished surfaces. This was due to both dirt in the plumbing system, and 

'belling' of the ends of the spools from the high forces of impact. 

Another form of valve experimented with consisted of an aluminium 

spool of large clearance but containing "Gaco" rubber sealing rings (Fig.1.6(b) 

The speed of the valve was not seriously affected, but again scratching of 

the surfaces was experienced. 

The pilot valves performed 150,000 operations without fault. The main 

trouble experienced was an electrical one associated with the lifetime of 

the discharge tube, used to supply the pulsed current to the 'knock-off' coil. 
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A circuit was subsequently designed giving a discharge tube life in excess 

of 3 x 106 cycles (1.4(b)). By means of monitoring the induced current in 

the main coil, a measure of the valve speed was obtained. Fig. 1.4.(c) 

shows an oscilloscope trace of a typical valve operation, indicating an open 

and close time of 12 milliseconds. No bounce of the piston was observed on 

its closure. 

1.6. 	British National Chamber Expansion System.  

A brief description of the essential features of the chamber has 

been given elsewhere(7). The expansion aperture of the chamber is divided 

into many cells, and 48 pipes join this to the expansion valves to provide 

a turbulence—free expansion. The volume of gas between the expansion 

(and recompression) valve and the liquid—gas interfaces in the pipes is 

approximately 70 litres. This is 20 grms.of gas, assuming an initial 

pressure of 90 psia and an expanded pressure of 45 psia and as the transfer 

/ 2/ rate for hydrogen at room temperature is about 7 gms/sec/cm./atmosphere, 

the size of aperture required for the valve is approximately 100 cm? in order 

to pass the gas in 5 milliseconds. In practice four ain valves in parallel 

are used. Fig. 1.7 shows a schematic arrangement of the chamber and valves. 

As in the 40 cm. chamber, the valves used consist of metal sleeves and 

spools ground to close tolerances. In early prototype valves, difficulties 

were experienced due to seizing of the valves in operation. Increasing the 

hardness of the rubbing surfaces now seems to have cleared this problem and 

the type of valve now in use has successfully performed 50,000 operations. 
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Nylon buffers are used to stop the spools at the end of their travel. 

Fig. 1.6(c) shows a new expansion valve designed recently with a 

spool of weight about 50% of that of previous ones in an effort to reduce 

the loading on the buffers and to speed up the turn-round time of the 

valve. This will be manufactured and tested shortly. 
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CHAPTER II  

RACKGPOUNT) TO 	oBircmivFs OF THE EXPERIMENT. 

2.1. Pion Resonances.  

Investigation of pion-nucleon interactions have tended to fall into 

categories according to the magnitude of the incident pion momenta. 

Experiments at incident pion momenta up to about 300 Mev/c have yielded 

detailed information on elastic scattering and could be analysed in terms 

of phase shifts. At higher energies, there is enough energy to produce 

additional particles. The number of angular momentum states increases and 

a phase shift analysis is no loner feasible. Early inelastic scattering 

experiments studied the multiplicity of pion production and compared this 

with the predictions of statistical theories of pion production(899). 

These experiments also showed that as the energy increases the interaction 

becomes more 'peripheral' i.e. the incident pion interacts only with a 

virtual pion in the meson cloud surrounding the nucleon. With the 

introduction of high quality bubble chamber photographs and fast computer 

programmes, it became possible to completely analyse individual interactions, 

and hence determine the branching cross-sections for each inelastic channel. 

Also, by studying correlations between two or more final state pions, resonant 

states of pions were observed. 

Resonances have been discovered in two different experimental situations. 

Firstly, the two particles in the initial state of a reaction can be at a 
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resonant energy. Most of the pion-nucleon resonances were discovered in 

this way, mainly by the use of counter techniques. Secondly, two or more 

of the particles in a many-body final state can be at a resonant energy. 

These resonant states have been found mainly in experiments using bubble 

chambers. 

In bubble chamber experiments, the procedure in looking for resonances 

is usually as follows. Kinematic analysis identifies the interaction, and 

a grouping is made of all events identified as having the same final state 

particles. One then calculates the invariant mass of the n selected 

particles , 

 

1 
. E.  )2 	

( 	pi)2 t 
i -4' 	

' 

 

M
n 

(2.1) 

  

where E.,1)i  are energy, momentum of individual particles 

in final state. 

and studies the frequency distribution of the mass values. This distribution* 

is then compared with that expected from the kinematics of the final state 

particles (see next section). 

In order to explain the electromagnetic structure of the nucleon, 

Frazer and Fulco 
(10)

suggested that there should exist a strong p-wave 

t pion-pion resonance at a mass squared value of 11M2  kp is the pion mass). 

Bowcock et al.
(11) 

supported this suggestion, but predicted a mass squared 

value of 22p2. The first convincing experimental evidence for this 
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resonance was presented by Erwin et al.,
(12)who analysed 1.9 Gev/c 7Cp 

interactions in the 14" Adair bubble chamber, and also by Stonehill et al.,(13)  

who analysed 1.09 Gev/c and 1.26 Gev/c /ep interactions in the Shutt 20" 

bubble chamber. They studied the reactions : 

p 	
+. IL It P 

+ + 
---> It —  7c ri 

and examined all dipion combinations. They found significant departures 

from phase space in the (9i4.77 ) and 	7t°) mass distributions, but not 

. 
in the k + +) mass distribution. The peak of the resonance was found to 

be at 760 Mev (mass squared value 29u2) and had a width of about 100 Mev. 

This so-called p -resonance ( p -meson) has since been observed in many 

bubble chamber experiments.(14,15) The central mass value and width vary 

from one experiment to another, but are about 750 Mev and 110 Mev 

respectively. The p -resonance is observed to decay as follows, 

+ 
—71-4' It — IG— + 

which indicates that the isotopic epin,  T=1. Also the ratio 

p 0 

P 

p 

p npo 

P --"Pp 
is observed experimentally to be 1.8 + 0.3, which is consistent with the 
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a mass value of 784 + 1 Mev, and a width of (9.4 + 1.5) Mev(19). A 

particle which decays into three pions leads to a more difficult 

determination of its quantum numbers. However, from the experimental 

distribution of points on the Dalitz plot for the W, evidence is obtained 

concerning the matrix element for w decay, yielding the quantum numbers 

J
PG 

= 1 - (17) A particle with these quantum numbers had been 

predicted by Nambu
(20) and Chew (21)to  explain the theoretical interpretation 

of the electromagnetic structure of the nucleon. They postulated that one 

should expect a three pion T=0 particle, if the two pion T=I p -particle 

existed. 

Pevsner et a1(18) studying the reaction : 

	

+ d 	p + p + 

saw, in the mass spectrum of the 7
:4--

IC
o 

system, a narrow peak at 550 Mev, 

in addition to their w-peak at 780 Mev. A more detailed study of this 

resonance, the 11 meson, was made by Bastien et al., (22)  who analysed the 

reaction 

K 	+ p 	A +
+ + 7C + it o 

at an incident K-  momentum of b0 Mev/c. Thoy also lookedfor events of the 

type 

	

K + p 	A ° + neutrals, 

and saw a peak in the missing mass spectrum of the neutrals. They deduced 
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that the ratios 

neutrals 	was equal to 3.0 4. 1.0 
+ - 0 

TI 4-* 7C 7Z IC 

Their results suggested that the 	had isospin T=0 (from the non-existence 

of a charged counterpart 71—) +\ and decayed electromagnetically with isospin 

violation. Other decay modes of the 71 have been investigated extensively 

by other groups Convincing evidence for the other quantum numbers has been 

obtained by combining the data for several experiments on a Dalitz plot for 

the 9L
o 
decay mode

(23). It is now believed to have JEG 
 = -+ 

The production of p.w and-'n particles has been shown to represent a 
significant fraction of multiple pion production in pion-proton interactions 

above 1 Gev/c. They are the only pion resonances which prior to this 

experiment had had convincing determinations of their quantum numbers. 

A peak has been observed by Abashian, Booth, and Crowe (24) in the 

momentum spectrum of Ho3  in the reaction 

p + d 	He3  other particles and could be due 

to a dipion resonance with a mass value of 300 Mev. Tentative assignments, 

T=J=0 have been made, but have had no real confirmation, although some weak 

supporting evidence has recently appeared.(24) This suggested dipion 

resonance is known as the ABC resonance, but is currently thoughtto be due 

to an s-wave interaction near threshold. 

Barloutaud et al 
(25)  observed a T=1 peak in the dipion spectrum at 

575 Mev. This has had some supporting evidence from other groups, but 
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(26) 
Stonehill et al., 	performing an experiment identical to that of Barloutaud 

do not see this peak. This peak is known as the 	resonance. 

Several other. resonances have been proposed by different experimenters 

but without confirmation from other groups. However, recently, in a study 

of 7C p interactions at 3 Gevic, Selove et al(27) have reported a: T=0 dipion 

resonance at 1250 Mev with a width of 100 Mev. A J=2 resonance at about 

this mass value nas been proposed theoretically on the basis of the Rege 

pole approach
(28) The above experiment was unable to conclusively determine 

the quantum numbers of this resonance, now called the f°  resonance. 

2.2. Pion-Pion Interaction.  

Detailed considerations of peripheral models in inelastic processes 

were first made by Chew and Low
(29). They hoped to describe the cross-section 

for a process such as T:p 	p 7C 7o on the basis of a one pion exchange 

model :- 

 

It° 

They related the overall differential cross-section, as a function of 

the four-momentum transfer, t, and the energy at the upper Mt vertex, 0)
2 

to the pion-pion cross-section, where 
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t = (pt-p)2  is the invariant four-momentum transfer squared to the 
nucleon, 

pt 910, 
	being the four momenta of incident and final nucleons. 

(Jo 2 is the square of total energy of the outgoing pions in their centre 

of mass system. 

Such an approach is the only method at present available of obtaining 

a measure of the pion-pion cross-section.Pion-pion scattering cannot be 

studied directly, unless clashing beam accelerators are able to provide 

effective pion targets. 

Chew and Low show that 

lim a2a 	 (co 	
f2 	 t 

t) = 

8(0
2 " 27C (t 122)2  

 

2 /co 	122) 
1 

.cy 	(0,,2) 
9C77C°  t ••• g2 /az  

  

2.2 

where f2 is the pion-nucleon coupling constant--,0.08 

qiL is the laboratory momentum of incident pion 

- o( 2 )is the pion-pion cress-section at energy w 
7C 9C 

This formula is only valid at the unphysical point t = 12
2
, and so 

2\ if one applies this method to deduce a value for 07C  40)), one plots the 
,2 

experimental points on a plot of (t-p2)2 12  
at aw 

the graph to the limit t = + 122. This is known as the Chew-Low extrapolation 

method. Unfortunately to perform a successful extrapolation, it is 

against -t, and extrapolates 
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necessary to have greater statistics than present experiments can supply 

especially with low physical values of t. 

However, if a good linear fit passing through the origin t=0 is 

obtained, the assumption of dominance of the one pion exchange model is a 

reasonable one. Further, the assumption is usually made that the Chew-Low 

formalism extends up to small physical values of t. One can then obtain 

/ 	. 0 	0  kw2  ) by direct integration of equation 2.2 over t. 

tmax 

as  f2 (w/4 -)1)2  
°(c°2) 	t 	 dt 

2 
G 

2 	It 	
J (t-p

2
-) 27c 	q1L 

t . min 

8(0)2 )  

2.3 

where train is the limit imposed by kinematics and tmax  is the selected 

/ 
upper limit, both being functions of w

2(see Fig 6.1). 

o 
Anderson et 

al(3o) carried out an analysis of this type for 'x / 
+ 

 

and showed that the mt cross-section at the unphysical limit, obtained by 

extrapolation, and in the physical region for low Iti values, has a 

resonance at w2=25
2 - 30µ

2 and with a cross-section approximating to 

that required for a J=1 resonance. 

Other experimenters
(31) have had limited success with the extrapolation 

procedure due to the need for high statistics, and have tended to assume the 

validity of the Chew-Low formalism in the physical region. The values for 

/ 
a 	obtained in the p -resonance region k

2  = 30µt) tended to be 
7L9L 



21 
\ d29

. 
(F(t))2  

i  

Chew.. Low 

2.4 

1 

2 \ 2 
- 	t+ 	1.1  

! 
\ dt 

4
21 

1 
2 

2w 

02
) 

d20 
off 

du2 I Selleri 	s, q 

where 

off 

w  
-
I 

 
\ 4 

-29- 

somewhat low compared with the expected value for true resonant elastic 

70V 	scattering of 12 I 
2  

c;k for J=1. 

A modification to the Chew-Low formula has been recently made by 

Selleri(32). He made allowance for the exchanged virtual pion being off 

the mass shell (i.e. not satisfying energy and momentum conservation) by 

introducing a factor into the Chew-Low formula thus :- 

F(t) , related to the pionic form factor of the nucleon 

0.72 

1 	-t+112 
	0.28 

4.73p
2 

w 	is the total energy in the outgoing Tc"-TLcentre of mass 
system. 

1 	is the angular momentum of 7c - 7cstate. 

During their study of7c7p interactions at 1.59 Gev/c, the Saclay-Orsay 
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Bari-Bologna collaboration 
(32) 

7r. examined the distribution ofa+ (0) 

+ 
from the reaction 7c + p 	n -1-5C +7C 	as calculated by the Chew-Low 

formula assumed to be valid for —t<8µ2. This distribution showed a 

maximum of 56 + 8 db., appreciably lower than the value of 12/0v2 = 120 mb. 

expected for resonant elastic J=1 IC 	scattering at the peak of the 

—resonance. However, the corrected Selleri formula gave a peak value 

of 108 + 16 mb., in good agreement with the expected value. 

2.3. Phase  Space Distributions and Dalitz plots.  

In order to compare experimental results, such as effective mass, 

momentum distributions of final state particles with theoretical predictions, 

one usually superimposes a normalised phase space curve. The transition 

rate between an initial state 

( to be (33 ).  

Jib  and final state < f I can be shown 

dre = 	2' <f 	T 1 i>1 2  dp 	2.5 

where 
	

T 	is the matrix element for the transition 

dp 	is the energy density of final states 

(phase space density) 

For simplicity's sake, one normally assumes that the matrix element 

is independent of the final state kinematic configuration i.e. 

constant, although this is known not to be true for peripheral 

interactions. An example of the use of a constant matrix element is given 

by Fermi's statistical theory of multiple pion production (9). In this 
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case, then, the transition rate or probability of attaining a given final 

state is just proportional to the density of final states. 

As an example, one can consider a final state of three particles 

(e.g. 'T -p 	p 77 W0). The Lorentz invariant form of the density can be 

written (34)  

,3-, 	-1 u 1 	d pi 	u P2 	p3 

(21)' 2e 	2.82 	2a
3 1 

6(p1+7243)6(E-81+82+ €3) 

2.6. 
where the 6 -functions exhibit requirements of energy (.18t.=-E) and momentum 

(Z =0, because in overall centre of mass system) conservation. 

To obtain the phase space distribution of C.M. momentum or energy 

of a single particle or effective mass of a group of particles, one 

integrates over all variables except the one of interest. e.g. to obtain 

the momentum distribution of p
3 , 

one integrates over all kinematically 

allowed p
1 
▪ and p

2▪ ° 

It is customary to exhibit the kinematic correlations for three 

body final states in a so-called Dalitz plot. The centre of mass energies 

of two of the outgoing particles define a point in a tw&dimensional plot. 

The constraints of energy and momentum conservation restrict the location 

of the point to a certain region. It is a convenient property of this 

Dalitz plot that a unit of area in the allowed region is proportional to 

a unit of Lorentz invariant phase space(35). One can see this from 

equation 2.6 above, if one integrates over p3and all angles except between 
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p1 and p2 
to be left with 46 2

) dEdE2 
i.e. 

2 2 2 2 2 2 and since e= p +m 	8 = p + m 
1 	1 1 9  2 	2 	2 

8  = m2+p2+p2+2p p cos,4 3 	3 1 2 	1 2 	12 

( 

1 
P (81982) dE1°182 "' (5(Ee1 -82 -63) de

1de2c/e3 

de1
de
2 

i.e.p (61,82) = constant. 

Thus if athreeb6dy reaction proceeds according to Lorentz invariant 

phase space, the corresponding Dalitz plot will exhibit a constant density 

of points. 

For each 8 19  there is a 'strip' of allowed values of 62. Along this 

strip, the effective mass of particles 2 and 3 is constant, since s 

M23 = (62+83)2  - (p2+1;43)2  

= E2+m2 - 2Ee 

2 
and M23 

+ M12
2  + M

13 
= E2 

i= 	m2. 2.7 

Thus a variant of the conventional Dalitz plot is a plot of effective masses 
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instead of energies. 

Let a particle of mass M23 
'decay' into particles (2,3) in its own 

rest system with an angle 0 with respect tots line of flight. It can be 

shown by a Lorentz transformation from the decay rest system to the overall 

centre of mass system that 

cos0 = A82 
- B 
	 2.8 

where A and B are constant along strips of constant el. 

Thus if the three particle production process occurs by the formation 

of a compound particle or resonance of mass M23, subsequently decaying in 

dN
doos0) its own rest frame with a certain angular distribution 7— *\ into 

particles 2 and 3, the experimental Dalitz plot will exhibit a concentration 

of events along a strip of constant
1' 

will vary as dN * • 
d(cos0 ) 

and the density along this strip 

2.4. Objectives of the Present Experiment.  

The 1-2 Oev/c incident pion momentum region has been thoroughly 

explored recently, and several experiments have been carried out in the 

20Gev/c region. In the latter case the high momenta of the secondary 

particles prevented an accurate analysis of each event. 

Since events with low four-momentum transfer squared have been seen 

to be important in the study of peripheral collisions, the primary momentum 

should be as high as possible, although compatible with a full analysis of 
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each event. To identify events with a missing neutral particle, it is 

necessary to measure the event accurately enough to allow a good 

determination of the missing mass. If one pion mass is set for the error 

allowable on the determination of the neutral particle mass, and the 

maximum detectable momentum assumed to be 300 Gev/c for the 81 cm bubble 

chamber, calculation shows that the incident momentum should not exceed 

6Gev/c. As a beam was already set up for 4Gev/c antiprotons, it was 

decided that an incident pion momentum of 4Gev/c would best suit all 

requirements. 

The primary objectives of the experiment were to study multipion 

production mechanisms in the light of the peripheral model, and to 

investigate further the production and decay properties of well-known 

resonant states. With the high incident pion momentum it was intended to 

explore the existence of non-strange resonances with higher mass values. 

Strange particle production was to form a separate investigation to be 

carried out after the analysis of pion production was completed. 

Thus it was intended to investigate the following processes s- 

91P 	717p 	 2.9) 

2.10\two prong 917p 	77p .x°  
events. 

	

P —+ 77n 	 2.11 

o 	o 	 2.12 
qt p 	7C p 	1 

117p 	7C
-

n 7C
+ 

+rn7C°1  m 	1 	
2.13. 
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p + —;" 	p 7C 	7C 

— 	 — 

2.14 

7C p 7t p IC+ 	7Z 7Z0 2.15  

p 

	

+ 	+ 

	

n /t 	7C 	7C 

- 	+ 	o 

7C 
 2.16  four 

prong 
events 

7t icP 	It 	7C 	7C + m 7 In).  1 2.17 

- 2.18 .] It p —1.7C ri 7t+  7C+ 	7C + m 0
, m) 1 

In the two prong events, it would be possible to study elastic 

scattering (2.9), especially at small angles (small Itl ) and compare 

results with the optical model and other predictions. Reactions 2.10 and 

2.11 would provide data for the study of the one pion exchange model and 

p— production and decay. Also, it was hoped to confirm the use of the 

Selleri formula in the region of the p°-resonance, and extend its use to 

higher mass values in order to determine unambiguously the quantum numbers 

of the f°  meson. The unfittable reactions (2.12, 2.13) could provide 

information on the neutral decay mode of resonant states. 

In the four-prong events, it was intended to study the production 

mechanisms of '(1)°, 	71°  and N(I = 3/2, J=3/2) in the light of the OPE 

model. 
yr • • 
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CHAPTER III 

EXPERIMENTAL PROCEDURE 

3.1 Introduction  

A flow diagram of the experiment, typical of all bubble chamber 

experiments, is shown in Fig. 3.1. The 81 cm chamber was exposed to the 

4 Gev/c negative pion beam from the CERN synchrotron. The film produced 

was scanned for all events in a selected fiducial region. Selected 

events were measured and geometrically reconstructed by computer in two 

stages. The first stage geometry programme, 'LINK', was performed on a 

Ferranti Mercury computer, and the output after conversion from paper tape 

through cards to magnetic tape, fed into the second stage programme 'GAP'. 

This latter stage together with the kinematics fitting programme, 'GRIND' 

were carried out on an IBM 7090 computer. The output was then analysed 

by a physicist, and if satisfactory, used for the calculation of further 

physical quantities associated with each event. 

3.2. Pion Beam 

Figure 3.2 shows the experimental arrangement used for the production 

of the 4Gev/o 7IL beam. Circulating protons of 20.1 Gov/c struck an 

internal beryllium target 38 mm. in length. Particles wore accepted at 

an angle of 12e to the circulating beam,and into a solid angle of 5.9 x 10 5 

steradian. They passed through a series of bending magnets, and magnetic 

quadrupoles, and arrived at the mass slit with a momentum dispersion of 
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1 Mev/c per centimetre. The electromagnetic separator was used only for 

the
+ 

beam, and not for the 77 beam. The opening of the slit was 2cm, 

giving a momentum bite of + 1 Mev/c. The angular spreads in the horizontal 

and vertical planes were respectively 1.3 and 1.4 milliradians at the mass 

slit, and 3 and 4 millizadians at the entrance to the bubble chamber. 

These angular spreads were checked during the experiment and will be 

discussed below. From the measurement of many beam tracks on the film, 

the mean pion momentum was found to be 4Gev/c + 10 Mev/c. The contamination 

of antiprotons was estimated at 1%, and the negative muon contamination 

from absorption measurements in lead determined to be 5%. The electron 

contamination was negligible. 

3.3. 81 cm. Bubble Chamber.  

A full description of the design and operation of the Saclay 81 cm. 

liquid hydrogen bubble chamber has been given elsewhere.(36) The chamber 

has dimensions of 81 x 40 x 32.0 cm3. containing 127 litres of liquid 

hydrogen, and is expanded by a piston in contact with the liquid surface. 

The chamber was operated at a pressure of 75 psig. and a temperature of 

27°K. The magnetic field at the centre of the chamber was 10.7 kilogauss 

+ 0.2% and changed by + 5% near the edge of the illuminated region. The 

pion beam entered the chamber through a 4mm. aluminium window (1.1 gm/cm2) 

and, after a delay of 1 millisecond, three Xenon-filled flash tubes were 

discharged providing straight through illumination. 
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The illuminated volume thus provided was about 70 cm. in length 

(4,5 gm/cm2), 28 cm. wide and 32 cm. deep. Three photographs were taken 

simultaneously by automatic cameras, with their objectives forming an 

equilateral triangle, C1, C2, C3, in a plane one metre from the front glass 

of the chamber. The positions of the cameras relative to the chamber, 

and the co-ordinat3system referred to in all future discussions are shown 

in Fig. 3.3. The photographs taken with the .cameras C1C2C3 
will be referred 

to as view one, view two and view three respectively. 

Fiducial markings etched on the inner surfaces of both front and back 

glasses provide reference points on the film for the spatial reconstruction 

of interactions in the chamber. The positions of these marks, six on the 

front glass and six on the back glass, are known with an accuracy of 

10 microns. 

3.4. Scanning Procedure.  

Scanning was carried out on one of the British National Scanning 

tables. The magnification of the tables was such as to present a view of 

approximately chamber dimensions, and two views could be scanned 

simultaneously. 

A total of 60,000 t photographs was obtained at a momentum of 4Gev/c 

The Imperial College group studied 5,000 of these. In order that good 

measurements of the tracks would be obtained, events were selected for 

measurement only if their apex fell inside a given fiducial volume (see 
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below). 

The pion beam momentum was known to an accuracy much better than 

could be obtained from measurement. Hence it was only necessary to have 

a sufficient length of primary track to enable one to recognise it as a 

genuine beam track on the scanning table, and also to provide good 

measurements for the azimuthal and dip angles. Also,as the beam 

contamination 	antiprotons was small, one could assume for all 

calculations that the incident track was a pion of the nominal beam 

momentum. Secondary tracks however should be as long as possible as the 

measuring error is inversely proportional to the square of the length of 

track measured. However, the higher the lower limit on length of track is 

set, the fewer will be the number of acceptable events and hence the 

higher the statistical error. In view of the above considerations, 

the fiducial volume chosen was such that the minimum beam length was 10 cm. 

and the minimum length of secondary track in the beam direction 30 cm. 

Secondary tracks scattered at large angles have in general lower momenta 

than those in the forward direction and also since the beam was well . 

collimated, no length criterion was applied in the Y-direction. The fiducial 

region was defined by drawing on a scanning card, placed with respect to 

view 2, two lines parallel to the Y-axis. The lines were drawn through 

selected fiducial marks, for easy reference if ever the scanning table 

magnification was changed. 'This region, 111, defines a trapezoidal scanning 
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volume in the chamber as shown in Fig. 3.3. A region R2  was similarly 

defined further downstream to provide more statistics if required. 

The scanning was carried out simultaneously on view two and the 

best other view. Two persons, one always a physicist, scanned the film 

from opposite ends of the scanning table, looking upstream and downstream 

of the beam. For cross-section purposes, a beam track count was made 

every tenth flume, and all blank and half-blank frame numbers recorded. 

An angular acceptance of 10 milliradians was set for deciding whether an 

incident particle was an acceptable beam track or not. This was the 

minimum angle which could be detected easily by eye on the scanning table, 

but measurements with calipers were made on all views when a deviation 

was seen. 

All events with apices in regions R1  and R2  and originating from 

genuine beam tracks were recorded on scanning sheets. Scanners were 

trained to look for 0, 2, 4, 6, 8 prong events. The initial state, 77+p, 

has zero charge, and so an equal number of positive and
):11
egative particles 

appear in the final state. The following information was recorded on the 

scanning sheets for each event; 

(1) Scanners name. 

(2) Event type and region. 

(3) Frame number. 

(4) Visual estimation of all positive secondary tracks. 
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Tho ratio of the ionization density of the track to that of the beam 

track was estimated. 

(5) Stopping protons. If a positive track came to 

a definite end, a superposition of its end points from two views was 

made to see if the track stopped in the chamber liquid or went out of the 

front or back chamber windows. 

(6) Stopping pions with subsequent 7c-- --40 11.- --dr a-

decays. 

(7) Knock-on protons produced by secondary neutrons. Again 

an end-point check was made to be certain the track originated from the 

chamber 

Associated electron-positron pairs, and Dalitz pairs. 

Secondary interactions. 

Charged and neutral V-particles. 

6 -rays on secondary tracks greater than 1 cm. diameter. 

Tho ionisation density is a function of the velocity of a particle, 

and hence makes a very useful contribution in the identification of tracks 

(Section 4.3). 

There exist well-known range-momentum relations for all particles 

(Fig. 3.4). For low-momentum tracks, the value of momentum obtained from 

the range far exceeds in accuracy that obtained from curvature measurements. 

This is particularly true for short stopping protons, when sometimes even 
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the sign of curvature is ambiguous from measurements. 

Secondary neutral particles are indicated by associated knock-on 

protons (produced by neutrons) and e+e-  pairs (indicating presence of 

one or more neutral pions). 

Useful information enabling the identification of particles can 

in general be obtained from a study of 6-rays. The maximum energy 

transferred to an electron by collision is a strongfunction of the mass of 

(39,) 
an incident particle, and is given by : 

2M P2 2M P2 

E max 	
e  

M2 	1A 	2 MeW 	M2 

where N,M are the rest masses of electron and incident particles (Mev). 

P is the momentum of the incident particle (Mev/c). 

is the total energy of the incident particle (Mev). 

	

For 2 Gev/c protons, E 	is 4.4. Mev, corresponding to a 6 -ray max 

of 8 mm. diameter in the chamber, so that all 2Gev particles producting 

6 -rays with diameter greater than 1 cm. must be pions. 

The film was scanned twice to enable scanning efficionces to be 

calculated. Only a record of the event type and frame number was made in 

the second scan. A third check scan was made to make a detailed scanning 

record of those events found in the second scan and not in the first scan. 

Another purpose of the check scan was to find whether the reason 

for non-correspondence of events on first and second scans was a book- 
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keeping error, or a genuine random scanning loss. 

When a final list of events had been obtained, twin photographic 

prints one of which was of view 2, were taken on the scanning table. 

The size of the image on the table was reduced to half chamber dimensions 

by using a 70 mm lens, so as to present two adjacent prints on a piece of 

15" x 12" bromide paper. The scan sheets and prints were then attached 

to each other, and the tracks labelled by a physicist (Fig. 3.5). 

&hose scan sheets then performed several functions, obvious from 

their format : 

(1) Record of scanning information. 

(2) Guide for measurer and bubble counter. 

(3) Means of communication between physicists and measurers. 

(4) Record of topology of event without referring back to 

scanning table. 

3.5 Measurement of Events.  

Two measuring machines were used for the measurement of the film. 

One, constructed at the College, has been used for other experiments, 

and a detailed description of it is given elsewhere (37). The other, 

the British National Measuring machine, had its mechanical parts and 

electronics built commercially. The optics was cesigned and installed by 

the Technical Optics group of the College. Most of the film in the 

experiment was measured on the latter machine. 
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Measurement is achieved by digitising the movement of horizontal 

stages on one of which the film is clamped. The machine has two mutually 

perpendicular cast steel stages moving relative to each other and to a 

cast stool framework. The three views of the film are clamped on the 

X-stage, and the projection lenses on the Y-stage. Each stage is moved 

by a two-way hydraulic piston whose velocity is proportional to the 

appropriate coiaponent of a sine-cosine resolver, so that the resultant 

apparent motion of the film can be set by the operator. Relative motion 

between each stage and the frame is measured by a system designed by 

Ferranti Ltd., incorporating the principle of Moire fringes. To both 

movable stage and fixed frame is attached a diffraction grating of the 

same line spacing (4g), mounted in such a way to provide a small angle 

between the lines of the gratings. The transmitted light from a mercury 

lamp forms a band pattern at right angles to the bisector of this angle 

and the separation of the bands is a function of this angle. When the 

stage is moved by one line spacing, the resultant fringes move by one 

band spacing. This sinusoidal pattern of light falls on four photocells, 

which we used to sense the direction of motion of the stage, and to count 

on a binary scalar the number of bands passing them. ,One count of the 

digitiser corresponds to 2p on the film or 20 p in the chamber. 

The mercury lamp is shone upwards through a selected view and the 

Y-stage projection lenses provide a moving image of the film on a circular 
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ground glass screen. of 30 times magnification. Points of interest 

are brought to the central cross(arrow), so that their co-ordinates 

relative to an arbitrary origin can be measured. Another stationary 

chamber size (x10) imago is produced by shining white light through other 

projection lenses attached to the X-stage. 

The operator, brought the event of interest into view on the large 

stationary im,ge for each view in turn by means of an automatic film 

transport system. The procedure was to measure three views for each 

event. The measurement of an event proceeded by measuring, an each view, 

four back glass fiducial marks, apex, and eight to ten points uniformly 

spaced along the track. The identification labels and co-ordinate pairs 

were output on five-hole papor tape. The identification labels 

consisted of event number, measurer's number, remeasurement number, date, 

view number, and for each track, track number and stopping point code. 

3.6 Measurement Errors.  

Several factors contribute to the accuracy of determination of the 

momentum of a charged particle. A track of curvature 1  - where p is the 

radius of curvature has a momentum p (electron volts) given by 

p = 300 Hp 

with p expressed in centimetres, and H in gauss. The uncertainty in 

the measurement of p comes from (1) measuring machine (2) bubble chamber 

(3) multiple Coulomb scattering. 
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Measuring machine errors arise in two wayst random point setting 

errors, and systematic errors due to non-linear stage movement. The 

former was found from repeated setting on a fiduciary to have a root 

mean square value of 4µ on the film. The systematic error was estimated 

for both the College machine and the British National machine by repeated 

measurement of the curvature of an 8 cm. long supposedly straight line 
placed parallel to the direction of travel of the stage. A value of 

curvature opposite in sign should be obtained on reversal of the line 

and remeasuremont, if no distortion of the stage is present. The 

difference of these two sets of measurements indicated a systematic 

curvature corresponding to a sagitta of 15g over 8 cm. or a momentum of 
320 Gev/c for the College machine, and 0.5g and 9600 Gev/c for the 

British National Machine. 

The bubble chamber errors arise from liquid convection in the time 

between beam entry and the flash, and also optical distortion coming 

from both the optical components of the chamber and from the changes of 

refractive index produced by temperature gradients. 

Since for high energy particles, multiple Coulomb scattering is 

negligible compared with the other errors, the mean uncertainty, s, 
in determining the sagitta of no magnetic field tracks, is caused only 

by measurement and instrumental errors. The momentum corresponding to 

this sagitta is known as the maximum detectable momentum of the experiment. 
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300 HL2 

VIDM 	8 (As) 

This was measured only with the College machine and was found to be 

approximately 260 Gev/c for 55 cm. tracks. The displadement of the 

moan corresponded to a sagitta of 8C11, i.e. systematic curvature correspondin, 

to a momentum of 360 Gev/c. As this value of overall systematic distortion 

is of the same magnitude as the distortion of the College measuring 

machine, a reliable estimate of bubble chamber distortion alone could 

not be made. However, these measurements enabled a starting value of 75p 

sagitta error to be set in the fitting programme. The validity of this 

was then examined on the basis of the 
x2  distribution obtained from the 

fits. (Section 4.2). If measurements of no-field tracks were made 

on the National machine, the low stage distortion would enable a good 

estimate of bubble chamber distortion to be made. 

3.6. Geometrical Reconstruction.  

The measuring machines provide co-ordinate measurements of tracks 

and apices for each of three views. The problem of reconstruction is to 

obtain. from these measurements, the radiusof curvature, dip angle, 

azimuthal angle, with calculated errors, for each track. A knowledge of 

camera positionoiglass thicknesses, refractive indices, and fiducial 

mark positions, is required to set up a reference frame for the 

reconstruction. 



- 48 - 

This reference frame is set up by finding the apparent position 

on the outside of the front glass, of each of the fiducial marks as seen 

from each view. For each view in turn transformation coefficients are 

found relating the measuring machine co-ordinates of the fiducial marks 

to their apparent position on the front glass. Four fiducial marks were 

meabured on each view to anew for differential film shrinkage in the X 

and Y directions. A check is also made to see if the fiducial marks have 

been measured to within a given tolerance. The transformation coefficients 

are then used to construct light ray equations for each measurement pair 

(x-y co-ordinates), and by intersection of light rays from corresponding 

points, space points are calculated. 

A first approximate helix is found using two selected views only. 

This is then used as a starting point to do a least squares fit with 

measurements on all views and so find the best helix. No account is taken 

of the change in curvature of the tracks due to multiple scattering and 

energy loss. After all the tracks in an event have been reconstructed, 

the apex position is improved upon using the convergence of all tracks 

associated with the apex. 

This geometrical reconstruction was carried out using two programmes 

written at CERN(38). The data was first processed on a Mercury computer 

using the 'LIMO programme, which carried out the reconstruction up to 

the first approximation helix. This 'LINK' programme had two functions. 
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Firstly, it served to reject events with faulty information labels, 

badly measured tracks, apices and fiducial marks. Secondly, it served 

as a link between the measuring machine output and the required input 

format for the GAP programme. The output contained the measured co-

ordinates of tracks and points for successful events, and a list of 

rejected events with reasons for failure. 

The outp,t from LINK was first converted into cards by an IBM 046 

and then into magnetic tape using an IBM 1401. The full least squares 

helix fitting was then carried out using the GAP programme, run on an 

IBM 7090. The output from GAP contained the following quantities (1) XYZ 

co-ordinates of each apex (2) Radius of curvature at the centre of the 

track; dip angle and azimuthal angle at the apex. Associated errors were 

also printed out. 

The percentage of successful events to pass through the complete 

process from measuring machine to GAP varied considerably. Bad labelling 

and measurements were responsible for many failures, but many more were 

often caused by faulty punching of paper tape during the production of 

the LINK output. 

3.8. Kinematics Fitting.  

With the knowledge of the magnetic field inside the chamber, the 

momentum of each track can be obtained directly from the GAP geometry 

output. If masses are then assigned to each of the particles, and 
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provided there is not more than one neutral particle, in the interaction, 

all kinematic quantities can be calculated. However, because of 

measuring errors or incorrect mass assignments, these kinematic quantities 

will not in general simultaneously satisfy energy and momentum conservation 

at the vertex. By applying four-momentum conservation at each vertex 

the number of constraint equations is equal to four times the number of 

vertices. In this experiment however, only single vertices are used, and 

hence four constraint equations are available. Each track is characterised 

by three variables s 

1/ 	, where p is the momentum 

, the dip angle 

, the azimuthal angle, and so only one 

missing neutral particle can have its variables calculated. Hence the 

problem of calculating momenta, energies for all particles is over-

determined with four degrees of freedom (N101=4) with no missing neutrals, 

and one degree of freedom with one missing neutral. (ND=1). 

Hence it is possible to adjust the momenta and angles at the vertex 

to conserve energy momentum in such a way as to minimise the )(,2 function 

of the adjustments by an iteration procedure. 

2 
X 
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where 

	

x.1 	
are the measured values of 

	

x.1 	
are the adjusted values of 

1  - > ,,6 

	

G. -1. 	is the inverse error matrix. 
lj 

The X2  is minimised subject to the constraint 

F(xi) = 0 

by the method of Lagrangian rmitipliers. Thus the value of X
2 represents 

the amount of adjustment relative to the uncertainties and hence is a 

measure of the goodness of the fit. A number of tests are applied at each 

stage of, and at the end of the iteration. At each stage x
2  must be 

positive and less than a specified value. Also the magnitude of the 

residuals term of each constraint equation had to become zero within set 

tolerances and the end of the iteration. 

The CERN GRIND Kinematics fitting programme 
(38)  is used to carry out 

this fitting routine. The output from GAP, together with a variety of mass 

assignments (hypotheses), a table of magnetic field values and range energy 

tables constitute the input to GRIND. 

External errors,, inserted in the programme to represent chamber 

distortion (75µ on the sagitta over a length of 60 cm), are compared with 

the reconstructed errors from GAP to decide if a track variable is 

satisfactorily measured. If the geometrical reconstruction error is less 
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than the external error, the external error is used in GRIND. If 

the reconstruction error is greater but not more than three times greater 

than the external error, the track is considered to be well-measured. If 

the reconstruction error is more than three times greater but satisfactory 

convergence is obtained, the track is considered to be badly measured. 

If, however, no convergence in the iteration is obtainable, the variable is 

considered to be unmeasured, and a constraint equation is used to determine 

it. Of course, very badly measured tracks are normally failed in LINK. 

A common source of a badly measured or unmeasured momentum, is a very 

short stopping proton. However, there is a facility in GAP to bypass the 

helix fitting procedure, and recontruct the track as a straight line. GRIND 

then uses range-energy relaticns to calculate its momenta. A weighted 

average of momentum from curvature measurement and range measurement is 

generally. used for stopping points. 

For successfully fitted hypotheses, GRIND outputs the mass, momentum, 

dip and azimuthal angle of each track, at the vertex, together with fitted 

and unfitted errors. Effective masses and centre of mass quantities for 

various combinations also appear on the output. For each hypothesis tried, 

a summary is given, showing the X2, probability of obtaining this 

or greater, and the fault code if a fit was not obtained. Also printed 

for each hypothesis are the missing momenta and masses with associated 

errors. 
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CHAPTER IV  

INTERPRETATION OF EVENTS 

The analysis of both two and four-prong events was undertaken 

simultaneously, but as the analysis of the latter has appeared elsewhere, 

the discussion in this and subsequent chapters will be limited to two prongs 

only. 

4.1. Interpretation of Events by Kinematics Programme  

The following hypotheses were tested by the GRIND fitting 

programme 

- 'it p --N. 	7<7p 	4.1. 
- o .T-  p 	---, 	'N. p '7Z 	 4.2. 
- It7 p 	--- 	IC n %+ 	 4.3. 

A fitted hypothesis was accepted if its x2 was less than a cut-off 

value, This value was set - to correspond to a probability of 1/1000 of 

rejecting a correct hypothesis. Thus a x2 cut-off of 20 was used for 

those events without a neutral particle, i.e. four degrees of freedom, 

and x 
2=10 for those events with one missing neutral, i.e. one degree of 

freedom. All acceptable fits were recorded on a KIN sheet for the event 

(FIG. 3.5). 

Frequently, the event could not be fitted to a tried hypothesis. An 

indication of the reaction could then be obtained from the missing variables 



-59- 
calculated from the measured quantities. 

PN • P1 - Pi  . 

EN 	= E
l 
+ M

p 
- 2 E. 

2 	42 
• EN PN 

where EN, 
 13N/ M. are the energy, momentum and effective mass squared 

carried by the missing neutral particles. 

E1  p1 
	are the energy, momentum of incident pion 

Ei, pi 
	are the energy, momentum of visible secondaries. 

is the rest mass of the proton. 

The minimum effective mass squared carried by two neutral pions is 

0.073 Gev
2; and by a neutron and pion, 1.15 Gev

2. Thus, if, for a given 

hypothesis, the corresponding MN. was greater than, or less than but within 

three standard deviations of one of these values, the event was classified 

as possibly one of the no-fit hypotheses; 

P 	 P o + m 	 m 1 

4.7 

4.8. 

4.9 

- p  

 

7E 'n 	 m 9 m ?' 1 

 

4.2. Consistency Tests.  

The spread of the beam momentum as determined from the beam design 
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Coulomb scattering in the chamber wall. The latter, calculated for an 

aluminium wall thickness of 1.0 cm, gives a root mean square anglea(39) 

E
s 

 
40> = 

13p „I X
o 

0.002 radians 

where 	x 	is the wall thickness - 2.5 gm. cm
2 

X
o 	

is the radiation length for Al = 25 gm.cm
72 

E
s 

= 21 Mev 

p 	is the momentum of incident pion = 4000 Mev 

(3 
	1 

Thus, the spread is almost entirely due to inherent beam spread of 

+ 0.010 radians, or about three times the quoted design value. 

The difference in the shape of the 0  and W distribution is due 

to the imposed beam scanning criterion for azimuthal angle. By comparison 

with the ? distribution, it appears that events were rejected unnecessarily 

and a criterion of ±0.02 radians would have been better. 

The distributions of apex positions in x,y,z are shown in Fig.4.4. 

The x distribution reflects the chosen fiducial volume. The y and z 

distributionishow that the beam is well centred in the chamber. The mean 

values and widths (half-maximum) are :- 

y = 0.72 + 2.0 cm. 

z =-18.3 + 2.5 cm. 
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To check that events were correctly interpreted by the fitting 

programme, missing mass squared distributions were plotted for each class 

of fit. They are shown for events of the type 7C p 4 ')t /DI  7C p 4 7C p ge and 

7C p 	917 n it in Figs. 4.7 (a) - (c).Ffe's4.4.)40.' 36w... the distributions 

for the 'no-fit' events 7t7p ,e(m,e) and 7t7n 9E1 ). The distributions for 

fits and no-fits are seen to be quite well separated, indicating that the 

inaasurements were sufficiently good. 

The x2 distributions found for each fit are shown in Figs. 4.5 (a) - 

(c). Theoretical x 2  distributions are superimposed and show reasonable 

agreement with the data within the statistics. Also shown in Fig. 4.6 is the 

2 
distribution of the associated probability function P 	lotted for /  

all fits together, 

P (X2) 

	

(-f(x) d )? 
x 

f  (x2) is the normal X2 distribution function. 

which should be flat if the correct errors have been used in the fitting 

programme. The slight peaking at low probabilities comes from the acceptance 

• 
of several high X 2 
	 2 elastic events. These events had a x outside 

the cut-off value, but were accepted as elastic since all the missing 

quantities were zero, and had an identifiable proton. Otherwise the shape 

of the probability distribution is flat. 
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4.3. Identification of tracks  by Ionisation Density Measurement. 

Measurement of the bubble densities of positive tracks was used to 

distinguish between positive pions and protons where fitting alone was 

ambiguous. 

The number, n5  of knock-on electrons produced per gm cm
72 path of 

an ionizing particle, with energies between Emin and Emax 
 can be shown to 

be (39). 

 

27NAZ 	e4 	1 	1 	1 

  

n 

  

A 	P
2 meC E 	E 2 

min max: 

 

  

where 	NA 	
is Avogadro's Number 

nle ,e are the mass and charge of electron 

	

Z,A 	are the atomic number and mass number of the 
ionised material. 

and E 	. 
max min 

It has been reported by several experimenters that,over a wide 

range of chamber operating conditions, track bubble densities are inversely 

proportional to p2. This fact suggests strongly that the energy required 

for bubble nucleation originates from the energy transfer by the particle 

to the scattered electrons, which then stop in the chPmber. 

The track bubble density, m, has been shown to depend also on the 

thermodynamic condition of the chamber. Kenney et al.,(41)  measured proton 
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tracks under carefully controlled conditions in the 20" Shutt bubble 

chamber. The pressure superheat dependence 1 
Am 	was found to be X10% 

1 Am 	Ps 
; /psia, and temperature dependence 	5-15% /0.1°K. In principle, 

then, a knowledge of the dependence of bubble density on chamber operating 

conditions should make it possible to normalise measurements of track 

density on each frame to standard chamber conditions. However, for the 

present experiment in the 81 cm chamber, these conditions were not known 

for each stereo-frame, and it was necessary to compare the ionisation of each 

track with a minimum ionising beam track. 

There are in general three methods of determining bubble density; 

bubble counting,gap counting, and a determination of the mean gap length. 

The first two methods have difficulties due to bubble image coalescence 

and personal error corrections have to be applied. A mean gap length 

method was used in this experiment to avoid this overlap correction. 

The number of gaps, dN, of length between x and x+dx, is given by (40) 

dN = K e x/g  . dx 

where g is the mean gap length, K a constant . If one imposes a lower 

fixed limit on gap lengths, xo, below which bubble image coalescence becomes 

important, the observed number with length greater than x
o is 

f  411 

Ke -3c/ g dx = Kg e xtvg 0 
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The number with length greater than X is therefore 

oo 

Ke -x  

	

N
(x) 	

/g  dx = No e(x-xo)/g  

or 	loge  N(x) 	x  1) - 
g  

+ loge  DO. 

Thus a plot of loge 
N(x) against x has a slope of 1/ equal to the 

track density, m. 

Measurements were made with a microscope by moving the film stage 

across the field of view of a graticule mounted in the eyepiece„ This 

graticule consisted of five concentric circles of radii .),2X0,4K0961c0, 

and 8x0. The centre of each bubble was successively brought to the centre 

of the circles, and the position of the adjacent bubble relative to the 

circles recorded on one of five relay counters. Gaps in the vicinity of 

crossing tracks or in any way obscured, were omitted, as were gaps that 

fell inside the cut-off value, x0. In this way the number of gaps greater 

than each circle radius could be determined, and the mean gap length 

determined by a plot of N(x) against x on logarithmic linear paper. 

(Fig. 4.10). 

The determination of the gap length xo, below which the gap length 

distribution departs from its exponential form, is important if systematic 

errors due to overlap are to be avoided. Use of gap lengths so small that 
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large numbers of such gaps are not detected leads to an underestimate 

of track density, the importance of which increases with increasing track 

density. However, the use of a too large value of this cut-off parameter 

throws away valuable information, and limits the statistical accuracy of 
( 1 

the measurement 	 

An option value of xo  was difficult to find due to a large 

variation of densities caused by fluctuating chamber conditions. A value 

for x
o 

of 1.1 bubble diameters (300µ in the chamber) was initially used, 

but from the plots, a depression of the most significant point(N(xd) was 

often seen. The value of xo was altered to 1.4 bubble diameters, and for 

the majority of measurements, a satisfactory linear plot was obtained. 

In the early part of the experiment, a weighted least squares fitting 

programme was used to determine g from the measured points. This proved 

unsatisfactory since it gave an underestimate of g if the most significant 

point was depressed. 

Before comparison of the measured bubble density, with the theoretically 

expected value, a correction for dip angle was applied. The true 

demagnification factor from the chamber to film is given by: 

x-x2 	
Y-Y2 6 	zo gi 	z2 	z2-z  (1 + 	 tan Xsec p )2+tan2,0(1+ z2_z tan cosec 

g z2  -z 	 1 + tan2,0 + tan2X sec2 

where big', bg axe infinitesimal lengths of track on the film and 
in the chamber. 
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are chamber co-ordinates of point on track 

are camera co-ordinates 

are dip and azimuthal angles 

is z-co-ordinate of the film plane z  

If assumptions are made that (a) the beam track used for normalisation 

hasksame z-co-ordinate as that of track and (b) the centre of the track is 

on the axis of the camera, io. x = x2 
y = y

2, 
the correction factor for 

(g /g
o
) reduces to sec IX 	where g

o 
is the mean gap length for the 

beam track. For this reasons  the measurements of gap length were always 

made on view 2, the camera axis on this view being most normal to the centre 

of the tracks)and the beam track chosen as near as possible to the track. 

Visual estimations were also made on view 2 for the same reason. The 

validity of these assumptions and the reliability of the measurements 

in general was checked by comparing the obtained corrected relative 

density 	
m 
	with the expected value for particles positively identified 

from the kinematics fitting programme. 

The measured relative ionisation densities were then compared with 

the expected value given by 

M2 

m 	2 o 	p  

m 
which are plotted in Fig. 4.9. If (1;--) differed by more than three standard 

deviations from the expected value for a proton, say, then the track was 

considered not to be a proton. If the measurement lay within three standard 

1 + 
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deviations of both proton and pion, then the nature of the particle was 

considered as undecided. 

4.4. Efficiency of Methods used for Identification of Events.  

Out of all the two prong events tested by the GRIND kinematics 

fitting programme, only about 25% were unambiguously identified. The 

remainder were identified from the ionisation densities of the positive 

particles. 

At momenta below 100 Movie, proton and pion tracks are very dense 

and cannot be distinguished. However, at these low momenta, both pions 

and protons stop in the chamber, the former with its characteristic 

% 	µ 	o decays, and range-energy relations allow an unambiguous 

identification to be made. Identification from visual estimation was 

possible up to 750 Mev/c, and this allowed the complete interpretion of 

another 40% of all two prong events. Systematic bubble density measurements 

covered the range 750 Mev/c to 1800 Mev/c, although this upper limit was 

lower when the dip angle became appreciable. For dip angles7t> .50°, no 

reliable ionisation estimates were possible, although events with positives 

having large dip angles were usually already unambiguously identified from 

fitting. Above 1800 Mev/c, it was impossible to distinguish between pion 

and proton by ionisation, and, unless unambiguously identified by fitting, 

these events were classed as ambiguous (see next section). For four events, 

the presence of a large 6-ray on positives with momenta 2 to 3 Gev/c, 

enabled identification to be made, but other scanning information generally 
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provided only confirmatory evidence for an already identified event. 

In 1% of all two prong events, contradictory decisions were obtained from 

the fitting programme and from the identity of positives. In these cases)  

the events were regarded as unclassified. 

If the fitting programme had been the only source of information, 

mistakes in identification would be made by choosing the fit with the smaller 

If this was done for the 290 fitted two prong events, 28 events 

or 10% would have been wrongly classified. If, however, a fit is only 

accepted if its x
2 
 is an order of magnitude lower than the others, a 

mistake would be made for only 2% of all events. If this reliance were 

placed on the fitting procedure, ionisation densities would only be 

required for 15% of the events. 

4.5. Biases and Ambiguities.  

The only significant scanning bias was the loss of elastic events at 

small scattering angles. The correction for these lost events will be 

discussed_ in the next Chapter. 

About 5% of all events failed to pass through the geometry programme 

in spite of repeated measurements. A significant proportion of these was due 

to overlapping beam tracks causing bad apex measurements or non-convergence 

of the primary track during reconstruction. Some events were passed 

successfully through the kinematics programme by fixing all three beam 

track variables (p, h, 0) with errors equal to the spread of the 

distributions. A successful helix fit could often not be obtained for 
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highly curved tracks ( e.g.7cpe) or steeply dipping tracks. Events with 

secondary scatters often had an immeasurable track length. 

Apart from bad geometry events, 7% of the events from a total of 

595 analysed, were ambiguous between two reaction channels, as they had 

positives with momenta in excess of 1.7 Gev/c. Of these, half were 
- 	- 

ambiguous between the no-fit reactions T:p -I' 7cn7
+
+m7e, m'1, and 

- Ic p 4 .1i:p 7
o  + m.fAo, illfr1, and were divided equally between the two 

channels. More serious was that 25% of the events which gave a fit to 

reaction 7c p 7Cn7C
+ 

were also kinematically consistent with 1Cp
o 

+ m 	m >1. These have been classified as due to the reaction 7< p 

and the effective mass distributions resulting from these particular 

events agree with those resulting from the completely unambiguous events 

(Fig. 6.10). 

4.6. Combination of data from different group.  

Although the criteria for identifying events were the same for all 

groups in the collaboration, some details varied from group to group. 

To check the consistency of measurement and analysis of data among the 

groups, 20 test events were measured ;computed and analysed by each group. 

The geometry and identification of the events were compared and excellent 

agreement was found. Branching ratios, X 2, and missing mass distributions 

for each hypothesis were also compared with good agreement. Some groups 

had-used a rather long fiducial volume (Fig. 4.11), specifying a minimum 

secondary length of 20 cm., rather than 30 cm, used by Imperial College. 
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The consequence of this was to broaden the missing mass distributionsand 

cause some overlap between corresponding fit and no-fit events. The 

branching ratios for such groups show a higher FIT/NO FIT ratio than for 

Imperial College. Because of this, those events with apices at the end of 

the chamber (i.e. shortest secondaries) were removed before combination 

of the data. 

Un-analysed events for the whole collaboration constituted 6% of 

the total number initially found, and because of the varied reasons for 

failure, it is believed that the combined results constitute an unbiased 

set, free from physical bias. 

4.7. Cross-Sections.  

In order to calculate the cross sections, it is necessary to know the 

true number of events in the fiducial volume of the chamber. If the true 

number of events of a particular type is Ni, and the scanning efficiences 

for first and second scans of finding this type of event are e1  and e2' 

then 

n1 . N.1e1  is the no of events found in first scan 

n
2 

= Niel  is the no of events found in second scan 

n12 = Nie1  e2 
 is the no of events common to both scans 

The overall efficiency e is thus 

1 -(1-e1) (1-o2) = e1
+e
2
-e

1
e
2 

n1
n
2 (n14112-n12) 
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For all two-prong events scanned at Imperial College 

n1  = 610 , n2  = 623 , n12  = 585 

el  = 0.93 e2  = 0.96 = 0.997 N. = 656 

The largest correction was that applied to elastic events, which had an 

overall scanning efficiency e of 93.5%. Elastic events were then also 

corrected for azimuthal loss (Section 5.1), giving Ni  = 670. 

The cross-section is then given by 

( A Ni 	1 
a• 	 x 	 7mb.  

NA 	. e . I 

where 	A 	is the atomic number = 1 for hydrogen 

N1 	is the Avogadro's number = 6.03 x 1023molokEm.mol. 

e• 	
is the density of liquid hydrogen at chamber 
operating conditions. 

1 	is the length of fiducial volume at peak of beam 
z profile. 

N 	is the no of beam tracks scanned or 
(mean beam density x no of frames scanned). 

For the, Imperial College fiducial volume and two-prong data; 1 = 20.56= 

N = 44.6 x 103 	., N2  = 670. 

The following corrections were then applied : 

(1) The pion beam had a 5% muon and 1% antiproton contamination. 

(2) On the average, the primary particle of each event only 

travelled half-way through the fiducial volume. This reduces the interacting 
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length. 1, by about 1%. 

The density of hydrogen, p was obtained bbth from chamber operating 

conditions (27°K and 45 psi expanded pressure) and from a study of stopping 
+ 	µ+ decays. When a lz meson stops in the chamber, it immediately 

decays into 4
+ + V with subsequent 4

+ 	e+ +V + V. The unique p.
+ energy 

(30 Mev) is determined from the kinematics of 7t-decay, and the range (--1 cm)

from measurements in the chamber. Thus the density is found from range-

energy curves. The value found and used for p was 0.0625 gm.cm . 

The total cross-section thus obtained for Imperial College two prongs 

is 20.8 + 0.8 mb. 

The number of events analysed and the corrected corss-sections for the 

various channels are shown in the following tables, both for the Imperial 

College data (Table 4.1), and that of the whole collaboration (Table 4.2). 

Four prong cross-sections are also included for comparison. The total 

cross-section was calculated from all events found in the fiducial volume. 

All errors quoted are statistical. 
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Imkerial College data Table 4.1  

Channel Nogliguats Corrected Cross-Section mb. 

7Cp 144  5.75 ± 0.5 71  

77p ,A° 58  1.95 ± 0.3 

ICii .At 92 3.05 + 0.3 
7c-p  ,x0(7.co) 97 3.3 + 0.3 
7C-n 7C+  (7cO) 202 6.8 ± 0.6  

TOTAL 2-prong 595 20.8 ± 0.8  

7i-p IC+ 	lt-  5o 1.8 + o.3 
- 	 - 
,x P 	

+ 	0 
7C IC 

lt-n 7L+  7:-  7C+  
63 

23 

2.25 

0.85 

+ 0.3 

+ 0.2 
ic-plt 7c-7c  o 

(7 
 co) 28 0.95 + 0.2 

1K7n4t 7t 7C+  (7e) 47 1.65 -T 0.3 

TOTAL 4-prong 211 7.5 ± 0.5 

TOTAL - 31.6 + 1.2 

Combined data Table 4.2  

   

___  _-  
Channel TEgglymts Corrected Cross-sections mb. 

%Tip 

7(10 7c°  

7t-n 7C+  
7t:P 7to, (7e) 
IC n 7c-r  i 7E)  ) 

1083 

446 

636 
538 
1125., 5.57 

6.62 ± 0.22 

2.21 + 0.10 

3.16 + 0.13 
2.67 T 0.12 

E 0.17 
Total 2-prong  1828

. 
s• 

1  
0 21t 0.30 	, 

7t-p A IL--  
- 	+ 	- 	0 

7C p 7t 	It 	IC 
- 	+ 	- 

IC n 7C 	7C 7C
+ 

 
• 7€-P  it 7C ItO (7c°) 

7C-n 	7C-  7q1C1 

1....4-..............--- 	^"'""."--• .."-• 

542 

606 

315 

244 

421 

1.91 + o.o8 

2.11 + 0.09 

1.10 + 0.06 

0.85 ± 0.06 

1.47 ± 0.07 

TOTAL 4-prong 2128 7.44 + 0.17 

TOTAL inc.6-prong 	. 	, 
S strange-particlet...  	 

32.3 t 0.7 

71  Uncorrected for small t loss)  due to small statistics. 



70 

60 

50 

40 
+.) 

0 
4-- 30 

L. 

E 20 
z 

10 

L_ 

-75- 80 

, , r  
3.88 	3.92 	3.96 	4.00 	4.04 	4.08 	4.12 

Fitted beam momentum (Gev/c 

Fig. 4.1 



3.090 

-76 -# 

e)  40 

30 
ty _a 

O 
L  20 

.0 
E 
z 10 

50 

0 

X= —28cm. 

I tif 	 1  

3.100 	3.110 	3.120 	3.130 
	3.140 

	

Azimuthal angle 	(rad.) 

(..) 60 

E 
40 

O 
oar 
.0 20 

z 
E 

(b) 

1.0 	2.0 	3.0 	4.0 	5.0 ( x I 0 rad. 
Error in q5 

Fig,4. 2 



(a) 

-77- 
50 

=-` 40
J)  
(.) 

E 30 

X 20 

E o - 
2,  

-20 
-1-1-71-1-1-1  

-10 	0 	10 	20 	30 (x 10 -3  rad.) 
Dip angle N 

(b) 

ONO 

CD 
60 r- 

E-- 
gone 

E 
X 40 

0 	•00 

L. 
20 

0  2.0 	4.0 	6.0 	8.0 
Error in 

Fig.4.3 

ni-1-1  N o.0 o C-GQ.) 



60 

(b) 
	

11••••••• 

	 (c) 
50 

IMMINNIOr 

mammal 	••••=m. 

-L- 

40 	 ..11••=•MI 

30 
.•1•1•11 

20 

••••0111. 

tO 

40 
	 —78— 

(a) 

4-,  
c 30 

mo 20 

a 
10 

n 
-16 	-12 	-8 	-4 	0 	4 

X-co-ordinate of apex (cm.)  

120 

100 

cn BO 
lC 
4-) 

60 
O 

in 40 

20

E  

0 
-8 	-4 	0 	4 	 -16 	-8 	-20 	-22 

Y(cm.) 	 Z (cm.) 
Fig. 4.4 

0 	 
-20 

1.01•111m14 



2 3 	4 

0 2 	3 
	

4 

(a)  
-79 — 

/ 
theoretical X 0\ii).:4) 

10 	15 	20 5 

5 v2 6 
i•• 

(c) 	Tr-  p 	fr.;  

theoretical XI  ND=I 

Fig. 4.5 

30 

20 

l0 

0 

(b) Trp 774  

theoretical x2-  (ND= I ) 

(r) 

20 

7z5 10 

E 

z 



2 
Probability X distribution for 

20 p 

 

p irp  1r:  
n 

       

11 
t? 

.01 

0 

I 0 

1 

   

theoretical PCX1) distribution 

               

               

               

               

               

               

               

               

               

               

                

                

                

.4 	.5 	.7 	 1.0 
.Probability 



50 -81- 
(0) 

40 

30 

20 

10 

0 I  I I rf 

-14 -12 	-10 -8 -2 	0 	2 4 	6 (Gev )2  
(Missing Mass) 

(b) 
0 ••••••... 

nmageme. 

TtO 

.1 	 V 117  
t -20 -16 -12 -8 -4 	4 	 2 12 	16 	20 	X 10 \pev 

(Missing M«'.'') 

Fig. 4.7 

(c 

rj  

L 

z 

0 8 	LO 	1.2 	0.  1.4 (Gev 
(Missing Mass) 

2 
02 	04 	06 

20 

10 



N
u

m
b

er
 o

f 
ev

en
ts

 	
cn

7 
•13

!d
 

N
u
m

b
er

 o
f 

ev
en

ts
 

I.
 

1 	
1 	

©
 	

- 	
1 	

i 	
t 

j 7
 

C
o 

0
 

G+
 

• 

CT
 

•
•
•
•
 

t
D
 

cn
 

0
 

- Z
8 



2.0 

1.0 
I 	t 	s  

100 	
Nilornenturn . (iVievic 1000 



beam track 

890 Mev/c 
positive secondary 

track 

-84-- 
Event No. 445592 

500 

cos ;\ =1. 95± 0.2 mo  

200 

100 

50 

0 

z 

20 

10 

1 
	

2 	4 	 6 

Gap length ( units of ;:0) 

Fl g. 4. 10 



-20 -10 0 10 20 30 40 

Fl DUCAL PG ION S USED c•iv EACH  
ne•-v 

Fig. 4.11 

BIRMING:-AM 
impERIAL cOLLEG 

ly-Tek 
glass 

wont 	-2,0 -1p 0 10 23 30 V? V1,3 
glass 

HAMBURG 

MUNICH 

A AC-IL:7.N 

beam 

BONN 
\ \ 
\ \ \ .\ . \ 	 ..., illuminated ekranstream 

----z, end o chamber 

• • • 	• 



- 86 - 
CHAPTER V  

TWO-PRONG INTERACTIONS 

5.1 Elastic Scattering 

Scanning loss of elastic events occurs in two ways. Firstly, 

events are missed if the angle between the normal to the scattering plane 

and the optic axis, 0  approaches 90
o. 

= 	cos -1 	(7tin n !out)  

Kin A  out} 

	5.1 

The scattering should be isotropic in 	and the anisotropy observed is 

a measure of the dependence of scanning efficiency on scattering plane 

orientation. Secondly, when the proton recoil track is short, the event 

will be overlooked. 

To correct for this scanning loss, the distributions of angle 	was 

plotted for various ranges of momentum transfer -t , given by 

t 	= 
	-2 I pi 2  (1 - cos e4e) 
	5.2 

where p is the centre of mass momentum and 0 is the centre of mass 

scattering angle of the pion. Those plots are shown in Fig. 5.1. For 

0.02 Gov2 < -t < 0.04 Gov2 a correction factor of 1.20 had to be applied, 

and for 0.04 Gev2< -t < 0.06 Gev2 a factor of 1.08, and for -t>0.06 Gev2 

the correction was small and not statistically significant. At values of 

-t < 0.02 Gev2 the correction approached 100%, and in this range there 

0 
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is also the additional loss due to shortness of proton recoil track (l< 1cm.); 

hence these events were not included in the data. 

The total elastic cross-section was thus determined by applying the 

correction, and extrapolating the differential cross-section ( 12) obtained dt 

to-t = 0 (Fig. 5.2a), and integrating over all values of -t . The value 

thus obtained was (6.62 + 0.22) mb. Ting et al.,(48)obtained a value of 

(5.9 ± 0.6) mb. at an incident pion momentum of 4.13 Gev/c. However 

the value obtained is rather sensitive to the method of extrapolation 

(see later this section). 

At 4 Gev/c, the wavelength of the incident pion in the centre of 

mass system ? = 0.94 x 10-13 cm. s  is of the same order as the size of 

the proton (^a10-13  cm) as defined by the range of nuclear forces. One 

therefore can attempt to fit the data with diffraction scattering from 

an opaque sphere of radius R. 

In this approach, one considers a plane wave incident on a spherically 

symmetric potential, and expresses the scattering amplitude in terms of the 

usual partial wave expansion (50)  

1 

 

(21+1) (a1-1) P1(cos4) 	5.3 
2ik 	1=o 

*I/ where k = 1p 1/h al  is the absorption coefficient for the 1th partial 

wave. 

One assumes that the first L (=kR) partial waves are attenuated by 

the same factor, and all other wave unaffected i.e. al  = a for all 14 L. 



d 	= f (I) 2  

J.(kRsin;) 
(1-a)2R4k

2 	 

kRsin41  
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The following results aro obtain©d in the diffraction regions 

in-(elastic) 	7t122(1-a)2 
	

5.5 

(inelastic) =IcR2(1 _ lai  2) 	 5.6 

5. total 	= 0. (elastic) + .0(inelastic) = 2itR2(1-a) 	5.7 

In the present data, atotal = (32.3 -4: 0.7) of, and •6  elastic 

+ 0.22) mb. This gives a value for the proton radius ,Riof 

(1.12 + 0.04) x 10-13  cm, and opacity (1-a) of 0.41 + 0.02. Fig. 5.2 

shows the differential cross-section in the diffraction region as a function 

of cos° . Curves for the expected angular distribution in the diffraction 

region are shown for R . 1.0 x 10-13 cm. and R = 1.1 x 10-13cm. A maximum 

value of cos .a = 0.85 was used for this comparison. Only the most 

forward points were used because this simple optical model falls below 

the experimental points at larger angles, making it impossible to get a 

meaningful fit. Thus a value for R of 1.07 + 0.03 appears to fit the 

data well in this region. The values of R are quite similar to those 

found at other momenta in w p elastic scattering. Thus at 1.43 Gev/c, 

R = 1.08 x 10-13cm. has been reported, (4'3)and at 5.17 Gev/c, a value R 

1.04 x 10-13 	(44)  cm 	. This simple optical model in general only appears 

to fit the data in the diffraction peak; it also predicts secondary 

maxima, which are not observed at the right position experimentally, if at 
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all. A more realistic model e.g. a sphere with a diffuse boundary, 

would probably better fit the experimental data. A more sophisticated 

optical model has been recently proposed by Serber)0)but the statistical 

accuracy of our data at large angles is poor, and it is only in this region 

that a significant test of the theory can be made. The forward peak in our 

data contains 95% of the total elastic cross-section up to 0 = 420 . 

A recent attempt at a more basic theory for potential scattering was 

made by Regge46) and generalised to various high energy processes by Chew 

and Frautschi(41. This "Regge-pole" theory predicts that the elastic 

diffraction scattering may be expressed in the high energy limit by 

as  [do') 
dt 	dt 

0 

2 (a(t)-1) 
F(t) (840) 5.8 

if only the single Pomeranchuk-Rogge trajectory is involved. Here s is 

the square of the total centre of mass energy. 

The usual differential cross-section is related to the above 

expression by 

da 	'pi 2 	 do 
d2 - 	'IL:: 	at 

For small t, 5.8 may be approximated by 

do_ 	(16) 	A(s)t 
at 	k at 

where A(s) can be written in the form a b loges. 

5.9 

5.10 



-go- 
do Fig. 5.3 shows the differential cross-section 	as a function 
dt 

of 

	

	where t is in Gev2. The data are consistent with the exponential 

distribution above. A least squares fit over the region 0.02 Gov
2<-t 

(dt 
a o ) 

Jo 40.4 Gev2  yields a value for 	of (52.8 + 4.0) mb. (Gev)-2  and a 

value for A of (8.53 + 0.49) (Gov)
-2  (Fig. 5.2(b)). The probability from 

2 a )( 	test was 10%. At an incident momentum of 4.13 Gev/c, Ting et :48) 

obtained a value for A of (8.0 + 0.5) (Gov)-2  in the range 0.07 Gov24 -t 

< 0.4 lev2. Our data fitted over the same range of t yields a value 

of (7.22 + 0.60)(Gev)-2 consistent with the above value. Our value for 

A is also consistent with the general compilation of A values given by 

Brandt et a10 1 

N  When one extends the fit to values of -t up to 0.8 (Gev)2  it is clear 

that the tail of the diffraction peak rises above a purely exponential 

behaviour. If one fits to the range 0.02 Gev2 < -t <0.8 Gev2 one 

‘-9  obtains a value for A of 6.3 + 0.4 (Gev) -, considerably smaller than 

that obtained in the range 0.02 Gov2  < 	Gev2. Thus the linear fit 

only appears adequate for the latter range of -t. 

The data can always be fit much better by adding a quadratic term 

to the exponential i.e. 

dO 	do 	A't + B't2 

dt 	= (dt )o 

This was done for the range 0.02 Gov2< -t <0.4 Gev2 and the following 

values of the constants obtained. 

5.11 
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(68.8 -I- 7.96 ) mb. Gev-2  

Al 	= (12.9 + 1.6) Gev 2  

B' 	. (12.7 ± 4.3) Gov-4  

with a X,2 probability of 40%. 

For this same interval at 10 Gev/c Brandt et al.(49) obtained A'=(11.4+1.1) 

Gov-2 and B' = 8.9 ± 2.8 (Gev)-4. Thus two bubble chamber experiments give 

remarkable agreement between the shape of the diffraction peak over the 

4-10 Coyle range. Peri et al., however:using a spark chamber technique 

B' = 1.2 + 

in the 3-5 Gev/c range, found values for Al = (8.9+ 1.0) Gov-2 

1.6, 
v
i
T
n disagreement with our values. 
4 
	 and 

One of the predictions of the Regge theory is that the diffraction 

peak should shrink i.e. A(s) become large with increasing s. A compilation 

of existing elastic scattering data by Brandt. et.al., shows that whereas 

p-p elastic scattering shows a definite shrinkage in going from 3-16 Gev/o 

the 7c- p elastic scattering does not. It thus appears that p-p and 7c-p 

diffraction elastic scattering present different behaviours in direct 

contradiction to the Regge theory based on a single trajectory. It may 

now be necessary to consider the influence of trajectories other than the 

Pomeranchuk one, if the Regge approach is to provide a complete understanding 

of diffraction scattering. However, this lately discredited Regge theory 

provides at present the only known way of predicting the exponential form 
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of the differential cross-section over such a large range of t. 

/ In the foward direction 0 =t=o) 	do one can compare — 	by dt o 

extrapolating the differential cross-section with that obtained from 

the total cross-section using the optical theorem. One can show that, 

under very general conditions (50)  that 

  

Im Lf(o)J 	5012 total k  

where f(o) is the elastic scattering amplitude in the forward direction, 

and k = 	I p { i.Thus 

2 	i 2 (d) 
0 	 'total

2  = 	If ( o )1 	= IRef(o)I 5.13 d2  

It is normally assumed from calculations using forward dispersion 

relations (51) that Re f(o) is small compared with Im f(o) as a high 

energy approximation. Most diffraction theories are based on a purely 

imaginary value of f(1). 

dO 
If the linear exponential fit is used for the extrapolation of dt 

to-t=o, one obtains a value 

(d t 
	= (52.8 ± 4.0) mliGev2  

The optical theorem point (O.T.P) shown in Fig. 5.3 is deduced 

from the total cross-section of (32.3 + 0.7) mb found in this experiment, 

giving 
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2 

2 	
Re f(o) I 

lIm f(o)1 	. (53.4 + 2.3) mb. /Cev2, Thus 	 - 0.01+0.08, 
Im f(o) 

indicating that the extrapolation intersects the axis just below the 

optical point. If the total cross-section of (30.5 ± 0.5) mb. found in 

counter experiments (52)(Fig. 5.4) is used to derive the optical point, 
Re f(o) 	2 

one finds 

	

	 = 0.11 + 0.09. 
Im f(o) 

Before any conclusion can be made for the existence of a Re f(o) 

at this energy, more statistics must be obtained at small Itl values. 

It seems that if Re f(o) is to be zero at the momentum of the present 

experiment, the differential. cross-section• must flatten out for very 

small )1 	Of course, at very small 	Iti , interference between 

Coulomb and nuclear scattering will become important. 

Several authors have reported the existence of a backwards peak 

in the large anglk differential cross-section.(53) No evidence for such 

a backwards peak is found in the present data, although statistics are 

poor for large angle scattering. 

5.2. Single Pion Production.  

In this section, the general qualitative features of the 

reactions producing one extra pion will be discussed, namely 

I 

;iv  p - - r 	 II 

More detailed discussion of "r) and f0  production is deferred until 
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the next Chapter. 

5.2.1. Effective Mass Distributions. 

Fig. 5.5.(a) shows the effective mass distribution for the 7C-  it°  
system in reaction I. This system has a resonance at 770 May identifiable 

as the p. meson. The phase space curve shown iS normalised to background 

events only, and it is soon that this is consistent with the mass 

distribution above 1 Gev. 

Fig. 5.5.(b) shows the effective mass distribution for the 01.11k 

system in reaction II. This distribution includes those ambiguous 

events which were also kinematically consistent with the reaction !117p -14;7p 

+ o
. However when these events are separately plotted, the effective 

mass has the same form. This 	system shows two resonances, the p°  

at 770 Mov and the f°  at 1260 May. 

The effective mass distributions for the Ti:N systems are shown in 

Figs. 5.6. (a) - (d). No convincing evidence for isobar formation 

is seen, except perhaps in the MI-CM combinations. The cross-section for 

the reaction 9L p 	N is found to be (0.09 + 0.03) mb. The 

maxima observed at the higher extremity of the Mi7n  plot, and at the 

lower extremity of the MI& plot, are kinematic reflections of the 

asymetric decay of the' fl. No such marked effect is soon in the 

equivalent plots for reaction I, in which the p is produced. 

5.2.2.0ne Pion Exchange Model.  

The single pion production channels are largely dominated by the p2 
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and f° resonances, and therefore one expects the reactions to be mainly 

described by the single pion exchange processes of Fig. 5.7 (a) and (b). 

In this peripheral model, small momentum transfers result from the 

emission by the nucleon of a virtual pion which scatters on the incident 

one. 

The distribution of events as a function of four-momentum transfer 

to the nuclec:., -t, is shown in Figs. 5.9 (a)-(c). The cases shown 

are for events of the type 

	

p 	3 	p + p-  (700 Mev < N-e‘ 820 Mev) 

	

p 	a 	n 	( 700 May<Mx+ 	< 820 May) 

	

Rp 	n fo (1160 Mev< M + - < 1380 Mev) 
9 

Each plot shows a strong accumulation of events for small 14 

They are compared with the theoretical distribution given by the Selleri 

modification of the Chow-Low formula (Chapter II), assuming the dominance 

of OPE. Thus the dependence of the differential cross-section — dd 
on t dt 

can be obtained by integrating equation 2.4 over the range of w2  in each 

case. The formula contains a term dependent on the relative angular 

momentum of the two pions. It is assumed that in the 0-peak, the -K-ic 

scattering is purely p-wave (1=1) and near the f°  purely d-wave (1=2). 

The form of the differential cross-section becomes 

dC.  	t‘2 F'(t) dt 	(t-p) 5.15 
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The characteristic feature of the peripheral interaction arises essentially 

from the t/( t-g2)2  leading term which gives a peak at -t=µ20 The 

function P(t) produces a small shift of the maximum to a higher -t 

value. It is seen that the shape of the theoretical curves, which have 

been normalised to the experimental distributions, agree well with the 

latter up to -t = 15p
2. The Selleri formula is only expected to hold 

in this rang... 

If the distribution of momentum transfer to the nucleon is 

presented in a similar way to that in the case of elaskio scattering, 

an interesting point is revealed. Fig. 5.8 shows that up to a value of 

-t equal to 30g2(0.6 Gev2), the four momentum transfer distribution for 

the p 2 po and f° regions may all be fitted by an exponential 

do 	At = Ce 
dt 

5.15 

and with the same A-value as is found from a linear fit to the elastic 

events in the region (0.02 < -t (0.4. Gev2) The lines shown in Fig. 5.8 

are drawn with this A-value, A = (8.53 -1- 0.5) Gev 2. However, in the 

region where the Selleri formula is expected to be applicable, the two 

ways of fitting the data are not really distinguishable. 

Another test of the validity of the one pion exchange model (OPE) 

comes from the production ratio of 

p 	n P 
0 

P 	P 
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This ratio can be calculated from the products of the Clebsch-Gordon 

coefficients for the upper and lower vertices of graphs 5.7 (a) and (b). 

If the p meson is produced exclusively by single pion exchange and in a 

pure T=1 state, it can be shown that this ratio should be two. The 

experimental result for all values of -t in the p region gives a ratio 

of (1.67 ± 0.42), where the error quoted allows for the uncertainty in 

subtracting uackground. This ratio is in agreement with that found in 

experiments at other incident momenta. 

Trieman and Yang(54)proposed a test for the validity of a model 

with a zero spin exchange particle. Since the pion which propagates 

between the two vertices of diagrams 5.7 (a) and (b) is spinless, the 

angular distribution of the two vertices should be uncorrelated. 

The system is best visualised in the rest frame of the incident particle, 

the anti-laboratory system. In this frame (Fig. 5.7(c)), the lines 

of flight of the incident and final nucleons define the plane PN9 while 

the two final pions define a plane Pit 1  which intersect along the line 

of flight of the virtually exchanged pion. The OPE model implies that 

the angle an. between the two ptanes should be uniformly distributed 

where 

4 -4 
cos cyry  = n1

.n
2 

-4  

Pin" Pout 
-4+ 

.9L A 7C 

   

n
2 

   

IP. A P -) 	-'outl 
9 

I `4 - 	{1 
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p, and 7c being nucleon and pion momenta. Fig. 5.10 shows the 

distribution of the angle aTy  for all -t values for reactions I and II, 

and is consistent with isotropy, indicating the dominance of the OPE 

mechanism in single pion production. The distribution of those events 

with -t 	15 p2 are also shown. The same distribution is obtained, 

which is to be expected since the reaions are dominated by peripheral 

i.e. low ;'ul processes. 

5.2.3.  Angular and Momentum distributions.  

Fig. 5.11 shows the centre of mass momentum distributions for 

each particle in reactions I and II. Those distributions clearly 

reflect the fact that single pion production is dominated by pion 

r000nance production. The sharp peaking at 1.2 Gev/c in the proton 

momentum, and at 0.95 Gev/c and 1.2 Gev/c in the neutron momentum 

indicate the two-body nature of the production processes. The peak in the 

7c momentum in reaction II arises from the asymmetric decay of the P 

in its own rest system, in which the 77 remembers its initial forward 

direction before formation of the resonance. This is not so marked in 

IMO 

the 7c momentum in reaction I, in which the p decays symmetrically. 

Fig. 5.12 (a) 	(f) shows the centre of mass angular distribution 

for each particle in reaction I and II. The backward peaking of the 

nucleon distributions and corresponding forward peaking of the 717 

distributions arises from the peripheral irlature of the interactions. 

Again, due to the asymmetric decay of the po in which the 9t goes 
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forward, we expect the 7c
+ 
 in reaction II to show a greater tendency 

to go backward in the overall centre of mass system than in the case for 

the lc°  in reaction I. Comparing Figs. 5.12 (c) and (f), this is seen 

to be the case. 

5.3 Multipion Production.  

All distributions discussed in this section have been derived from 

the measured quantities directly as a fit cannot be carried out for the 

reactions involving more than one missing neutral particle. The reactions 

studied were 

%Tip 	--> 	n 7tt ,R7 	+ m 7.c° 	III 

:fp 	— 	p IC %79 + bcrc.° 	IV 

The high cross-section for reaction III (5.57 + 0.17) mb., may indicate 

that -4 production together with a neutron has an appreciable cross-

section. The effective mass of the ')c ic+  system is shown in Fig. 5.13 

with superimposed normalised phase space curves for the production of 

N + 3 , and N + 4Ic . Some p°  formation appears to be present, as is 

expected by domFarison with the charge symmetric reaction 7cp -4 1A.'n 

studied in an earlier part of this experiment 55). The broad peak at 

430 Mev is difficult to explain by superposition of phase space curves 

assuming that N + 57c is small. A similar effective mass distribution was 

obtained by combining + W - effective mass combinations from reactions 
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7L p 	p 	7 7 

7c p 	p 	77 77  IL°  

which showed a significant departure from background at 500 Mev(55)  

and a small deviation at 400 Move These peaks were identified with the 

resonances at 395 Mev and 520 Mev postulated by Samios et al.
(56) However, 

in the present distribution, the departure from phase space is a very 

broad peak, and could possibly be explained by the decay products from the 

(0-meson or by an s-wave interaction near threshold. 

Fig. 5.14 shows the effective mass of the p 7[ system from reaction 

IV , No significant isobar formation is seen. The missing mass squared 

distribution for this reaction has also been plotted, and is shown in 

Fig. 5.15. The narrow peak at M2  = 0.31 Gev2  presumably arises from 

neutral 71 decay, and gives a cross-section for the reaction ,;c 7p 	p it 11 

of (0.11 + 0.04) mb., if one assumes that 72% of allirmeeons decay 

neutrally (57). This cross-section is compatible with that found from the 

+ - o 	 - 	- 0 . IC 7 7L mass combinationsin the reaction 7Cp - 7c p7[ 7L 7 	which 

gave an upper limit for 11 production of (0.16 + 0.07) mb.(55)  

The centre of mass momentum distributions for reactions III and IV 

are shown in Fig. 5.16 and 5.17. No significant departures from background 

are seen. In general, the momentum distributions are less sensitive to 

the peripheral model than the centre of mass angular distributions, which 

are shown in Figs. 5.18 and 5.19. The proton from reaction IV keeps 
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predominantly its backward direction, and the7t-  from each reaction is 

still peaked forward. The ,A seems to be emitted isotropically. This 

peaking of the proton and 77 is not as strong as in the case of reaction I 

and II, indicating that with increasing multiplicity the peripheral 

production process is becoming less important. This general feature was 

also concluded from the study of the charged four prong events. 
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CHAPTER VI 

RESONANCE PRODUCTION 

In this Chapter, the properties of the production and decay of both p 

and 	f° mesons will be discussed in detail. The p was seen in the ex •K o 

system in reaction 7t p 	p 	o (I), and both P°  and f° were 

seen in the It
+ 7C - system in the reaction it-p 	n 1C+ 7t 	( II ) 

6.1. Mass Values and Widths.  

The central values of both 	p-  and.P°  were at (770+20) Mev, as 

seen in Figs. 5.5(a) and (b). The f° has a central value of (1260+20) Hev. 

The computation of the width or lifetime of a resonant state depends on the 

assumption of a Breit-Wigner form for the resonance. This computation is 

made difficult due to uncertainty in subtracting background events. The 

widths quoted below were obtained from effective mass distributions plotted 

in 20 Hey intervals. The full widths ahalf maximum above phase space 

background were estimated to be rpo = (200+30) Mev, Pp  - 	(180+30) Hey., 

fo = (160+30) Mev. In these widths experimental errors estimated at 

20 Mev, have not been unfolded. These widths represent a lifetime of the 

resonant states of about 10-23 sec., which is the same order of time as that 

taken for the resonance to escape the range of nuclear forces. 

The central values are in agreement with those found by other workers, 

but the widths noticeably larger. Roos(19)  in a review article on resonant 

states, has listed the masses and widths of all resonances found to date, 
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and quotes the following values for masses and widths of,p,p o
, f°, 

 

averaged over all experiments finding them. All values are expressed 

in Mev. 

M p- = (757+5); Fp _ -= 120+ 10. 

Mp 0  = (751+6):, rp o = 110+ 10. 

M o = 1253+20) r fo = 100+ 50. 

There appears to be some evidence for increasing widths with 

increasing incident momentum. In particular, the following results were 

obtained for widths of p, and f°, for incident pion momenta above 3Gev/c, 

and from single pion production reactions only. 

Incident Pion rpo 	t (Mev) r (Mev) T ,o(Mev) 	Reference. 
Momentum (Gev/c) 	p -  

	

3.0 	130+30 	130+30 	70+20 	Selove 	et al
(27) 

_ 

	

3.3 	175 	125 	200 	Gu;,cagossian (69)  

	

4.0 200+30 	180+30 	160+30 	this experiment 

	

6.1 	,-, 250 	- 	--200 	Veillet et al(70)  

r 
Out increased widths seem to represent a real effect, since the 

experimental errors in the individual mass values (20 Mev) are negligible 

compared with the widths. In particular,our widths appear significantly 

larger than those found by Selove et al., especially in the case of fc). 
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The width of the p ° 	from the reaction p 
+ - 

p 7L lt 7C  

studied in an earlier part of this experiment (55) was 130 + 30 Mev. Samios 

et al(56) studied the same reaction at an incident momentum of 4.7 Gev/c 

and found a width of 170 + 30 Mev for the p°, consistent with our value. 

6.2.  Production Mechanisms of p and 	f°. 

From the effective mass distributions corresponding to events with all 

values of t, the cross-sections for production of p 9  pog  and f° are 

found to be 

( 	np°) 	(0.75+0.13) mb. 

( 	 P 	(0.45+0.08) mb. 

( 7t p 	n +f° 	) 	(0.42+0.06) mb. 

7C IC 

Comparison of two prong and four prong events shows that the branching 

has been made from our data. Calculations have suggested that 

ratio ( f° 	o
7C 	

4:: 0.08 + 0.06. No estimate of f° 	eK- 

."4" 0.1 (58).  Hagopian(59)  has presented some evidence for this decay 

f 

 + + 
1C  

f°  

f -17C 7C + 

mode and quotes a value of 0.1 + 0.06 for the above ratio. 

Our cross-section for f°  production is consistent with that predicted 

from a calculation by Aitcheson(60 

The decay of the P°  into four pions is also negligibly small. In 

the four prong events, only one event was seen in the 47c 	combinations in 

the :p -region. 

Figs. 6.1 and 6.2 show the Chew-Low plots for reactions I and II. These 
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again show how both the fp° and f°  are produced predominantly with 

low 	14 Fig. 6.3 shows the centre of mass angular distributions of the 11C 

systems in the regions of the 	P and f°, again indicating the peripheral 

nature of the production processes. Selove et al.,
(27) found a much weaker 

concentration of low I t 	events for the f° resonance. Of course, 

the concentration of low Iti events for the mass region of the f°  is 

not expected to be as great as for the p mass region. Fig. 6.2 shows 

the kinematic cut-off preventing the production of f°  with -t 	311
2
. 

Lower values of It' can be reached with increasing incident momenta. 

The presence of the resonant systems can be seen from the Dalitz plots 

of (MAIL )2  against (MAN )2 	for reactions I and Its  shown in Fig. 6.4. 
A 	4 

The same plots, but with -t $E15 p2 are shown in Fig. 6.5. These latter 

plots show the resonance bands more clearly. The bands marked in the 

diagrams would correspond to the formation of the isobar, le(3/2, 3/2). The 

events in the f° peak region, having mass values between 70p
2 and 100p

2 

are seen to cluster on the right and left extremities of the plot for 

reaction 119  heavily o-erlapping the isobar bands. Isobar formation 

cannot occur with single pion exchange in these reactions. If one considers 

that isobars could be formed either by p exchange (Figs. 6.6), or by 

a statistical model process, products of Clebsch-Gordon coefficients for 

upper and lower vertices indicate that one should expect equal cross-sections 

* +. 
for the N (n c) and N(pie) isobar channels. It is seen, however, that 

there is no clustering in the isobar band (pic°) corresponding to f°  mass 



- 125 - 

values in the Dalitz plot for reaction I. As will be seen below, this 

distribution of events can be readily explained by the decay of the 	spin 

two f°  meson. Incidentally, the Dalitz plot for reaction II displays 

conveniently, the asymmetric decay of the p o 

6.3. Pion-Pion Scattering.  

Figs. 6.7 and 6.8 show scatter diagrams of (11m02  against the 

angle 07F defined by 

cos 0 - 7C 
( 	P  'it-incident)  

1(1  '7( A 117C -inc;dent..)1 
6.1 

where the incoming and outgoing Te.  momenta are in the rest frame of the 

TX system. 

If only low iti events are selected, 0,jt  - 	approximately represents 

the nn scattering angle. Real 'n 	scattering could only be studied 

if the unphysical limit -t -p2  were reached. Hagopian (59)  has 

estimated the uncertainty of scattering angle due to the virtual pion being 

off the mass shell as 

t 	- 1  A (cosO n- ) v.= 	(1-toss -) 6.2 

Only events with -t 4 15112 were therefore used. From these scatter 

diagrams one obtains in the p-  region, the characteristic e =1 costs 

distribution. In the p°  region one obtains an asymmetrical distribution, 

Fig. 6.9 shows, for both reactions, the forward-backward asymmetry of this 
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scattering angle distribution as a function of the 7C7C effective mass. 

Where TT scattering is dominated by a resonance, and no background 

exists, this asymmetry (F-B)/(F+B) will be zero. This criterion is satisfied 

at the p 
n  

resonance energy for the 7C 7: combination, but not for the 

7C 7< y as has been reported by several experimenters (32)(61) 
, and seems 

independent of incident energy. In our data, removal of the events in the 

to 	mass ban: does not remove the asymmetry, and hence does not seem to 

be caused by the postulated co -. 2') 	decay mode(62)  (see below). 

Another explanation of this asymmetry could be the existence of some 

S-wave or D-wave background interference with the resonant p-wave. 

Selove et al(27) carried out a phase shift analysis of the it-it scattering. 

Although serious doubts can be cst on the methods used, their results did 

indicate the presence of a large T=0 S-wave phase shift and a small T=0 

D-wave phase shift in the 7c 	7C - scattering. This T= 0 wave cannot, 

of course, be present in 7c 7c
0  

scattering. A phase shift analysis has 

not been carried out with the present data. 

The asymmetry parameter also becomes zero for the T+ 7c - combination 

at the mass of the f°-meson, which is some confirmatory evidence for the 

interpretation of the f°  meson as a resonance in T -7c elastic scattering. 

The f°  meson is seen only in a Tz=0 isotopic spin state in the reaction 

117p — n + f
o 

7C+  

It is not seen in the reactions 
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p 
,317 	7ce  

(57) 

t p 

 

p 	f+  

 

 

0 
'7C 

which leads to the unambiguous assignment T=O. As the f° has a large 

width, it presumably decays by strong interactions into the T=0 dipion 

system; it must have even spin, since pions obey Bose-Einstein statistics 

demanding symmetrical overall wave function. Two methods of determining 

the f°-spin have been attempted with our data. 

Firstly, the ii scattering angle, .8 - 
lc 

was compared with that 

expected from a resonance in a given angular momentum state. The angular 

distributions expected for a spin zero, two, and four are just the 

Legendre polynomials associated with a unique 1-state. 

i.e. I do \ 
‘c1S -2 ,  J 1.o=  1 (d 0  

d2 (300620 1=2 	1) )  

2 

(do) 	1 
d 2 1=4.— 8- 

(35 cos40 -30cos2.a4.3)1 
2 

The experimental distribution for events with -t All 15112, 7042.eico 
2 
 <1002 

and theoretical curves for spin two and four are shown in Fig. 6.11(a). 

Fig. 6.11(b)(c) shows the experimental distribution for events either 

side of the fo resonance region. It can be seen that the distribution 

is inconsistent with spin zero and most consistent with spin. two, although 

the expected hump at cos0 	= o is not seen convincingly in our data. It 
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must be remembered, however, that the uncertaintly due to off the mass 

shell scattering can be as large as 20% in the sample of f° mesons 

found (equation 6.2). From the experimental distribution, one can also 

see how the clustering of fc  events is the isobar regions of the Dalitz 

plot occurs. The pions go preferentially forward and backward with respect 

to the f° mesons, and hence with respect to the nucleon. Hence there is 

a preference .or high and low 7N masses along the f° band of the 

plot. 

Secondly, the 1K7C scattering cross-section was calculated for the ? 

and f° mass regions, using the Selleri modified Chew-Low formula, as 

desrribed in Chapter 2.(equation 2.3). Only those events with -t 4,-- 15µ2 

were selected for the integration over t. Figs. 6.12(a) and (b) show the 

cross-sections for the 	p - and p o region of the 7c T!'
- n 

 and i!" 77 

combinations respectively, It is seen that the formula is in excellent 

agreement with the cross-section of 12764e,2 = 120 mb, expected at the 

peak of the p -resonance for 1.,1 ')vK elastic scattering. This confirms 

the use of the Selleri formula, and therefore the formula was used with 

some confidence to deduce the 7:- 7: cross section in the region of the 

fo resonance. The inelasticity of 7C7C scattering is assumed small in 

the 	fo region. 	(i.e. 1C7C -30 KK 	assumed negligible). Fig. 6.12(c) 

compares the calculated cross-sections for a spin two resonance with that 

expected from the geometrical cross-section. The latter for a spin two 

resonance should be 4 - .20 70t.2 (31 mb. at f° peak), allowance being made for 9 
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the gc°  7c°  decay mode of the f°. It is seen that the calculated 

cross-sections are in good agreement with the expected value. The cross-

section calculations were also carried cut for an 1=6 and 1=4 spin 

assignment (The Selleri folliula being 1-dependent) and found to be in 

marked disagreement with the expected 4  .44 and 4.3671:),- 2  expected 9 
from geometrical cross-sections. 

The peak values thus found were :- 

= 105 + 10 mb. 
P 1  

P 9  145 ± 15 mb. 

0 
f 26 + 5 	mb. 

A similar value for the7c7c cross-section for the p°  peak of (108+16)0,, 

again using the Selleri formula was found at an incident momentum of 1.59 

Gev/c(32). The only other group to calculate the 7C7C cross-section 

at the 	f° peak, Selove et al., (27)  found (5+1) mb. However, they 

used the Chew-Low formula without the Selleri correction. Their values 

for the 7C7C cross-section at the p° and p peaks are also much 

lower than the expected geometrical values. 

6.4 Two pion decay of  the w -meson.  

It has been postulated that the presence of the co°  meson in the 

mass region of the 	P  could influence the p
o 

decay. The coo can 

decay into two pions only through an electromagnetic interaction. 

Glashow(63)  suggested that the small p -w mass difference may cause 
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electromagnetic interference between the two states to enhance this 

G-forbidden w s 	2 it decay. Bernstein and Feinberg(63) have 

suggested that this forbidden decay may be observed in the 7C+  77 mass 

spectrum as a spike superimposed upon the broad epeak. Several 

ar 
experimenters have reported indications of structtwe in the e peak. Walke 

(64) 	 + - 
et al 	found two distinctly different 7t 7c 	mass distributions in 

the p regich at their two incident momenta of 1.9 and 2.1 Gev/c. They 

estimated a branching ratio for(w 	27c/ w 	37c) of 0.15 at 2.1 

Gev/c. Firkinger et al(62) at an incident it momentum of 1.7 Gev/c, 

found a small excess of events at a mass of 790 Mev in the four-momentum 

range 0.25 Gov f -t 	Gov2y and deduced a lower limit for 

2it• /w "P 3it ) of 0.05. 

In the present data, there appears to be a slight excess of events 

at masses between 760 and 800 Mev. However, selection of events for 

different regions of momentum transfer indicates that these '0-events 

are not preferentially associated with any particular region of momentum 

+ 
transfer. Fig. 6.10(b) and (c) shows the ,g ,7E effective mass 

distribution for -t greater and smaller than 7 p2. More statistics are 

required before any conclusion can be reached. 

6.4. Conclusion. 

In this experiment, two pion-pion resonances have been observed, 

the p and fo meson. 	The p -resonance had further confirmation 

of its properties, and more evidence for the asymmetry in the decay of the 



- 131 - 
was obtained. No evidence for p— w mixing was observed To 

further understand this difference in p o and p behaviour, more 

statistical accuracy is required to enable an unambiguous determination of 

7c7C scattering phase shifts. The large widths are not readily explained, 

although some incident energy dependence can be seen by comparison with other 

experiments. Isobar formation appears to be negligible at this energy, 

compared with eperiments at lower energies, although the only pure isospin 

state, n 	(T= 3/29  Tz  = - 3/2)9  can only be formed by the exchange 

of a doUbly charged particle. It is to be expected that as the incident 

momentum increases peripheral production mechanisms become more important, 

giving the nucleon less chance to resonate with the pions. 

Previous experiments had been unable to determine the spin of the f
o 

unambiguously. In the present experiment, the decay angular distributions and 

a calculation of the 7v-7E cross-sections has led to an assignment of spin 

two. The properties of the f° meson can thus be summarised as follows: 

mass, (1260+20) Mey, r -(160+30) Hey, J PG  = 2. It has been suggested 

that this f° resonance satisfies all the requirements of a Regge-pole 

"vacuum trajectory" particle (65).  However, as confirmed from a study of 

elastic scattering in this experiment, there appears to be no shrinkage 

of the diffraction peak with increasing energy, a necessary requirement 

if a single Regge trajectory is to dominate the scattering. Thus, at 

present, the simple Regge theory cannot explain existing data. An important 

test of the theory would consist of studying the 7C— 7C system at higher 
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effective masses, to look for higher spin states along the trajectory. 

Recently, a second trajectory has been postulated, which should manifest 

itself as a T=0 'KZ resonance at 1800 15.ev.(66) 

Thus it appears there are many reasons for doing an experiment at 

higher incident momenta. To produce a larger number of peripheral f°ts, 

a higher incident momentum is required, say 6-7 Gev/c. With low 14 

the off-energy shell effect is smaller, and hence the interpretation in 

terms of It - 7 scattering more certain. The same experiment would also 

be useful to explore the 7C —9L system at higher mass-values. At 6-7 Gev/c, 

however, bubble chamber experiments would be pushed to the limit of their 

accuracy, unless the distortions in present bubble chambers can be reduced 

significantly. 
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CHAPTER VII 

PRELIMINARY RESULTS FROM qz+p INTERACTIONS AT 4Gev/c.  

7.1 Experimental Method.  

The film was scanned, measured, and analysed in a way similar to that 

described in the previous experiment °nit p interactions. In the case of a 

+ 	 . 
p initial state, one expects an excess of two positive charges in the 

final state. In the two-prong and four prong reactions, the following 

hypothes s were tried in the fitting programme 

• p 	• p 

	

7C • p 	• p 

7t 13 —* 7c ▪ n 

+ + — 
7C p ic ')E 

+ - 

	

'7C 	13 it + 7C 7C
0  

	

7c ÷ 	n „+ „+ „ - 

The following unfittable processes are also possible : 

▪ p --106 p 7t °+ (m 7C°) y  m ›, • 

n 	7c7./.  + (rn R°), 	m > 1 	IV 

N. 
p 

p 

• p 	7t 7< 7co +(m  ,,e)  , 

n 	7 t 7C+  7i7 -1-(m 	) 9  M..% 1 

p 

p 

p 
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The notation used above for the two-prong reactions corresponds to that used 

in the description of 11:p interactions. 

The increase in the number of positives in the final state causes more 

ambiguities between proton and positive pions, and hence between final 

state channels. This ambiguity occurs in the following way. Some events 

produce equally acceptable kinematic fits for some reactions, in particulr 

for reactions I and II. If the 'slow' positive track can be identified 

as a proton, the ambiguity is resolved. However, if this, track is 

identified as a positive pion, it is necessary to identify the fast 

positive track. Thus, as can be seen from Table 7.1, a significantly 

larger number of ambiguities between reactions I and II has arisen, than 

was the case in the equivalent reactions in the study of gt p interactions. 

Further, due to the peripheral nature of the reactions, this 'fast' 

ambiguous positive track will tend to be a pion. Hence, if a weighting 

procedure is used to attribute such events, a physical bias will be 

introduced. This kind of ambiguity did not arise in the Trp interactions. 

A sample of twenty test events is again being measured by all groups 

to check the consistency of methods of analysis before combination of final 

data. 

7.2. Cross-Sections. 

To date, 2545 two-prong and 960 four-prong events have been analysed 

by the collaboration. These events are not taken from the same sample 

of film, and hence are not free from physical bias. The total cross-section 
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is estimated at (26.6+ 1.5) mb. The hydrogen density (0.0625 gm/cm2), 

and the correction for loss of elastic events at small scattering angles 

is assumed to be the same as for the 7z p elastic events' The error on 

the total cross-section quoted above includes an estimate for the 

uncertainty in the beam contamination correction. Table 7.1 shows the 

number of events analysed and the corrected cross-sections so far 

obtained. 

TABLE 7.1  

CHANNEL 
	

NO. OF EVENTS ANALYSED 	CORRECTED CROSS- 
SECTIONS IN mb. 

p 

+ o p 

+ •7t n 

9t 
+ 
P 	

o 
 m 	m >J1 

860 

395 

233 

468 (+126 allocated 
ambiguous 
events ) 

6.7 + 0.3 

2.6 + 0.1 

1.6 + 0.1 

4.0 ± 0.2 

7en7C+  + m 7e,M7.1 	264 (+ 69 allocated 	2.2 + 0.1 
ambiguous 

Total 2-prong. 	2415+130=25gents) 	17.1 + 0.3 

IL p 7C IC + 	307 	3.0 + 0.2 

+ + - o R p 7; IL IC 	320 	3.2 + 0.2 

It
+  n it+  9c+ 	109 	1.1 + 0.1 

4 p 9f.f.  7C i°+m 7P9141  145 (+14 allocated 	1.6 + 0.1 
ambiguous events) 

7z
+ 
 n 7C

+ 
 it 7C +mle2mV 	60 (+5 allocated 	0.6 + 0.1 

ambiguous events) 
Total 4-prong 	960 	9.5 4. 0.3 
TOTAL 	- 	26.6 ± 1.  
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7.3 Two Prong Interactions. 

7.3.1 Elastic Scattering Cross-Section 

The elastic events have not bee fully analysed and the scanning 

loss correction has not been correctly estimated, However, the total 

elastic cross-section appears to be equal, within the errors, to that found 

in 77p elastic scattering at the same incident momentum. Pomeranchuk(67)  

and others have shown that as the incident energy increases, the total 

p and licp cross-sections should become equal, but make no predictions 

concerning the elastic scattering cross-section. Most.theories of elastic 

scattering, however, indicate that diffraction scattering should become 

independent of isotopic spin with increasing incident energy. At an 

incident pion momentum of 4Gev/c, it appears that isotopic spin independence 

has been reached for the elastic scattering cross-section, but not for the 

total cross-section. 

7.3.2.Single pion production. 

The effective mass distributions for the 'tp and 'le 'KC)  combinations 

from reaction I are shown in Fig. 7.1. It is seen that both e(3/2,3/2) 

and p production are present in this channel. The width of the 

is estimated at (100 ± 30) mev, which is significantly narrower than for 

the p— found in single pion production in 7C p interactions. The cross-

section for the reaction 'rep p p+ was found to be (0.26 4. 0.04)mb. 

This reaction is the charge conjugate reaction of 'Kip 	pp , if one 

considers both reactions to be described by a peripheral model. The cross- 
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section for 'x p 	pp was found to be (0.45 0.08) mb. If the 

selection of events is limited to those with low momentum transfer to the 

nucleon to ensure the validity of the one pion exchange model, the discrepancy 

between the cross-sections remains. This suggests that the production 

* i of  in 5g) interactions interferes with the production of p
+. This may 

explain the smaller width (longer lifetime) of the p compared with the 

p°  and f3-. Nc significant isobar formation was seen in the 77p inelastic 

interaction. This suggestion is supported by the Dalitz plot of M
2p 

against M2 ,K1- 1K o where a depletion of density is found in the overlap 

+  
region where production of both N and p is kinematically possible. 	a (Fig.7.2(), 

More statistics are necessary to be confident of this depletion in the 

overlap regionn. The cross-section obtained for N production in this channel 

is (0.37 + 0.06) mb. 

A method of studying the mechanism of isobar production by the 

exchange of a vector meson has been suggested by Sakurai and Stodolsky (68) 

They propose three tests for p exchange in N (3/2,3/2) isobar production. 

p 
If all quantities are evaluated in the isobar rest system they make 

the following predictions- 
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(i) The distribution of angle a between the normal to the 

production plane and the direction of the IC
+ 

from the isobar, 

A Po cosa - 	 

I -4  P+  

should have the form 1+3 costa 

0 

 

 

(ii) Tht, distribution of angle 9 between planes at the upper and 

lower vertices (extended Treiman-Yang test) 

cos 

 

--, 
p+ A p0 	IcA q 

1 -7  P+ ITO 

should have the form 1+2sin2  9,  

(iii) The distribution of angle y between the direction of the mt  

from the isobar and the direction of the incident rt. 

o cos y = 	_ 14/ q. 1)4 

should have the form 1 - 3/5  cost  y' . 

The first two tests have been applied with the present statistics. 

Fig. 7.3 shows the experimental cosa distribution compared with the 

* (3/2„3/2,) expected distribution for isobar production in the reaction 7cp--* N  

+7c0 
 and is seen to agree yell. The second test, however, produces an 

isotropic distribution, (Fig. 7.4) and hence nc firm conclusion can be 

drawn at present. The third test has not yet been applied. It may be added 



- 151 - 

however that the possible e-(3/2,3/2) - p + interference suggested above 

could complicate these N exchange tests. 

The effective mass distribution for the 7C
+ 
 7C
+  

system from the 

reaction 	+p -- 7L 
	+ 
n 77, (Fig. 7.1(c)), shows no evidence for 

resonance production. This reaction enables the study of a pure T=2 7C7C 

state, and it is hoped that it will provide a starting point for a complete 

determination 1/4-)f xx scattering phase shifts in the T=0, 1 and 2 channels. 

7.3.3. Multipion production 

	

The cross-section for 7cp 	n 7c + m7c 	m 01 (2.2.+0.1)mb, 

which is significantly lower than (5.57+ 0.17) mb. found for the 

	

7c p --4.7cop n 7c + m 7c o m4/1 	reaction. This confirms the suggestion 

of high cross-section for w°  production in the latter reaction. Of 

course, one cannot form wo  in the former reaction. 

Fig. 7.2 (b) shows the missing mass squared distribution from the 

reaction T:p -4' 'A px
0 	

M 9C
o 

M.Z..1. The peak at 0.3 Gev2  yields 

a cross-section of (0.29+ 0.07) mb for Ti production, assuming that 72% 

of all T1 mesons decay neutrally. The equivalent process T: p 	
o 

7C p7Q -FraT: 
o 
5 

m1P1, yielded a cross-section of (0.11 + 0.03) mb. for 1 production. 
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FIGURE CAPTIONS 

FIG. 1.1. 	Idealised bubble chamber pressure pulse. 

FIG. 1.2. 	40 cm. bubble chamber diagrammatic gas expansion circuit. 

FIG. 1.3. 	(a) Typical timing sequence of expansion and pilot 
valves used in the 40 cm. bubble chamber. 

(b) Schematic diagram of expansion valve operation. 

FIG. 1.4. 	(a) Fast Pilot valve. 
(b) Discharge circuit used for pilot valve. 
(c) Oscilloscope trace of the pilot valve piston monitor. 

FIG. 1.5. 	40 cm. bubble chamber body. 

FIG. 1.6. 	Various expansion valve designs used in the 40 cm. 
and British National chambers. 

a) Original valve. 
b) 'Gatos spool valve. 

(c) 
	

National Chamber valve - latest design. 

FIG. 1.7. 	Schematic illustration of British National bubble chamber, 
showing the chamber body and control system. 

FIG. 3.1. 	Flow diagram of the 4Gevic';c:11  experiment. 

FIG. 3.2. 	The layout of the 4Gev/c pion beam. Q represents magnetic 
quadrupole, BM represents bending magnet. 

FIG. 3.3. 	Co-ordinate system associated with the 81 cm. bubble chamber 
and cameras, and the fiducial volume as defined by the 
Imperial College Group. 

FIG. 3.4. / 	% Range-Momentum curves for liquid hydrogen (density 0.06 gm/cm3  ). 

FIG. 3.5. 	Scan sheet and Kinematics sheet from a typical two-prong 
event. 

FIG. 4.1 	Distribution of fitted beam momentum taken from all 
two prong events at Imperial College. 

FIG. 4.2. 	(a) Distribution of measured beam track azimuthal angle taken 
from all two prong events measured at I.C., and extrapolated 
to x = -28 cm. The effective beam-track selection criterion 
as applied on the scanning table is indicated by the arrows. 
(b) Distribution of errors in azimuthal angle as calculated 
by GAP. 
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FIG. 4.3. 	(a) Distribution of measured beam track dip angle 

taken from all two prong events measured at I.C. 

(b) Distribution of errors in dip angle as calculated 
by GAP. 

FIG. 4.4. 	Apex distributions taken from all two prong events 
measured at I.C. (a) X-co-ordinate distribution. 

(b) y-co-ordinate. 
(c) z-co-ordinate. 

FIG. 4.5. xdistributions from Imperial College measurements for 
reactions (a)7cp—',. 7cp 

(b)7c-P 	7L—P 70 

(c)gzp 	gE-n 

The solid lines show the theoretical X2 predictions. 

FIG. 4.6. 2  Probability X distribution for the reactions 7Z p --v. 7C  p; 

P 	7C P ')L
o 	

p 	'K n 7c
+  taken together. 

FIG. 4.7. 	Missing mass squared distributions from Imperial College 
measurements for the reactions 

(a) 7c P 	P 

(b)7: -p ---46  7C p7t
o  

+ 
(c) 771.) 	/1 7L 

FIG. 4.8. 	Missing mass squared distributions from Imperial College 
measurements for the reactions. 

(a)7K-p7c - n 7c+  

	

; T:p 	
- + n 7c (m .t) 

	

(b)7c-p --2) 7c p ic 
o 
 ;7c p 	° 7L p IL 	

(
m 7C

0
) f 9  m 

FIG. 4.9. Ionisation-Momentum curves for the range of momenta 
80 Mev/c - 5Gev/c. 

FIG. 4.10. Semi-Logarithmic plot of number of gaps against gap length 
for beam track and an 890 Mev/c positive secondary. 

FIG. 4.11. Diagram showing the fiducial regions used by each group. 
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FIG. 5.10, 	Distributions of azimuthal angle 21  of the scattering plane 
with respect to optic axis, for elastic events, and for 
different ranges of -t, the four-momentum transfer to the 
nucleon. 

FIG. 5.2. 	Differential cross-section for elastic scattering. The 
curves shown_r predicted by a simple optical model with 
R = 1.0 x 10 	cm, and R = 1.1 1- 10-13 cm. 

FIG. 5.3. 	Differential cross-section for elastic scattering. 

(a) for all values of -t 
(b'i for -t 4C 0,6 Gev2 
The solid line shows the fit (52.87+ 3.96)exp(8.33+0.49) t. 

FIG. 5.4. 	Pion-proton total cross sections in the range of incident 
pion kinetic energies 1 to 6 Gev. 

FIG. 5.5. 	Effective mass distribution of 7E7t systems 

(a) reaction 77p --> 77p le 

(b) reaction T:p --0".  7En 7C
+  

Phase space curves normalised to events outside pand f
o
peaks. 

FIG. 5.6.- 	Effective mass distributions for 7thl-  system in the 

reaction 	7L P 	7C p 7C
o 	(a) o  p 

	
(b) 7E-p 

and reaction 7C p- --2,  n'i% 	(c) +n 	(d)9t-n 

FIG. 5.7. 	(a) One Pion exchange diagram for reactdon7Ep --1'7Ep7E°  

(b) One Pion exchange diagram for reaction 7E
- 
 p--3 7E n7E

+ 
 

(c) Definition of planes in Treiman-Yang test. 

FIG. 5.8. 	Distribution of four-momentum transfer to the nucleon - 
in-  the reactions 7E_ p --,p + p ; T7p ---a,  n + P° 

-.0 
7C p --> n + 1 . The solid lines show ac5 

57 = 
Ae
x
p (8,53t). 

Distribution of four-momentum transfer to the nucleon 

(a) for reaction 7z p -4. p + p - ; 
(b) 7L- p --11P ri + p 

o 

(c) 7E  - p --.4.  n + f0. 

The solid line shows the prediction of the Selleri formula. 
Only those events with -t ...c 3011 are included. 

FIG. 5.9. 
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FIG. 5.10. Treiman-Yang angle distribution for reaction T:p 

(a) All values of -t ,(C; -t :1542  

and reaction 77p 	7c 7n 5c1- 

(b) All values of -t ,(d) -t .11542. 

FIG. 5.11. 	Centre of mass momentum distributions for reaction 

p 	7Cp 71?(I) and 	▪ (II)s 

(a) proton from reaction I , (b)7Z from reaction 19  

(c) e from reaction I, (d) neutron from reaction II, 

(e) iz  - from reaction II, (f) 	from reaction 

FIG. 5.12. 	Centre of mass angular distribution for reactions 

p 	it p it°  (I) and ',x p 	n gif  (II) s 

(a) proton from reaction I, (b) 'T from reaction Io, 

(c) 7;:° from reaction 19  (d) neutron from reaction 

(c) 9t  - from reaction II, (f) 	+ 7. from =action II,. 

FIG. 5.13. Effective mass distribution of 	7Z system from the 
reaction !T p -4  x n 7< +(m X ) g m.,1. The solid 
curves show phase space predictions for N+37C and N+4 X 
final states, each normalised to the total number of 
events. 

FIG. 5.14. Effective mass distribution of 1E-p system from the 
reaction 1:12 --4  ^p 7° +(m gc°: ; m1. 

FIG. 5.15. Missing mass squared distribution for the reaction 

7C1) 	p 5c°  +(m r°), m 1. 

FIG. 5.16. Centre of mass momentum distributions for the reaction 

'T-  n. It+  + (m 	mz1 s (a) 7C+  ( b ) 7C 
W 

FIG. 5.17. Centre of mass momentum distributions for the reaction 

p 	7C—p7C ° 	(ra lt()), m 1 s (a) proton (b) 

FIG. 5.18. Centre of mass angular distributions for the reaction 
9r.-p

-
n IC

+ 
	(m 9to  ), M > 1 g (a) x+  (b ) 
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FIG, 5.19. 	Centre of mass angular distribution for the reactl.on 

p 	p 7 	+ (m 7t°
) 

9  m 	1 g (a) proton (b) 

FIG. 6.1. 	Chew-Low plot of (M 	2 against -t /112 for the 

reaction .Tp 	• n . The solid line represents the 
lower kinematic limit on -t. 

FIG. 6.2. + - /4  \ 2 Chew-Lew plot of (Mn 7C / ) 	against -t/112 for the 
- 

reaction 71; p --.• IC nn.+. The solid line represents 
the lower kinematic limit on -t. 

FIG. 6.3. 	Centre of mass angular distributions of the 706 system: 

(a) in the p-  mass region of reaction ,np --P 7C
- 
 p 7C0 

- (b) in the p 
0 

mass region of reaction 7cp --"'-', 7C n 7C 
(c) in the f°  mass 

 
region of reaction 'n p --", 7C n - n+  

M 
( 11,11\T ) 2: FIG. 6.4. 	Dalitz plot of(  —232E-)2  against 4 

(a) 	for reaction 77p --, 7c-p 'n°  and (b) 7c-p --9- n-  n 7C+  . 
The dotted lines indicate the isobar bands. 

V! IL 	2 	M 
• -. . 	 / 	7C N  \2 

FIG. 6.5. 	Dalitz plot of (--''.:-=--.) against k 	) 	for events 
- 

with -t < 15p2g (a) for reaction 7C. p -10 IC p 7Co 

(b) for reaction 7(p --,0 ,g7  n  .7E4-. 

FIG. 6.6. 	Isobar production in two prong interactions by p-e=hange. 

FIG. 6.7. 	Scatter diagram of (117t-7?)2  versus the angle. between 

the incoming nd outgoing IC in the 77 7.n°  rest system 
for -t < 15µ . 

FIG. 6.8. 
M + 

4  Scatter diagram of ( 	7C  )2  versus the angle between the 
_ incoming and outgoing lc in the gc+ 	

rest system for -t 4.15p. 

FIG. 6.9. 	Diagram of forward-backward decay asymmetry for the tit system 
as a function o M 7c1K  )2  from the reactions 7C p 	7C p 7C 0 

 and 

p 	n 7t y and for -t 	15112. 



-166— 

FIG. 6.10. Effective mass distributions for the IC
+7-  system from the 

reaction 7C p 	7C n 7C 

(a) for events in which the laboratory momentum of the 7c+  

was greater than 1.7. Gev/c. 

(b) for events with -t 4:7 2 

(c) for events with -t >. 7u2 

FIG. 6.11. Distribution of decay angle V• the outgoing 7c with respect 
to the incident gc 

+
in the It IC- 	rest system for events from 

reaction 7cp 	n 7c 7c with -t 	151.6 and in the mass 
region of the f°. 

FIG. 6.12. 	Cross-section for 7C7L scattering: (a) from reaction 

IC p 	gc P 
0 in the p 	region (b) from reaction 

7C p 	n 7< 
 

in the p° 
 

region (c) from the reaction 

IC P 
	7c 	n 	in the f°  region. 

+ 	. C 
FIG. 7.1. 	Effective mass distributions for the reaction 7c

+ 
 p —*lc p .9t 

(a) 	M p 7c+ 
 (b ) MIt 	9  + o 	and for the reaction 5t  

- + 	+ / \ 
ItP 	--307c 	nic. 	k c) M . + + 

7C IL 

-7LIC 2 M .,x5 \ 2 
FIG. 7.2. 	(a) Dalitz plot of (--u ) 	for reaction 

+ 	+ 	o 	
again ( 	 ) 

IC 	p --). IC 	P IC . 

(b) Missing mass squared distribution from the reaction 

It • p 	---t- IC+ p •Ko + M IL
0 

y I 1.1  Zi  1 • 

FIG. 7.3. 	Isobar formation by p -exchange -Sakurai test. 
Distribution of angle a between the normal 10 the 
production plane and the direction 9f the 	rom the 
isobar for events consistent with it p 	N (3/2'  3/2 

 )+7c°. 

FIG. 7.4. Isobar formation by p-exchange -Sakurai test. 
Distribution of angle cp between planes at pper apd o 
lower vertices for events consistent with 7c p 	N (3/

2'
3/
2
)+7c. 
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