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ABSTRACT 

This thesis is a report of an experiment performed on the 

charge exchange interaction 

K-  + p R°  + n at 9.5 GeV/c. 

This experiment was one of the first in which a large magnetic 

spark chamber was used. Part of the first chapter is a brief 

review of the principle types of apparatus used in High Energy 

Nuclear Physics, concentrating on their applaction to the study 

of strong interactions in order to show the advantages of a 

magnetic spark chamber. The rest of the chapter is devoted to 

a discussion of the charge exchange interaction and of its 

relation to elastic scattering. The second chapter contains a 

description of the apparatus used in the experiment, this being 

continued in Chapter 3 where the target and anticoincidence 

system are described and their properties discussed. Chapter 4 

is an account of the scanning, measurement and analysis of the 

photographs taken during the experiment, concentrating. an the 

particular problems of spatial reconstruction in the magnetic 

spark chamber. The determination of the total and differential 

cross sections for K-p charge exchange is described in Chapter 5. 

The final chapter compares the results with those obtained in 

other experiments on charge exchange and with the predictions of 

some theoretical models. 



PREFACE  

I joined the High Energy Nuclear Physics Group at Imperial 

College in October 1960 and spent two years under the supervision 

of Mr. N.C. Barford assisting with the construction of a liquid 

hydrogen bubble chamber. 

From October 1962 onwards I worked under the supervision of 

Dr. J.P. Astbury at CERN as a member of the CERN/ETH (Zurich) 

group. During the first few months r took part in the last of a 

series of experiments performed with a cloud chamber. A report of 

this experiment on the branching ratios of K; decays has been 

published in Physics Letters. 

The cloud chamber was then dismounted and its magnet used 

for a large magnetic spark chamber designed for experiments on 

various 7i-, K and P interactions in the momentum range 5 to 12 

GeV/c. Having assisted with the initial design on these experi-

ments, I was subsequently responsible for the design and develop-

ment of the hydrogen target and associated counters used in the 

experiments. Early in 1964 the first experiment was performed on 

10 GeV/c n  , K and in interactions in which no charged particles 

or gamma rays were produced. I assisted with the preliminary 

testing of the apparatus and with the actual running of these ex-

periments. I was then responsible for the final analysis of the K-

interactions. Preliminary results on the K-p charge exchange cross 

section were reported at the Dubna Conference in 1964. Final 

results were published in Physics Letters in May 1965. 
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Chapter 1. INTRODUCTION 

1.1. 	Apparatus used in High Energy Nuclear Physics  

The development of High Energy Nuclear Physics during the 

past ten years has been made possible by the construction of 

large, high intensity particle accelerators and the development 

of many new means of detecting high energy particles. A review 

of the principle types of detectors in current use can be found 

(1) in reference 

The variety of the apparatus used illustrates that no 

single technique can be used to perform all high energy experi-

ments. This is because high energy interactions have a wide range 

of cross sections and vary greatly in complexity. 

The majority of experiments performed can be roughly 

classified according to the type of apparatus used, as bubble 

chamber, counter or spark chamber experiments. 

Use of bubble chambers  

--o 
Since the discovery of the - in 1959

(2), almost all the 

experiments in which new particles or resonances have been dis- 

7 
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covered have been performed using bubble chambers. This is because-

all interactions taking place in the sensitive volume of the 

chamber are photographed. Thus even previously unknowl, intemations 

are recorded and can be accurately reconstructed as the spatial 

resolution of bubble chambers is high (of the order of 0.1' mm). A 

typical experiment performed using a large hydrogen bubble chamber 

produces of the order of 2 x 105  photographs taken in about two 

weeks. The number of beam tracks is limited to about 10 to 20 per 

photograph. There is on average one interaction per picture and 

during the experiment approximately 10
4 examples of an interaction 

are recorded per millibarn cross section. 

The time needed to scan, measure and analyse bubble chamber 

photographs means that the above number of photographs cannot be 

greatly exceeded in a single experiment. A bubble chamber is 

therefore not a suitable instrument for an experiment in which the 

required number of events per millibarn cross section is much 

greater than the value quoted above. 

Use of counters  

If this is the case some selection of the events to be 

recorded must be made during the experiment. This cannot be done 

using bubble chambers as they are made sensitive before the 

interactions take place. The high time resolution of scintillation 

and Cerenkov Counters permit electronid selection of required 
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events, even when the flux of particles through the apparatus is 

very high, an instantaneous flux of 10
6 particles/second being 

quite common. The selection is limited to interactions which can 

be represented by signals from a counter array and the measure-

ments made must be simple and well defined. Thus counters can 

best be used in 'missing mass' or elastic scattering experiments 

where measurements of the momentum and direction of the incident 

particle and one outgoing particle are sufficient. Although the 

spatial resolution of counters is poor, this can be compensated 

by using long counter telescopes to maintain a reasonable angular 

resolution. This, however, causes a reduction in the solid angle 

of acceptance of the apparatus. 

Some of the most advanced counter experiments performed to 

date are those of Lindenbaum ($t al(3) using a counter hodoscope 

system in a series of high energy elastic scattering experiments. 

Each event was recorded in digital form and fed directly into a 

computer on line so that preliminary results were avai7able 

during the actual running time of the experiments. 

The data handling system limited the number of recorded 

events to 32 per machine pulse, i.e. 50,000 events per hour. By 

extending the memory capacity of the data system up to lo
b 

events 

per hour could be recorded in suitable conditions. 
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Use of spark chambers  

Spark chambers were first used at an accelerator by Cork 

and Cronin in 1959 and the name 'Spark Chamber' now refers to a 

wide range of devices in which charged particle tracks are de-

tected by some form of localised gaseous discharge initiated by 

a pulsed electric field. An account of the properties of most 

existing spark chambers can be found in reference(4) 

The most widely used form of spark chamber consists of a 

number of thin parallel plates approximately 1 cm apart, the 

space between them being filled with a mixture of inert gases. 

If a high voltage pulse is applied to alternate plates within the 

order of 10 6 seconds the ionisation left in the gas by the 

passage of a charged particle causes sparks between the plates 

and along the line of the track. 

The high voltage pulse is triggered by signals from a 

scintillation counter array so that the time resolution of a 

counter system can be used to select the recorded events. If the 

flux of particles through a spark chamber is high, unwanted tracks 

may be recorded as the sensitive time is of the order of 10 6  

to 10-7 seconds. 

The ultimate rate at which tracks can be recorded is 

limited by the time taken to disperse the ionisation after 

sparking which is of the order of 10-3 seconds. A more stringent 



limitation is always the time taken to record the spark position, 

in particular to move on film if the chambers are photographed. 

The spatial resolution is Of the order of 0.2 to 0.5 mm 

parallel to the plates and is equal to the distance between the 

centres of adjacent sparks in the direction perpendicular to the 

plates. Bleuler et al(5) have described several experiments which 

have features common to many experiments performed using this type 

of chamber. Spark chambers spaced by some distance were used to 

sample tracks at several points in order to obtain good angular 

resolution. Momentum measurements were made using bending magnets 

between the chambers and Cerenkov counters were used to identify 

the particles. Stereo views of all chambers were brought together 

on one film using mirrors in order to simplify scanning and 

measurement. 

The greater simplicity of spark chamber pictures has made 

the application of automatic measuring techniques easier than for 

bubble chambers and many groups have developed automatic scanning 

and measuring devices (for example Anders at al
(6))

. 

A logical extension of automatic measurement is the 

replacement of the photographic camera by a vidicon camera, the 

output of which can be stored on magnetic tape or be directly 

processed by an on line computer. Several system of this type 

are being developed(?). 
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The acoustic waves generated by sparks can be used to give 

a digital record of the spark coordinates. An example of the use 

of acoustic chambers is the experiment of Cocconi at al 8). They 

used a spark chamber hodoscope to study small angle elastic 

scattering. The sparks followed the line of the tracks within 

+ 0.3 mm and an angular resolution of + 0.1 mrad was obtained. 

The momentum resolution was 0.2% at 20 GeV/c and the apparatus 

could record up to 12 events per pulse. These were checked by a 

small on line computer. As in most acoustic chambers only one 

spark per gap could be recorded. 

Wire chambers being developed(9) should be able to record 

up. to 30 events per pulse which can be analysed on line. Their 

spatial resolution is of the order of 1 mm and they can record 

several tracks simultaneously. 

1.2. 	Magnetic spark chambers  

All of the above types of spark chambers an be used to 

detect interactions at a higher rate than bubble chambers but 

are limited in application to relatively simple interactions. 

The first spark chamber used which could record more complex 

interactions was that of Roberts et al
(10). Their apparatus 

consisted of a large spark chamber mounted in a magnetic field. 

The magnet used had a field of 15.5 Kgauss and a useful volume of 
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110 x 70 x 30 cm3. It was filled with a thin foil aluminium plate 

spark chamber with lead gamma ray converters inserted at inter-

vals. Interactions of the type 

71- + p 	II0 + n 

Ao + K° 

were observed, a solid target being used. The spark chamber was 

triggered by a wide angle counter hodoscope when no charged 

particles emerged from the target but a V°  decay or gamma ray 

conversion took place inside the spark chamber. 

Thus although the trigger specified a certain class of 

events it allowed a considerable variation in their geometrical 

configuration. As the whole chamber was inside a magnetic field, 

momentum measurements were possible and a kinematic reconstruction 

could be made as in a bubble chamber. 

Previous experiments on associated production had been 

performed only in bubble chambers and cloud chambers. This experi-

ment demonstrated that a spark chamber could record such complex 

events. Although the above spark chamber was less precise than a 

bubble chamber of comparable size, it had the advantages of being 

counter controlled and able to operate in intense beams. It could 

therefore be used in experiments on interactions which were too 

rare to be investigated in bubble chambers and too complex to be 

uniquely identified in the normal type of spark chamber. 
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The CERN magnetic spark chamber  

It was decided to construct a magnetic spark chamber at 

CERN similar to the one described above. The magnet available was 

somewhat larger than the one used above having a volume of 

2 x 1 x 1 cubic metres, with a field of 10.5 Kgauss. 

The first experiments were performed on high energy inter-

actions for which this apparatus seemed particularly suited. 

In high energy interactions a large fraction of the 

secondary particles are concentrated in a narrow forward cone. In 

a simple parallel plate spark chamber these would all be almost 

normally incident on the plates so that best use was made of the 

anisotropic spatial resolution of the chamber. In these condit-

ions the estimated momentum resolution for tracks 1 metre long 

was 

P/p  = P/p  

where Po = 100 GeV/c. This was somewhat less than the correspond-

ing figure for bubble chambers, but the use of an external target 

meant that much longer tracks could be measured than in a bubble 

chamber of comparable size and this would more than compensate 

for the inferior spatial resolution. 

High energy bubble chamber experiments had been restricted 

to p and IT beams because of the lack of high momentum separated 

beams of K mesons and antiprotons. Cerenkov counters could be 
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used with a magnetic spark chamber to identify particles in an 

unseparated beam so that high energy experiments could be 

performed to study K and 5 interactions. 

Using known beam parameters and the estimated sensitive 

time of the chamber it was calculated that 103  events/hour/milli-

barn could be produced by K-  in an external target. The rate at 

which events could be observed would be less than this, depend-

ing on the nature of the interactions and on the efficiency of 

the triggering system. 

1.3. 	Choice of  experiment  

One of the established features of high energy p-p and 

n-p scattering in the above energy range was the large contribu-

tion of multiple meson production to the total cross section. 

This could be interpreted as the result of interactions in the 

meson cloud surrounding the nucleon. By studying interactions in 

which no pions were produced, it was hoped to obtain information 

on more fundamental interactions with the nucleon core. 

The simplest way to eliminate interactions which had pions 

in the final state was to surround the target with an anticoin-

cidence shield which could detect all charged particles and 

gamma rays. 

Observed K interactions would be those which contained 

only neutral baryons and neutral K mesons in the final state. 
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Interactions in which a E°  was produced would not be observed 

because of its rapid decay. 

The K-  interactions which could be accepted by the trigger 

were therefore 

K- +p 	+ n 

--° -›K 	+ 	 - - 

AP + K°  + 11°' -3 
j‘o + A  0 +1° - 4 

-45' AP + 	n 	+ n 5 

These interactions could be detected by observing the 

charged decays of the unstable particles inside the spark 

chambers. Only charged el  decays of the K mesons could be observed 

as the K2  decay length at high energies was much greater than the 

chamber dimensions. 

The rate at which the above interactions could be observed 

depended on the detection efficiency of the apparatus for each 

interaction and on the total and differential cross sections, 

Little information on these was available when the experiment was 

designed. The measured cross section for reaction 3 was 70 micro-

barns at 2.24 GeV/c01) and that for charge exchange in the range 

1.5 to 4 GeV/c was of the order of millibarns(12). The expected 
cross section for charge exchange at higher energies was consider-

ably lower than this but it was expected to make up most of the 
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observed interactions as it could be most efficiently detected. 

1.4. 	Theoretical interest of charge exchange  

Relation between charge exchange and elastic scattering  

The scattering amplitudes for the three interactions 

K-  +p—K +p 

-->Ko  + n 

K + n 	+n 

are related by I spin conservation. If A(0) and A(1) are the 

scattering amplitudes of the RN system in the I = 0 and I = 1 

channels then the three amplitudes can be written 

so that 

AK  -p 11(0) 2A(1) 

ARon  = iA(1) 	2A(0) 

AK  -n  = A(1) 

ARon =A  -n k
K  -p  

... 1.2 

ots 1.3 

... 1.4 

... 1.5 

The above equation 1.2 applies only within the limits of I spin 

conservation and so does not include electromagnetic effects. The 

imaginary parts of the forward elastic scattering amplitudes are 

related to the respective total cross sections by the Optical 

Theorem. 
k 

Im(A, ) _ 	'57 
-6=c)  

... 1.6 
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The forward differential cross section for charge exchange ob-

tained by combining 1.5 and 1.6 is 

- 	1 	( (Kn) - aT(K-p 	- 	AK  -p) dt, 	- 16i (IT 	))2 	(Re(A Kn t=o) 	1.7  

where t is the momentum transfer. An equation of the same form 

dt relates -- for 7; p charge exchange to the corresponding np and dt 
41. 
n p parameters. 

The above equations show the close relation of charge ex-

change to K nucleon elastic scattering. Being related to the 

difference in amplitudes of the two processes it might be expected 

tio reflect fine structure effects in elastic scattering. 

Theoretical models for elastic scattering 

High energy elastic scattering was interpreted in terms of 

two models, the optical model and the Regge pole model. The 

optical model related the elastic scattering process to inelastic 

interactions which were known to predominate at high energies. 

Approximating the effect of the inelastic interactions to that of 

an absorbing discs  the elastic differential cross section was 

da 
dt 

2 
(—
R 
 ) t 

=(-d2) 	e 2  dt t=o 
... 1.8 

where R is the radius of the disc and t the momentum transfer. 

The scattering amplitude in this approximation is purely imaginary 

and R is related to the total cross section which would tend to 
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a constant value at high energies. The form of the differential 

elastic cross section was therefore predicted to be independent 

of energy. 

The Regge pole model was based on the assumption that the 

scattering amplitude for elastic scattering was related to poles 

in the complex angular momentum plane. Each pole was characterised 

by a set of quantum numbers, isotopic spin, hypercharge etc. and 

its position varied with energy along a certain trajectory. Bose 

particles and resonances were associated with points on 

the trajectories where the real component of the complex angular 

momentum had alternate integer values. 

The Regge pole model was similar to the optical model in 

that it predicted exponential variation of the differential cross 

section with t, but it also predicted that the width should shrink 

with increasing energy. Elastic scattering was assumed to be 

dominated by the Pomeranchuk trajectory which has quantum numbers 

I spin 0, baryon number 0, parity and G parity both positive. 

Exchange models for charge exchange scattering  

In this section the quantum numbers are given of particles 

which can contribute to the scattering amplitude for charge ex-

change if a one particle exchange model is assumed. The conclus-

ions also apply to the trajectories which can contribute to a 

Regge pole model. 
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If the mechanism of the three charge exchange interactions 

n+p->p+n 	 00 ,1, 1.9 

TE 	p -> le+ n 
	

1.10 

p -4,•R°  + n 

is assumed to be a one particle exchange, then for small momentum 

transfer the exchanged particle has charge 1 and baryon number 

and strangeness both zero. The isotopic spin is therefore integer 

and greater than zero. Only I = 1 exchange will be considered. 

For the first interaction the exchanged particle can have 

all combinations of integer angular momentum J and parity P as 

all particles have spin 2. Consequently both the it and Pcan be 

exchanged. As the it and R both have spin 0, the spin parity of 

the exchanged particle for K and n charge exchange is restrict- 

ed to the series 0+, 1 	2+  ... excluding it  exchange. Lee and 

Yang have shown(13) that a two pion system has positive
A
parity 

so that for n-p charge exchange the p has the only permitted 

IPG quantum numbers 1-+. This restriction does not apply to the 

Kp charge exchange and a 1+- particle could also be exchanged. 

However, no particle with these quantum numbers had been dis-

covered when the experiment was planned so that the mechanisms 

of %-p and K p charge exchange were expected to be similar. 
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Conclusions  

Measurement of K-p charge exchange differential cross 

section was of interest as it could indicate the nature of the 

difference between K-p and K-n elastic scattering interactions. 

It would also provide a test of one particle exchange models 

as the p was the only known particle which could be exchanged. 

This restriction made it also a good test of a Regge pole model 

and it was possible that information could be obtained about 

the p trajectory. 
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Chapter 2. DESCRIPTION OF EXPERIMENTAL APPARATUS  

2.1. 	Beam and counter telescope  

The beam used was an extended version of the d15 beam 

at the CERN proton synchroton (PS). The beam is shown in 

figure 1; only the part of the beam after the point A will 

be described. The first part of the beam was used exactly 

as it had been set up for a previous experiment. 

The extension of the beam consisted of two 1 m bending 

magnets to align the beam with respect to the spark chamber, 

and three quadropoles to refocus the beam at the hydrogen 

target, the second bending magnet being also used for momentum 

analysis. The mean beam momentum was 9.5 GeV/c with an r.m.s. 

spread of + 200 MeV/c. The total length of the whole beam from 

the internal target to the spark chamber was about 107 metres 

and the production angle was 40 mrad. The PS was operated at 

18.1 GeV/c and gave a spill time of 300 m sec. 

Figure 2 is a diagram of the counters and spark chambers 

used to define the beam. C
1 
 and C2 

are threshold Cerenkov 

counters of the Vivargent type(14) C1  was 
4 m long and filled 

with hydrogen at a pressure of 7 kg/cm2  abs. It detected pions 

and lighter particles but not kaons. C2  was 2 m long and 

filled with ethylene at 4.75 kg/cm2  abs. It detected kaons 

and lighter particles but not antiprotons. 
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These two Cerenkovs were used to identify the particles 

in the beam. Denoting a coincidence count by C and a anti-

coincidence by C, the signatures of pions, kaons and anti-

protons were then C1 
 C2, d

1 
C
2 
and d1 d2 

respectively. There 

was no evidence in the final data of events produced by mis-

identified beam particles, suggesting that the rejection 

efficiency for pions was better than 1 - 5 x 10-5. 

The scintillation counters S1_6  were used as a counter 

telescope to define the trajectory of incoming particles and 

to reduce background. S1 _4  were 1 cm thick and 100 cm
2 area 

counters placed near the ends of the Cerenkov counters. Their 

main purpose was to ensure that all particles accepted as beam 

particles passed through the Cerenkov counters and so were not 

misidentified. A second function was to reject beam particles 

passing close to the Cerenkov counter walls where they would 

interact and produce secondary particles which might simulate 

actual beam particles. The last two counters in the telescope 

S
5 

and S6 were 2 mm thick and 4 
cm square. They were used to 

define a narrow beam entering the target which could not hit 

the target walls. S6  was placed a few centimetres from the 

hydrogen cell inside the vacuum of the target to reduce back-

ground interactions in the target end windows. Subsidary 

counters A1, A2 and A3 
were used in anticoincidence to suppress 

triggers generated by particles scattered upstream which passed 
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through the light guides of S5  and S6. The Cerenkov light they 

would produce would simulate unscattered beam particles. 

The small spark chambers Sp1..4  were used to define the 

trajectory of particles producing interactions in the target so 

that their momenta could be measured. The average beam intensi-

ty measured inside the counter telescope was 1.2 x 105  

particles per burst; a roughly equal number of particles was 

registered in the beam which did not pass through all the 

counters and so could not contribute to accepted triggers. 

The proportion of K-  and P in the beam were respectively 

0.0053 and 030009. 

2.2. 	Target and anticoincidence counters  

The hydrogen target was 40cm long and surrounded by a 

large anticoincidence counter consisting of a scintillator-

lead sandwich. Four more scintillation counters S7, F1' 
F
2 

and F3  mounted downstream with interspaced lead sheets 

completed the anticoincidence shield around the target. The 

target and anticoincidence shield will be described fully in 

the next chapter. 

2.3. 	Electronics and triggering logic 

The triggering logic for the experiment was based on a 

system of electronic units designed by W. Beusch. Their design 

and testing has been fully described in reference(15). The 
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units were all D.C. coupled and standard transfer signals were 

used between units to make the logic system flexible and easy 

to use. All units had sufficient inputs and outputs for it to 

be possible to build a relatively complex logical system with 

a minimum of units, thus minimising the time delay in the 

electronics. 

All counter outputs were connected via appropriate 

delays to bistable discriminators. Before receiving a counter 

signal the output voltage level of a discriminator was + 0.7 

volts. A signal greater than the threshold of 0.4 volts 

changed the output level to - 1.2 volts so that the output 

signal was a negative step pulse. The discriminators were not 

sensitive to further input until reset. Each particle passing 

through S4  generated its own reset pulse some 20 nsec before 

signals arrived from the counter telescope. When a particle 

had passed through a counter, the discriminator output 

voltage level remained at - 1.2 volts until the next beam 

particle reset all the discriminators. This memory property 

of the discriminators was used to record the nature of the 

trigger. Those discriminators connected to the Cerenkov and 

anticoincidence counters controlled an array of lights photo-

graphed with the spark chambers. These were used to identify 

the incoming particle, and to indicate when a second beam 

particle passed through the target just after the trigger had 
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been initiated. 

The discriminator signals were combined in the system of 

coincidence units shown in figure 3. The coincidence units gave 

the same standard output signal as the discriminators when all 

connected inputs were at the - 1.2 volt level. Time resolution 

was controlled by means of clipping lines parallel to the in-

puts. The anticoincidence function was obtained by feeding the 

discriminator signals through a circuit which inverted the 

voltage levels. 

As is shown, two coincidence units were used to combine 

the signals from S
1-6 

 and the inverted signals from Al' 
A
2 
and 

A3  to give a signal for each particle passing through the beam 

telescope. 

The Cerenkov signals were split and inverted as shown to 

give the K-  and antiproton signatures al  C2  and al  C2. These 

were combined in parallel channels with the beam telescope 

signals to give an output signal for each K - or p,- each p- and 

each w in the counter telescope.. The outputs of all the anti-

coincidence counters S7,  F1, F2, F
3 

and R surrounding the target 

were combined together and inverted. This anticoincidence signal 

together with the K 	p coincidence gave the final trigger for 

the spark chambers. 

Outputs from the various coincidence units were fed to 
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a bank of scalers which monitored the numbers of beam particles, 

triggers, etc; these were read out at the end of each roll of 

film taken. 

The overall delay introduced by the triggering logic was 

of the order of 60 nsec. The logic was gated to introduce a dead 

time of 200 nsec after the passage of each particle through the 

beam telescope. This was used to reduce the number of background 

tracks on the photographs. Further gating stopped all the logic 

after the spark chamber had been triggered until the apparatus 

was ready to record another event. 

Anticoincidence losses  

Not all of the events produced in the target and satis- 

fying the trigger requirements actually gave a good trigger. 

A genuine trigger could be suppressed by excessive noise 

in the photomultipliers or a background flux of charged 

particles or gamma rays, which would simulate particles 

coming from the target. The loss of triggers depended on the 

time interval T in which pulses from the anticoincidence 

were accepted. 

Assuming a uniform level of background this loss can 

be monitored by varying T. If in the experiment the value of 

T was T
1
, then the number of triggers observed in a given 
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time would be 

N = N e-Ti/To 
1 	0 

where No is the true number of triggers and To 
is the mean 

time interval between background counts. If T is then increased 

by an amount T2, the number of triggers observed in a given 

time would be 

N2 = N1e
-T2/To 

from which No 
can be determined. This principle was used in 

the experiment by delaying the beam telescope signal and 

comparing it again with the anticoincidence counter signal. 

The above argument assumes a uniform level of background in 

time. This was not the case in the experiment due to the 200 

nsec dead time introduced to reduce the background. The monitor 

thus had to be calibrated. The true losses were measured by 

determining the ratio of the number of triggers to the number 

of beam particles as a function of the delay of the anticoinci-

dence signal, the delay being large enough for the direct anti-

signal to have no effect on itself. The losses were then found 

by extrapolating this ratio to zero delay. 

2.4. 	Magnet and spark chambers  

Magnet  

The spark chambers were mounted in a large magnet former- 

ly used for a cloud chamber. The complete assembly is shown in 



figures 4 and 5. The magnet had a field of 10.5 Kgauss uniform 

within 10% in the useful volume of the spark chamber when the 

magnet operated at its maximum power of 2 Miatts. The total 

volume between the poles was approximately 2 x 1 x 1 cubic 

metres. The useful volume was somewhat less than this, being 

limited by the 170 x 60 cm2  hole in the top of the magnet 

through which the chambers were photographed. 

Construction of spark chambers  

Each spark chamber plate consisted of a 74 cm square 

frame made from 12 x 40 mm aluminium. Aluminium foil 25 

microns thick was glued to either side of the frame using 

araldite. Each foil was mechanically stretched while the 

araldite set to give it the required tension. This all metal 

construction gave the plates very good mechanical and thermal 

stability. Mylar sheet 0.8 mm thick was bent around the plates 

to prevent sparking at the edges. Thirteen plates were stacked 

together to make up a unit. The interplate spacing was 8 mm, 

given by small perspex spacers inserted at intervals around 

the edges of the plates. 

The one disadvantage of this type of construction was 

the resulting large dead space between the sparks. This was 

not considered to be very serious for high energy interactions 

where most tracks would be almost normal to the plates and so 
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have long path lengths in the chamber. 

Each spark chamber unit was housed in an aluminium box 

with large mylar end windows to reduce interactions of 

particles passing through the chamber. The top of the box was 

plate glass to permit photography and all joints were sealed 

to make the container air tight. Condensers and spark gaps 

for the units were housed underneath. The complete spark 

chamber was made of 6 units and had a useful volume of 170 x 

60 x 60 cm3. It was mounted on a large iron trolley so that 

the spark chambers could be easily removed from the magnet. 

2.5. 	Operation of spark chambers  

The output signal from the logic triggered a driving 

circuit which fired the main spark gap. This was operated at 

15 Kv and fired 7 slave spark gaps coupled one to each spark 

chamber unit and one to the small spark chambers in the beam. 

Alternate plates in the spark chamber units were connected to 

earth and to the high voltage, so that there were 12 active 

gaps in each unit, the electric field being in opposite direc-

tions in adjacent gaps. 

The slave spark gaps were operated at 12 Kv in 2 Kg/cm2 

nitrogen and were coupled to each pair of live plates by a 

4000 pf condenser. The risetime of the high voltage pulse 

measured at the plates was 30 nsec and breakdown occured at 
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9 Kv. The capacity of each pair of plates was 1200 pf and the 

energy supplied to them was 0.21 joules. 

The live plates were connected to earth through a 100 

ohm resistor and the decay time of the pulse was 0.5 micro-

seconds. A clearing field of 30 volts/cm was applied in the 

opposite sense to the high voltage pulse. This was well below 

the optimum value for minimum background for the following 

reason. The combined effect of the clearing field and the 

magnetic field caused a drift motion of the ions parallel to 

the plates. As the clearing field was in opposite directions 

in adjacent gaps this produced a 'staggering' of the sparks 

either side of the true track position. Using the optimum 

field of about 200 volts/cm, this staggering would have been 

large enough to make visual interpretation of the photographs 

difficult. 

The gas mixture used in the chambers was a 80% neon 

20% helium mixture and was not recirculated. The gas flow 

through the chambers was varied in the range 0.5 to 1.0 litres/ 

minute as required. 

The overall delay between the interactions and the 

firing of the spark chambers was of the order of 300 nsec, the 

major contributions to which were:- delays in cables 160 nsec; 

delay in counter logic 60 nsec and in the firing of spark gaps 

80 nsec. 
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The sparking efficiency was 98% for one track and 68% 

for 8 tracks. The calculated radiation length of the chamber 

was 30 metres. 

2.6. 	Optical system 

Two views of the spark chamber were photographed side 

by side on 70mm film using two matched Symar objectives of 

108.70 mm focal length. As shown in figure 5, the chamber was 

not viewed directly by the lenses, a system of mirrors being 

used to give an effective distance of 58 cm between the optic 

axes of the two lenses. The optical path length from the centre 

of the chamber to the lenses was 275 cm giving a demagnifi-

cation of 24.2 at beam height. At this demagnification the 

grain of the film did not limit resolution. The proportionality 

constant for the depth coordinate Z determined from the co-

ordinate difference (Y
2-Y1) of the two views was 4475 at the 

centre of the chamber. 

As the light from sparks in a spark chamber can only 

emerge parallel to the plates a field lens is usually used 

to focus the light from all the gaps if the camera is close to 

the chamber. The dimensions of the apparatus in this case were 

such that this was not a practicable solution. A series of 

prisms of the same mean thickness were machined from perspex. 

These were mounted one per gap above the spark chamber on a 



-38- 

glass plate. Each one was computed to give the angle of ben-

ding of the light required to make it possible to view the 

whole depth of the gap from the camera lens. 

The small spark chambers in the beam were photographed 

using a system of mirrors so that the images were recorded on 

the same film as those of the main chamber. The resulting 

definition was poor and many photographs showed multiple 

tracks which increased the problem of reconstruction. Thus 

although the small spark chambers were originally intended 

to be used to measure the momentum of the incoming beam 

particle, they served only to indicate when a second incident 

particle could have caused background interactions visible in 

the main chamber. 

Figure 6 is a typical photograph taken during the 

experiment. A V°  decay is clearly visible in the main spark 

chamber together with two beam tracks. The 'staggering' dis-

cussed in section 2.5. is most pronounced on the beam track 

do the left, identifying it as the track of a particle which 

passed through the chamber before the V°  was produced. The 

small beam spark chambers are at the top of the left frame. 

At the bottom of the photograph are the frame number 

and the discriminator controlled lights discussed in section 

2.3. which were used to identify the beam particle and indi- 
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FIGURE 6 - Photograph taken durin the experiment 
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cate when background particles passed through the anti-

coincidence just after the trigger had been initiated. 



Chapter 3. DESIGN AND PERFORMANCE OF THE TARGET  

AND ANTICOINCIDENCE SYSTEM 

3.1. 	Introduction 

In this chapter the hydrogen target and anticoincidence 

system are described. The parameters of the anticoincidence were 

the main factors determining the efficiency with which the 

charge exchange interactions could be detected and separated 

from the other interactions taking place in the target. The 

description of the counters is therefore followed by discussions 

of:- 

1. The possible sources of background in the charge 

exchange data from the other interactions accepted 

by the trigger. 

2. The experimental biases in the data caused by inter-

actions of neutrons and neutral kaons in the anti-

coincidence counters. 

3. The efficiency with which zt produced in interactions 

similar to charge exchange could be detected. 

The conclusions reached will be used in the analysis of 

the data in Chapter 5. 

3.2. 	Hydrogen target  

The liquid hydrogen target was designed to introduce a 

minimum of background due to K-  interactions with complex nucleii 



in the target walls. It was also designed so that it could be 

quickly changed during an experiment. A very low rate of data 

taking could then be increased by replacing the hydrogen target 

by a solid one. If the rate of data taking was high, the length 

of the target could be changed to vary the relative rates at 

which the accepted interactions were recorded as the respective 

detection efficiencies were different functions of the target 

length. The length of the target chosen for this experiment was 

40 cm. This was not so long that it unduly complicated the anti-

coincidence system but was long enough to give a high rate of 

production of charge exchange events which could be detected in 

the spark chamber. 

A section through the hydrogen target is shown in 

figure 7. The target cell was made of a 0.5 mm thick stainless 

steel tube of 6 cm diameter. The end windows were moulded from 

mylar 0.19 mm thick and were glued on using araldite. The 

target cell was supplied with liquid hydrogen from a 10 litre 

reservoir via a 1 cm diameter filling tube. Two further tubes 

removed the boil-off. Indium sealed joints on these tubes per-

mitted quick replacement of the target cell. Both the cell and 

the reservoir were wrapped with 50 sheets of aluminised. mylar 

to reduce radiant heat input to the target. The vacuum case 

around the cell was made of 0.3 cm thick aluminium and had 

0.19 mm thick mylar end windows. The operating vacuum was 
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2 x 10
-6 
 mmHg. at which the boil-off rate was 1 litre/hr of 

liquid H2, resulting in an estimated 1% drop in the liquid 

density. 

The rate of interactions produced in the carbon of the 

mylar windows was estimated to be 1% of those produced in the 

whole target. A short run during the experiment with the target 

empty gave no events, putting an experimental upper limit on 

this figure of 3%. 

3.3. 	Anticoincidence system 

The experiment was designed to study K-p charge exchange 

and, if possible, the other four interactions listed in Chapter 1. 

The total cross sections for all of these interactions were 

expected to be small and it was therefore important that the 

interactions could be efficiently detected and that the back-

ground from the other K-  interactions in the target should be 

small. The main requirement of the anticoincidence counters was 

therefore that they should have a high detection efficiency for 

charged particles and gamma rays. It was also important that 

they should be compact so that the unstable particles produced 

in the required interactions should have a high probability of 

passing through them before decaying. A third requirement was 

that a minimum of the neutral particles produced in the target 

should be scattered in the anticoincidence counters. A counter 
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system satisfying the first requirement would consist of many 

layers of scintillator interspaced with thin lead plates. In 

this way the gamma conversion efficiency could be extremely high 

and the low energy electrons produced would not be absorbed in 

the lead before they were detected in the scintillator . Such 

counters would not, however, have the other characteristics 

required in this experiment. The counters described were con-

sidered to combine the above requirements in such a way that 

no excessive bias or contamination was introduced in the final 

experimental data. 

Description of counters 

The anticoincidence counters are shown in figure 8. 

Between the target and the spark chamber were the scintillation 

counters F1, F2  and F.., each one being 28 cm square and 1 cm 

thick, F1  being nearest to the target. Between F1  and F2  was a 

lead plate 8 mm thick and between F2  and F
3 

one 2 cm thick, 

these being used to convert gamma rays. 

Surrounding the vacuum case of the target was a large 

counter P. 60 cm long and having a square cross section. Each 

side consisted of four 1 cm thick layers of scintillator between 

which were three 1 cm thick gamma ray converters, the one nearest 

the target being of copper and the others of lead. Each of the 

three F counters was coupled to a 2" photomultiplier by a perspex 
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light guide. The four layers on each side of the R counter were 

coupled to a 5" photomultiplier using a single light guide. The 

positions.of all the photomultipliers were.dete'rmined_ by the 

fringing field of the magnet. At the centre of the target this 

was of the order of 2 Kgauss. The 2" photomultipliers for the F 

counters were located close to the magnet iron 1.5 metres from 

the centre of the scintillators. The photomultipliers for the R 

counter were mounted 2.5 metres back from the counter parallel 

to the beam. The fringing field in both these positions was of 

the order of 50 gauss and supplementary soft iron shielding was 

used to reduce it further. During the experiment tests were made 

with the magnet current off and on. The triggering rate was not 

significantly different, showing that the remanent field had 

little effect on the photomultiplier characteristics. 

The uniformity of the light collection from different 

parts of the scintillators was high for counters of this size 

but the length of the light guides made the light collection 

efficiency low, particularly for the F counters. Consequently 

the operating voltages had to be high and the resulting high 

noise levels in the F counters caused most of the anticoincidence 

losses. The low light collection efficiency meant that there 

could be some background from interactions of beam particles in 

the first few millimetres of F1 
and for this reason a 2 mm 

thick 4 cm square anticoincidence counter S?  was placed in the 
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line of the beam between the target and F1. The thresholds of 

all counters were set using a Co
60 

source and corresponded to 

1 MeV (equivalent electron energy). 

3.5. 	Detection of interactions accepted by the trigger  

The two and three body interactions accepted by the 

trigger were 

- 
K-  + p ->K

o  + n 

—o 
+ 

;.o Lo ▪ K° h +  

+n +n 

- 
->A+A

o 
 + Ao  

... 3.1 

... 3.2 

... 3.3 

3.4 

"' 3.5 

The efficiencies with which they could be detected were 

determined by the geometry of the target, anticoincidence and 

spark chambers and by the nature of the interactions which were 

largely unknown. As a result of the finite momentum resolution 

of the spark chambers, it was possible for the lambdas and 

kaons produced in the interactions 3.2 to 3.5 to simulate K°1  
produced in the charge exchange interaction. This could only 

occur if all the unstable particles in the interaction decayed 

after passing the anticoincidence counters and, in the three 

body interactions, if the V°  simulating charge exchange was 

produced with momentum approaching the kinematic limit in the 

centre of mass. 
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A Monte Carlo programme was used to generate a number 

of examples of each interaction from which the approximate 

detection efficiencies and momentum spectra of the secondary 

particles observed in the chamber were determined. The detection 

efficiencies (DE) were defined as the fraction of interactions 

produced in the target in which all unstable particles 

(excluding q) decayed via their charged decay modes inside a 

fiducial volume in the spark chamber. 

In this section, as in.the following two sections, it is 

assumed that the K
1 
from the charge exchange interaction have 

momentum transfer less than about 1 (GeV/c)2. Only interactions 

were therefore considered in which the particle simulating a 

charge exchange event was produced forward in the centre of mass 

and had a transverse momentum of less than 1 GeV/c (corresponding 

roughly to a momentum transfer of 1 (GeV/c)2 in the charge ex-

change interaction). 

The three body interactions were considered as quasi 

two body interactions in which one particle was a resonance. In 

this way it was ensured that the other particle had a high centre 

of mass momentum. 

It was found that neither interaction 3.2 nor interaction 

3.3 could give Kci)  which had momenta approaching that of charge 
exchange and which could be detected with reasonable efficiency. 



DE was of the order of 10
-4 

and 10-3  for the two interactions 

compared with 0.26 for charge exchange. The interactions could 

give high energy lambdas if, as seemed unlikely at such high 

energies, the baryon was peaked forward in the centre of mass. 
_o 

For interaction 3.2 with the - produced forward and the K°  

decaying as K. DE was of the order of 0.2 and the lambda 

momentum spectrum from 7.2 to 9.4 GeV/c. For interaction 3.3 

considered as- 

K 	p -* A + (IC; KP (mass of (K2 K2) = 1040 MeV) 

DE was 0.25 and the lambda momentum spectrum was from 9,0 to 9.4 

GeV/c. It therefore appeared that the K°i produa.ed in charge 

exchange should be well separated from the V°  produced in the 

other interactions. 

3.6.Detection of neutrons and neutral kaons in the anticoincidence  

In order to determine the charge exchange total and 

differential cross sections it was necessary to estimate the 

biases caused by interactions of neutrons and neutral kaons in 

the anticoincidence counters. 

The K mesons produced in charge exchange at 9.5 GeV/c 

with small momentum transfer all had momenta of the order of 

9 GeV/c and were essentially normal incident on the F anti-

coincidence counters. They therefore all had approximately the 

same probability of interaction in the material of the anti- 
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coincidence. Their interactions should have two effects on the 

charge exchange data. Firstly the number of observed events should 

be reduced due to the particles produced in the interactions 

giving an anticoincidence count. Secondly the scattering of the 

K mesons whose interactions were undetected might result in a 

bias in the observed differential cross section. 

An estimate of the magnitude of the first effect was made 

assuming that an anticoincidence count could be caused by elastic 

scattering of the kaons in the hydrogen of the scintillator or 

inelastic scattering in the lead, copper or carbon. The K°  and 

o . 
K inelastic cross sections in lead and copper were calculated 

o- from the K°- nucleon and K nucleon total cross sections using 

- 
the empirical formula of Williams(16). The K°- 	

o 
nucleon and K 

nucleon total cross sections were assumed to be equal to the le--

nucleon and K-  - nucleon cross sections respectively. 

It was estimated that a fraction 0.14 0.04 of the charge 

exchange events should be lost as a result of these interactions. 

The error takes into account the uncertainty in the calculated 

cross sections and in the estimation of the fraction of the 

inelastic interactions that would not be detected. 

The effect of the undetected kaon interactions is difficult 

to estimate, but the majority of the interactions should be 

elastic diffraction scattering. The diffraction peak for complex 
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nucleii should be much narrower than that for nucleons so that 

the scattering of the kaons in the counters should only have a 

small effect on the overall scattering angle observed in the 

spark chamber. Whether or not the secondary scattering could 

alter the observed differential cross section will be dis-

cussed in Chapter 5. 

The detection efficiency of scintillation counters for 

neutrons was known to be a function of the neutron energy. 

Measurements of the detection efficiency in the energy range 

0 to 70 MeV have been made by Wiegand et al(17) and a computer 

programme has been writtlAI by Kurz(18)to calculate the detection 

efficiency in the energy range 0 to 300 MeV, the results being 

in good agreement with the above measurements as is shown in 

figure 9. The above results could not be used directly to deter-

mine the correction for neutron detection in the present experi-

ment as the detection efficiency for a counter containing thick 

lead and copper plates was expected to differ from that of a 

homogenous scintillator. 

The range of neutron energies which had to be considered 

extended from less than 1 MeV to more than 1 GeV and this 

together with the presence of the lead and copper greatly in-

creased the number and complexity of the possible neutron inter-

actions. Whereas Kurz was able to consider the contributions to 

the detection efficiency of each type of inelastic carbon 
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interaction, the lack of information available on neutron inter-

actions in copper and lead made detailed calculation impossible 

for the counter used in the present experiment. 

The estimate of the detection efficiency was therefore 

based on a simplified model of the inelastic interactions and a 

Monte Carlo programme was used to determine whether or not 

simulated neutrons interacted and were detected in the counters 

surrounding the target. In the programme neutrons were generated 

which were incident on the counters with energies and angles 

given by charge exchange kinematics. Random numbers determined 

where in the counter the individual neutrons interacted, the 

probabilities of interaction in the nuclei! present being 

proportional to the cross sections for the interactions con-

sidered. The effect of elastic scattering in the complex nucleii 

was ignored as it was mainly diffraction scattering, the out-

going neutron being little changed in direction or energy. When 

a neutron interacted in hydrogen a recoil proton was generated, 

its kinematics were given by n p elastic scattering and the 

centre of mass angular distribution was assumed to be isotropic. 

At high energies essentially all recoils were detected so that 

the significant departure from isotropy had little effect on the 

results. 

The energy loss of the proton along its path through the 

counter was calculated until it left the counter or came to 
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rest. The light output along the track in the scintillator was 

calculated using the formula of Birks(19)  for the specific 

dS fluorescence 
dx' i.e.  

dE 
dS 	dx  
dx dE 

1 B dx 

... 3.6 

dE  
where — is the energy loss in MeV gram

-1 
cm
2 and B is a constant 

dx 

determined as 10-2 MeV-1 gram cm-2 by Evans and Bellamy
(20) 

for a 

scintillator similar to the one used in the present experiment. 

The contribution of the hydrogen interactions to the 

detection efficiency could be well determined so that the effect 

of the carbon interactions was included using the relative con-

tributions of the carbon and hydrogen interactions as calculated 

by Kurz. 

The main assumption made in determining the contributions 

of the lead and copper to the detection efficiency was that only 

interactions in which an energetic proton was produced could be 

detected. This was equivalent to assuming that all heavier 

particles produced were absorbed in the lead and that the 

probability of the gamma rays produced creating Compton electrons 

or electron pairs in the scintillator was small compared to the 

probability in lead. 

The protons were assumed to be emitted as a result of 

direct neutron - proton collisions inside the nucleus, 
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consequently the cross section for their production at the higher 

energies considered was taken as 

a LT_ 
Z
-A- 	A' a

nt 
	 ... 3.7 

where Z, A are the atomic number and weight and anp 
the n - p 

total cross section. At lower energies where this cross section 

exceeded the inelastic cross section, a was fixed as being the 

same fraction of the inelastic cross section as at higher 

energies. 

The neutron detection efficiency obtained is shown in 

figures 10 and 11. Figure 10 shows the calculated curve compared 

with the results of Wiegand at ai(17), scaled down so that the 

same total thicknesses of scintillator are compared. The present 

counter had a slightly lower threshold than that used by Wiegand 

so that a higher peak at 10 MeV was expected. Above this energy 

fewer neutrons interact in the scintillator as a result of the 

attenuation in the heavy plates. At high energies the lead and 

copper interactions give a large fraction of the detection 

efficiency. The rise at large momentum transfer shown in figure 

11 is due to the greater efficiency of detection of these inter-

actions and to the increased neutron path length in the counters. 

The error in the neutron detection efficiency was 
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estimated as + 20% for the scintillator contribution and + 50% 

for that of the lead. 

3.7. 	Gamma ray detection  

As the anticoincidence counter was not a 100% efficient 

detector of gamma rays the interaction 

K-  + p 4  R 	n + 	... 3.8 

was a possible source of background to charge exchange. The most 

serious backgrou4d was from 

K-  + p 4  R° 	N*(1238) 	... 3.9 

where N*  (1238) 4 n + e 

as this gave the lowest energy lc°  and had similar kinematics to 

charge exchange, the difference between the R°  momenta in the 

two interactions being only 300 MeV/c. 

The estimate of the probability that both gamma rays from 

the it° decay were not detected was based on the calculations 

made by Crawford and Messel(21) on the development of low energy 

gamma rays showers in lead. 

A Monte Carlo programme was used to generate gamma rays 

produced by N*(1238) decay when the R°  was produced forward at 

o. 
0 in the laboratory. The production vertex was uniformly 

distributed along the hydrogen target and the direction and 

energy of each gamma ray was determined, the energy spectrum 
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extending up to 280 MeV. 

The copper plates in the R counter were assumed to be 

equivalent to 1 radiation length of lead. The showers of normally 

incident gamma rays were thus sampled at 1, 3 and 5 radiation 

lengths depth in the R counter and at 1.5 and 5.5 radiation 

lengths depth in the F counters. 

Crawford and Messel gave values of the mean numbers of 

electrons with energy greater than 10 MeV present at various 

depths in showers produced by gamma rays with energies from 50 

to 1000 MeV. 

From these figures the probability Pe  that no electron 

would be present in the shower at any of the sampled depths was 

calculated as a function of gamma ray energy assuming that there 

was no correlation between the electrons observed in successive 

layers of scintillator and that the number of electrons present 

in the shower at a given depth had a Poisson distribution. 

The first assumption was a reasonable one as the mean 

electron energies were low enough for them to be absorbed in the 

lead between scintillator layers and because at all depths more 

than 65% of the shower energy was carried by gamma rays. The 

second assumption is somewhat arbitrary, but as the mean number 

of electrons present was less than one at most depths in the 

energy range considered, the results obtained should not be very 
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sensitive to the assumed form of the distribution. 

As the efficiency for charged particle detection was high, 

P
e was the probability that the gamma ray would not be detected. 

The product of the values of Pe  for the two gamma rays from each 

.1 1)  decay was the probability pm  that the 71° would not be detected. 

The mean value of Pn  obtained was +% assuming that all 

gamma rays were normally incident on the counters. This assumption 

was made as the considerable lateral spread of the showers meant 

that the results of Crawford and Messel could not be used to pre-

dict Pe for other than normal incidence. Most of the gamma rays 

were incident at quite small angles to the normal but for those 

incident at larger angles Pe  could be underestimated by 

approximately a factor 2 for the high energy and a factor 1.2 

for the low energy gamma rays. It therefore seems reasonable 

to assume that less than 10% of II° form N*(1238) decay would 

not be detected. 
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Chapter 4. 	SCANNING, MEASUREMENT AND ANALYSIS  

OF THE PHOTOGRAPHS 

4.1. Scanning  

The 7000 pairs of photographs taken during the experi-

ment were scanned twice for V° decays. A V° was defined as 

one positive and one negative track coming from a single point, 

provided there was no visible incident track. No restriction 

was placed on the apex position in the chamber or on the curva-

ture of the tracks. 

The events were easy to identify except for about 15% 

which had superimposed background tracks. Some of these events 

were more difficult to recognize but here the staggering of 

the sparks (discussed in Chapter 2) proved of great assistance 

as it gave a qualitative measure of the age of the tracks. 

Thus the two simultaneous tracks of a V
o could be separated 

from the background and chance track configurations simulating 

real events could be eliminated. 

The information recorded in the scanning consisted of 

the number of the spark gap in which the apex was situated, 

the frame number, the triggering information visible on the 

display unit and the number and nature of background tracks 

on the photograph. The first scan was made by a scanning girl 

and a physicist, the second by a girl alone. 



A summary of the results of the scanning is given 

below. 

The scanning efficienoy. E was defined as 

Number of events found in 1 scan 
E 

Total number found in both scans 

and was based only on events identified as charge exchange 

events in the final analysis. The overall figures were 

slightly worse, as some scanners had included events which 

others had rightly classed as interactions. 

Scanning results 

Number of photographs scanned = 7000 

Rate of scanning (frames/hour) = 300-400 

Total number of K-  produced events found = 535 

Scanning efficiency 1st scan = 96% 

Scanning efficiency 2nd scan 99% 

During the final analysis, the events found on only 

one scan were closely examined. They were consistent with 

being an unbiased sample of the data except in that they 

were mainly in the part of the chamber where events were 

more likely to be obscured by background tracks. However, 

as the combined scanning efficiency was very high, no 

correction was made for events not found. The above 
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statistics do not include three events found with more than 

one Vo on a photograph. 

4.2. 	Measurement  

The events found in scanning were measured on the CERN 

IEP measuring projectors. The operators were given a print of 

one view of each event indicating the points and tracks to be 

measured and their assigned labels. 

Approximately 20 points were measured per track on 

each view. Whenever possible pairs of adjacent sparks were 

measured in order to reduce errors introduced by the 

staggering. 

The measured apex of the V°  was approximate and was 

only used to check the apex reconstruction (see section on 

THRESH). It was defined as a point on or midway between the 

first sparks on the two tracks according to whether or not 

they Could be. resolved. 

The width of the spark images on the film varied 

according to the intensity of the spark but was typically of 

the order of 80 microns. As the resolution of the IEP was 

about 2 microns the operators measured what they judged to be 

the centre of the spark. 

The coordinates of the measured sparks and fiducial 

marks were recorded on paper tape for input to the analysis 
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programmes. All first measurements were analysed; those 

badly measured or not fitting charge exchange were re-

measured. 

4.3. 	Analysis  

The programmes used to analyse the measurements 

were those used at CERN for the analysis of bubble chamber 

photographs. Some modifications had to be made to take into 

account the differences between a spark chamber and a bubble 

chamber. The following section contains only brief descrip-

tions of the programmes, concentrating on the modifications 

made and the determination of the resolution of the spark 

chamber system. 

REAP 

The paper tape output of the measuring machines was 

processed by the programme REAP. In this programme some 

measurement and labelling errors were detected. The data 

were then prepared for the next programme THRESH. A full 

description of REAP can be found in reference(22) 

THRESH  

The spatial reconstruction of the measured events was 

made in THRESH. The input to the programme consisted of 

general information about the experiment followed by the 

coded measurements of each event in turn. 



-66- 

The general information contained coordinates of 

fiducial marks and cameras, dimensions and refractive indices 

of all media between the camera lens and the tracks in the 

chamber. 

Using these parameters THRESH reconstructed by a least 

squares method the best helix passing through the points 

measured in the tracks. A description of the programme can be 

found in reference
(23) and of the least squares fitting in 

reference(24) 

4.4. 	Modifications made to THRESH 

A. Optical system 

1. Effect of prisms  

In a bubble chamber tracks are viewed directly by the 

camera. This was not the case in the spark chamber; the prisms 

bent the optical path and caused an apparent displacement of 

the spark as shown in figure 12. The effect on tracks was to 

elongate them and to give them an apparent curvature in the 

plane perpendicular to the plates and parallel to the magnetic 

field. The prisms had been optically tested before mounting 

and it was not found necessary to apply corrections other than 

for the obvious bending of the light and the increased optical 

path length. 
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2. Distortion 

The distribution of sagitt 	of 160 cm long tracks of 

10 GeV/c beam particles measured with no magnetic field is 

shown in figure 13. In addition to the random spread of the 

distribution, 	a systematic error of 0.25 mm on the sagittm 

is evident. The variation of this was investigated by 

measuring photographs of stretched wires at various positions 

inside the magnet. The mean value of the error was used to 

determine a correction applied to the sagittw of all tracks 

reconstructed in THRESH. 

The source of the error is unknown but is suspected to 

be curvature of mirrors or camera lens distortion. 

B. Corrections applied for electron motion  

During the time interval between the passage of the 

charged particle and the spark discharge the electrons in the 

gas were free to move under the influence of the magnetic 

field and the applied electric fields. As this drift motion 

was considerable, corrections had to be applied during the 

reconstruction to determine the track coordinates which each 

spark represented. 

The electric field E referred to below is the average 

value of the clearing field and the high voltage field before 

spark breakdown. 
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The motion of the electrons had two components. The 

first was proportional to E and directed towards the positive 

plate in each gap. The second was proportional to E x B and 

so was parallel to the plates (i.e. parallel to the Y axis). 

As the direction of E was reversed in adjacent gaps, both 

drift components were also reversed. 

The drift motion of the electrons in the Y'direCtion 

caused a corresponding displacement of the spark independent 

of the angle Q' between the track and the normal to the plates. 

In order to determine the corrections to be applied beam 

tracks were measured and the deviation AY calculated of each 

individual spark from the fitted curve through all sparks. 

The results obtained with a clearing field of 60 volts are 

given in figure 14. The magnitude of this drift was the mean 

value of AY in figure 15 obtained by reversing the sign of AY 

in alternate gaps. 

If the track is inclined the motion of electrons per-

pendicular to the plates results in a displacement of the 

spark in the plane parallel to the plates. This is shown in 

figure 16. If the electrons in the gas move a distance 2 x 

towards the positive plate then the centre of the gravity of 

the electrons remaining in the gas moves a distance x 

the same direction and a distance Y = xtanO. parallel to the 

plates. The mean alignment point of each spark with the track 
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FIGURE 16 

EFFECT OF CLEARING 
FIELD ON INCLINED TRACKS 
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was not the centre of gravity. However, the above discussion 

shows that the position of the spark relative to the track 

should be a function of Q, and so it was determined by 

measuring curved tracks in the spark chamber. The deviation 

of each spark from the fitted helix was found as a function 

of the angle G between the normal to the plates and the pro-

jection of the track in the horizontal plane measured at the 

position of the spark. Whereas Q could have large values due 

to the curvature of the tracks, the angle between the normal 

to the plates and the projection of the track in the vertical 

plane perpendicular to the plates was small and therefore 

neglected as all tracks were peaked forward. 

The results of these measurements, again with a 60 

volt clearing field are shown in figure 17. The points AY 

uncorrected are the mean deviations of the centres of the 

sparks from the track after the E x B staggering correction 

has been applied. The slope of the line gave the mean align-

ment point as being 1.2 mm from the cathode. The points AY 

corrected are the deviations after the correction for the 

electric field drift has been applied. The corresponding mean 

deviations AZ of the sparks in the Z direction are also shown. 

Spatial resolution  

When all the above corrections had been applied, the 

remaining deviations of the sparks from the tracks were due 
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to the diffusion of the sparks and the measurement errors, 

and had an approximately Gaussian distribution. 

The spatial resolution is the combination of these two 

effects. In figure 17 the points ay  and az  are the mean 

deviations of the sparks in the Y and Z directions respective-

ly. Both show some increase with 1Q1. 

The contribution a
N 
of the diffusion of the sparks to 

a and a will be the same so that the difference in magni-

tude of a and a is given by the effect of the small stereo 

angle on the errors of measurement. 

If the mean measurement error on each view is cm then 

a and a can be expressed as 

2 	2 	2 
aY  = aN  + 2a m  

	

a2; = aN2 	40.5 a m
2 

At A = 0 the measured value of aY  is 0.23 mm and the 

contributions of measurement error and diffusion are respect-

ively 0.15 mm and 0.18 mm. The diffusion of the sparks about 

the track is rather less than the values of 0.22 found by 

Mikhailev(25), 0.25 by Rutherglen(26) and 0.5 by Roberts
(27)

1  

the third figure being also determined in a magnetic spark 

chamber. 
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Apex reconstruction  

In order to reconstruct a nuclear interaction in a 

bubble chamber it is necessary to extrapolate the measured 

tracks to the interaction vertex. The error introduced due 

to the curvature of the tracks is small, as the spatial 

resolution is high and the vertex is well determined. This 

was not the case in the spark chamber as the minimum uncer-

tainty in the measured position of the V°  apex was + 1 cm. 

This was the optimum value given by the inter-spark distance 

of 2 cm and was worse if the sparking efficiency was low or 

if the decay took place between units. 

Use of the measured apex would therefore have intro-

duced a considerable error, for example one of several percent 

in the calculated opening angle of a 9.5 GeV/c 4. For this 

reason the actual decay apex was determined by extrapolating 

the measured tracks to their point of nearest approach. It 

was required that this point should not be more than 1 cm 

before the measured apex, or more than 6 cm if the decay ver-

tex was between spark chamber units. 

4.5. 	Kinematic reconstruction. GRIND 

The programme used to perform the kinematic recon- 

struction of the events was GRIND described in reference
(28) 

In GRIND the geometrically reconstructed V°  was tested 
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to determine whether it was an example of one of the 4 

processes 

K1 —> It
+ + 

*ea 
A p + 

A p + 7t
+ 

Y  >e e^  

The momentum of both tracks was determined from their 

curvature using the field map of the magnet. For each of the 

above hypotheses small mass dependent correction were made to 

the momenta and their error due to multiple scattering and 

energy loss in the spark chamber. 

Using the computed values of the vector momenta of the 

charged particles and assuming for each hypothesis the masses 

of the three particles, a one constraint fit was performed to 

determine the best value of the vector momentum of the neutral 

particle and the probability that the hypothesis was a reason-

able interpretation of the event. In most cases the fit con-

verged after two iterations. Whether or not the resulting fit 

was a reasonable interpretation was determined from the value 

of x
2 

obtained. The x2 was a function of the 'external' errors 

of the track parameters. In the standard version of GRIND, 

these errors are scaled according to an experimentally deter-

mined mean projected sagitta error DS. 
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In the version of GRIND used in the experiment the 

constant DS was replaced by a variable 

DS' = DS (1 + A tang) 

where A was a numerical constant and Q the angle between the 

track and the normal to the spark chamber plates at a point 

0.6 of its length from the decay vertex. 

This change took into account the increased spark 

fluctuation about the position of the track as the angle to 

the plates was increased. 

The error assignment was checked using the x
2  distri-

bution for the whole data. At this stage a hypothesis was 

considered as a reasonable interpretation of the event if the 

X2 was less than 100. This limit will be discussed in the 

next chapter. 

In normal circumstances the fitting would have been 

carried a stage further and a multivertex fit performed to 

test hypotheses for the production of the neutral particle. 

This was not done for two reasons. Firstly the incoming beam 

particle was not measured, so that its parameters were known 

only within broad limits; secondly the interaction vertex was 

not measured and so was only known to be in the volume of the 

hydrogen target. 

In practice it was found that the V°  decay was 
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sufficiently well measured for this extra information to apply 

practically no further constraint to the event. 

4.6. 	Post GRIND analysis  

The output of GRIND consisted of several records on 

magnetic tape for each event. These contained a great deal of 

information, much of which was not needed for the final ana-

lysis of the experiment. Moreover, parameters which were 

needed had not been calculated in GRIND. 

A programme ABSTRACT was written to read the GRIND 

library tape, extract the required information, calculate the 

parameters necessary for final analysis and finally to write a 

data summary tape. This data summary tape was then used as in-

put for the programme SUMX(29) which could plot histograms 

and perform tests on the whole data. 

Provision was made in ABSTRACT for selection of events 

so that, for example, only the best of two measurements and 

only events produced by an incoming K-  were written on to 

the final data summary tape. 

The quantities calculated in ABSTRACT consisted of 

detection probability, centre of mass decay parameters of the 

V°, missing mass etc. The momentum transfer and scattering 

angle were calculated with respect to the mean beam momentum 

and direction derived from measurements of beam tracks in the 

spark chamber. 
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Chapter 5. SELECTION OF EVENTS ESTIMATION OF BACKGROUND 

AND.  DETERMINATION OF TOTAL AND DIFFERENTIAL  

CROSS SECTIONS  

5.1. 	Criteria used in event selection  

The analysed V°  decays were selected as charge exchange 

events if the following criteria were satisfied:- 

1. The reconstructed apex of the V°  was in a certain 

fiducial volume inside the chamber. 

2. The V°  could be considered to be well measured. 

3. The incoming particle beam producing the V°  had been 

recorded as a K-  on the display unit. 

4, The V°  fitted the hypothesis 

+ 
K0 7E +7E 

in GRIND and its vector momentum was consistent with 

the kinematics of the reaction 

K-  + p K° + n. 

If both measurements of an event satisfied the above 

criteria, which are discussed in greater detail below, the one 

which gave the best fit to a K1  decay (i.e. had the lowest X
2
) 

was accepted. 

Fiducial volume  

Inspection of subsets of the whole data showed that the 

sample of events in which the apex of the V°  was located in or 
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before the first gap of the spark chamber contained a dis-

proportionately high number of badly measured and unidentified 

events. Many photographs contained visible interactions of beam 

particles either in the anticoincidence counters or in the wall 

of the chamber before the first gap. As the events with apices in 

the first gap could be contaminated by two prong interactions it 

was decided to accept only events with a visible apex after the 

first gap. 

It was also found that the sample of events with apices in 

the last two spark chamber units contained a large number of badly 

measured, and ambiguous events. This was because the tracks of 

these events were not sufficiently long for accurate reconstruc-

tion. A further condition was therefore put on the position of 

the apex of accepted events to reject events in the last two units. 

It was not found necessary to put lateral limits on the 

fiducial volume as all the observed events were close to the centre 

line of the spark chamber. 

'Well measured' criterion 

A V°  was considered as being well measured if both the 

measured tracks were longer than 50 cm and if the error word 

computed in GRIND in subroutine EXTER
(28) was less than a 

specified value. 

The subroutine EXTER compares the internal errors of track 
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parameters calculated during the fitting, with external errors 

calculated from the track length, sagitta and orientation, scaled 

according to predetermined measured errors. 

An upper limit of 8 was placed on the value of the error 

word calculated for both tracks. As is shown in
(28) this applies 

the condition 

o (INTERNAL) <3 x a ( EXTERNAL) 

where a refers to errors on the momentum, dip and azimuth of the 

tracks. The limit also 4•xcluded events having tracks which did 

not converge in the reconstruction. Events in which the internal 

errors on the reconstructed apex did not satisfy the above 

relation were not rejected by the limit used. 

The dimensions of the chamber, together with the size of 

the fiducial volume and nature of the observed events, in 

practice imposed a lower limit on the lengths of tracks of 

accepted events. The limit of 50 cm was arbitrarily chosen to 

exclude events which had failed in the reconstruction programmes. 

Identification of the incident particle  

The combination of anticoincidence and Cerenkov counter 

outputs which had given the trigger was recorded on each photo-

graph so that the incoming particle could be identified. The only 

remark to be made is that on about 6% of the photographs the dis-

play units did not function correctly so that it was not directly 



known whether a K or p had given the trigger. The nature of the 

incoming particle had therefore to be inferred from the products 

of the interaction. Well identified antiproton events consisted 

almost entirely of A decays. The ambiguous triggers consisted of 

Ko
1 
 and A decays and so were all assumed to be produced by K . 

Kinematic selection criterion 

The well measured events in the fiducial volume which 

fitted a Ko
1 
 decay were considered to be charge exchange events 

if 

161< 3 where 

PF 
rt  PQ  

4-(aB2+ 6F2)  

PF was the fitted momentum of the K
o
1 
 and 

Q its scattering angle 

P the momentum of a 17°  produced in the reaction 

K-  + p 	° +n 

at angle Q if the K-  momentum was 9.5 GeV/c. 

B was 200 MeV/c, the observed r.m.s. spread of the 

beam momentum and 

oF 
the error on the fitted momentum of the K. 1.  

The parameter Q is thus a measure of the deviation of the 

momentum of the Ko1 
 from the value expected if the observed event 
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were charge exchange, taking into account the spread in the beam 

momentum and the measurement error. An error in the scattering 

angle B would cause an error in A but as the momentum P9 only 

changes slowly with 8 in the range considered this error is 

neglected. 

For a pure sample of charge exchange events the distri-

bution of A should have mean zero and unit standard deviation. 

The above limit therefore corresponds to a three standard 

deviation cut-off and should exclude a fraction 1/370 of the 

observed events. 

The mean value of aF for the events selected as charge 

exchange was 106 MeV/c and the r.m.s. value of PF - P9 
 was 

240 MeV/c. 

5.2. 	Discussion of selected events  

The results of applying the above criteria are summarised 

in Tables I and II. Table I shows the effect of the fiducial 

volume and 'well measured' criteria. As can be seen, 20% of 

events outside the fiducial volume were bad measurements com-

pared with only 6% inside. All following results apply only to 

the measurements inside the fiducial volume. Table II shows how 

the well measured events were identified and the number of 

charge exchange and low energy events. 

The criteria defined above have not been strictly adhered 
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TABLE I  

Summary of all events found in scanning 

Total number of events 	 535 

1. 	Number inside fiducial volume 
	412 

comprising 

(a) well measured events 
	

378 

(b) badly measured events 
	26 

(c) events lost due to labelling 

measurement errors etc. 	8 

2. 	Number outside fiducial volume 	123 

comprising 

(a) well measured events 	86 

(b) badly measured events 	22 

(c) events lost as above 	15 
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TABLE II  

Well measured events in fiducial volume  

Total number of events 	 378 

1. 	Charge exchange events 	 294 

comprising 

(a) K and Lambda fits 	 24 

(b) K and Antilambda fits 	14 

(c) K fits only 	 256 

2. 	Other identified events not charge exchange 	72 

comprising 

(a) Lambda fits only 	 42 

(b) K fits only 	 9 

(c) K and Lambda fits 	 18 

(d) K and Antilambda fits 	2 

(e) Antilambda fits only 

(f) Gamma fits 

No fit events 	 12 
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to in Table II, the range of A having been extended. The 

distribution of A is shown in figure 18. The agreement with the 

theoretical distribution, a Gaussian with unit variance, is good 

and the separation from the rest of the events very clear except 

for 8 events just outside the three standard deviation limit . 

As these events are well separated from the background of low 

energy events, they have been included in the charge exchange 

events. 

The x2  distribution for the events selected as charge 

exchange is shown in figure 19. The theoretical distribution for a 

one constraint fit has mean 1.0 and less than 1% of the events 

with x2 greater than 7.0. The observed distribution contained 

28 events (9.5%) with a X2  greater than 7.0. 

For these events the changes made in the mc5sured para-

meters during fitting were too large in relation to the measure-

ment error and the probability that the fit was a good inter-

pretation of the event was less than 1%. 

There were several possible explanations for the presence 

of a large number of high X2  events in the data. The first was 

that the measurement errors were underestimated. This seemed 

unlikely as if these events were discarded, the mean x
2 

of the 

remaining 266 events was 103. The second explanation was that 

they were misidentified events, either K2, A or A which had 
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given a K
o
1  fit. However, only six of the 28 high X

2 events fitted 

lambda or antilambda and the detection efficiency for K2 was of 

the order of 10-3 so that it seemed improbable that most of 

these events were misidentified. The possibility of there being 

a small contamination of A is discussed below. 

It was concluded that the majority of the 28 events had 

a high)? as a result of some fault in the measurement or ana- 

lysis and that consequently the calculated parameters for 

these events were not accurate. Subsequent analysis was performed 

on the data both with and without the high x 2 events. 

They appeared to be similar in all respects to the rest 

of the data, except that they had a slightly broader momentum 

transfer distribution than that of the rest of the data but the 

effect was not large enough to significantly change the results 

if they were included. 

For the determination of the differential cross section 

it was desirable to place a limit on x
2 to obtain a well identi-

fied and accurately reconstructed sample of events. Therefore no 

fit was accepted unless its 2 was less than 7.0. The effect 

of applying this limit to the whole data is shown in Table 
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TABLE III  

Data of Table II with x2  limit of 7.0 imposed 

1. 	Previous 294 events initially classified as 

charge exchange are now:- 

Charge exchange events 	 266 

comprising 

(a) K and Lambda fits 	 8 

(b) K and Antilambda fits 	6 

(c) K fits only 	 252 

also 

Lambda fits only 	 3 

No fit (i.e. events for which all fits 

have X2 > 7.0) 
	 25 

2. 	Previous 72 identified events not charge exchange:- 

(a) K and Lambda fits 	 5 

(b) K fits only 	 9 

(c) Lambda fits only 	 47 

(d) No fit 	 11 
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,5.3. 	Possible sources of background in the charge exchange data 

A. Misidentified Lambdas  

The possibility of a contamination of misidentified high 

energy lambdas in the charge exchange data was Aiscussed in Chapter 

3. The appearance of three uniquely identified lambdas in the 

charge exchange data when the X2  limit was applied suggested that 

such a background might be present. Closer examination of the 

data showed that this was unlikely. All three of these events had 

also given Ko fits with X 2 between 7.0 and 10.0. There could 

therefore only be a significant background if all high energy 

lambdas had a high probability of also giving tt Kc31  fit. This was 

certainly not the case for the low energy events (i.e. those 

with momenta less than 8 GeV/c). The majority of these only gave 

a lambda fit and the 13 ambiguous events which became unique 

lambda fits when the X 2 limit was applied gave a Koi  fit with a 

mean X
2 

of 45.0. Of the 14 antiproton events found in the 

fiducial volume 12 were identified as being antilambdas with 

momenta up to 9 GeV/c and only two were ambiguous. It therefore 

seemed improbable that the three 'unique' lambda fits in the 

charge exchange data indicated a real contamination of lambdas, 

this was confirmed by the distributions of the polar angles of 

decay of the V°s. 

The cose distribution for the events fitting charge 
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charge exchange in Table III are shown in figure 20, G*  being the 

angle between the positive particle and the V°  line of 	flight 

in the V°  centre of mass, and the suffixes refering to the hypo-

thesis considered. The cosGK 
distribution contains all events 

fitting K°I , the cosQA and cose contain only the ambiguous events 

except that the three uniquely identified lambdas have also been 

included in the cosQ A distribution. 

Although there is a slight excess of events near 

cosGK 
 = + 1.0 as might be expected if misidentified lambdas were 

present it is not statistically significant. The cos0A 
and cosG 

distributions are similar apart from a difference of sign and 

both are anisotropic as is expected if all the ambiguous events 

were K. The cosQ
* distributions for the charge exchange data 

without the X2  limit applied were similar to those discussed 

above. 

It was therefore concluded that there was no evidence of 

any background of lambdas in the charge exchange data. 

B. K1 associated with N
* production 

As discussed in Chapter 3 a background of K°1  from the 

interaction 

K-  + p 	+ n + 

could be present in the charge exchange data if the n and u°  were 

produced from N*(1238) decay. A large background should show up 
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as an excess of events in the A distribution in the region of 

6= -1 as a consequence of the difference in the kinematics of the 

two processes. Neither in the A distribution of figure 18 for the 

whole data, nor in that of figure 21 for the data with the X
2 

limit applied, is there any significant excess of events. However, 

the total number of events is small and a 10% contamination might 

not be detected in this way. From the conclusions reached in 

section 3.7 a contamination of this magnitude could be present if 

the cross section for N*(1238) production was comparable to that 

of charge exchange. Available experimental evidence suggested 

that it should be considerably less than this at 9.5 GeV/c. The 

cross section for the related interaction 

K + p 	+ p + 

had been measured at 3.5
(30) and at 6 GeV/c(31). The total cross 

sections were 880 + 50 microbarns and 248 + 23 microbarns 

respectively. In both cases the interaction was dominated by K*  

production, the total contributions of all N*  production to the 

above cross section were 6% and 10% respectively. The drop in 

cross section between 3.5 and 6 GeV/c suggests that background 

from the N*(1238) interaction should be negligably small at 

9.5 GeV/c. 

C. Background from other interactions 

Another possible source of background was that of high 
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energy R°  or K°  produced in the other interactions accepted by 

the trigger. The probability of detecting high energy el  decays 

has been discussed in Chapter 3 and was shown to be small. The 

presence of a small background would have been detected from the 

low energy events in the chamber as, with the exception of charge 

e,‘c),...,...ie 
oventd.', the interactions accepted by the trigger which could give 

high energy K°  or K°  would simultaneously give low energy A 
__o 

or - . 

Figure 22 is a plot of PT  against PL  for the uniquely 

identified events not classified as charge exchange (Table III) 

where PT and PL 
are the transverse and longitudinal laboratory 

momenta of the V°. There are no lambdas present with momenta less 

than 1 GeV/c. Three events consisting of two V°  were found in 

scanning. The only one identified was a lambda-antilambda pair 

so was presumably an example of 

IC + p -> A +  A + E 

One V°  was identified in each of the other two events, one was a 

5 GeV/c A and the other a 7 GeV/c A. 

In the events not classified as charge exchange there 

was therefore no evidence that the other interactions accepted 

by the trigger gave high energy ',Cif; which could be interpreted 

as charge exchange events. 
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D. Background from p and it interactions  

Misidentification of the beam particle could result in a 

background of high energy el  from interactions produced by u and 

p in the beam. It was shown during a later experiment that few of 

the Ko produced in % interactions had high enough momentum to be 

confused with charge exchange events. As discussed above the V°  

produced by antiprotons were almost entirely antilambdas. Mis-

identification of the beam particle should therefore give a 

negligably small background. 

5.4. 	Determination of the total and differential cross  

section for charge exchange 

The total cross section was based on the 294 charge ex- 

change events given in Table II. The high X
2 events were included 

as there was no evidence that they were not charge exchange events. 

Corrections were made for badly measured and lost events, i.e. 

those in Table I section 1.(a) and 1.(b), assuming they were an 

unbiased sample of the whole data. Three of the No Fit events 

had momenta consistent with their being .charge exchange and were 

included as charge exchange events. The resulting total number 

of events was multiplied by the correction factors listed in 

Table IV to obtain the number of charge exchange events produced 

by the K incident on the target. 

In correction (1) the K
o
1 
 branching ratio of 2:1 for 
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TABLE IV 

Correction factors used in determination of  the 

total cross section  

Source of correction factor Value 

K2 all Kio  + K2 decays 
1.  3.0  Decay ratio 

K° 	n+  + TC 

2.  Anticoincidence losses (section 2.3.) 1.42 + 0.06 

3.  Mean value of 1.0/(detection efficiency) 2.57 + 0.04 

4.  Neutron interactions in anticoincidence 1.09 + 0.03 

(section 3.6.) 

5.  Neutral Kaon interactions in anticoin- 

cidence (section 3.6.) 

1,16 + 0.05 

6.  Neutral Kaon and K-  attenuation in target 1.03 + 0.01 
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charged: neutral decays has been assumed. This is the value given 

by the AI = i rule, neglecting the small difference due to phase 

space. The detection efficiency (correction 3) was calcualted for 

each event from its momentum, direction and decay point in the 

chamber. Correction (6) for attenuation in the target was 

determined using the measured Kp total cross sections(32). The 

other corrections have been discussed as indicated. 

From the corrected number of events and the total number of 

incident K which was monitored during the experiment, the total 

cross section aT was determined as 

a
T 

= 70 	10 microbarns. 

The value of the cross section given above does not include 

the contribution of a backward peak. The efficiency for detecting 

decays of R°  produced in a backward peak was very small so that no 

conclusion can be made as to the magnitude of such a peak. At this 

energy it should however only be a small fraction of the total 

cross section. 

The differential cross section was based on the 266 well 

identified events and is shown in figure 23. Appropriate t 

dependent correction have been applied for the loss of events due 

to the neutrons detected in the anticoindidence counters. The 

error in t calculated for each event was approximately 

0.005 at t = - 0.05 and increased linearly with t to 0.04 at 

t = 	1.0. 
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The differential cross section at t 0 was estimated to be 

da 
dt 	= 200 + 40 microbarns/(GeV/c)

2 

t=o 

The Optical Point, the contribution of the imaginary part of the 

scattering amplitude was calculated from the Kp and Kn total 

cross section measurements of Galbraith at 
al(52) using equation 

1.7. The value obtained was 188 + 85 microbarns/(GeV/c)2  and is 

shown in figure 23. From this and the measured differential cross 

section at t = 0, the ratio of the real to the imaginary part of 

the scattering amplitude at t = 0 was calculated to be 

a = 0.09
+0.7 
-0.09 

5.5. 	Discussion of differential cross section  

The differential cross section exhibits a drop in cross 

section towards t = O. The error flags are based on the statisti-

cal errors so that the effect is a little more than one standard 

deviation and the possibility that the differential cross section 

is constant near t = 0 cannot be ruled out. It is, however, un-

likely to be increasing. Before considering the implications of 

the observed drop in the differential cross section it is necessary 

to consider whether or not the effect could be a result of a 

systematic error. 

The narrowness of the forward peak meant that all the events 

observed were of uniformly high momenta and close to the centre 
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line of the chamber, it is therefore inconceivable that there is a 

scanning or measurement bias that could significantly alter the 

shape of the differential cross section. The only correction 

discussed above which had a significant t dependence was that for 

neutron interactions in the anticoincidence counters and although 

the magnitude of the correction is not known with great precision, 

the variation at small t is unlikely to be substantially different 

from the form assumed and is certainly too small to produce the 

observed effect. 

Two systematic errors which could influence the form of 

the differential cross section remain to be discussed. The first 

is that introduced by undetected scattering of neutral kaons in 

the anticoincidence, this having been mentioned in section 3.5. 

The average change in direction of the kaons was expected to be 

small as the effect should be dominated by elastic scattering on 

complex nucleii. It is, however, possible that a small percentage 

of the observed events could be scattered enough for their 

momentum transfer to be changed by the order of 0.05 so that the 

events could be shifted from one point in the distribution to the 

next. The effect should, however, be a uniform one throughout the 

range of t observed and the net effect would be to reduce by a 

few percent the difference between the magnitude of the differen-

tial cross section at adjacent points in the distribution. This 

effect could therefore not produce a dip towards t = 0 but would 



- lob - 

in fact tend to reduce the dip by a small amount. 

The second systematic error could change an exponential t 

variation of the differential cross section into one similar to 

that observed. This could happen if the direction of the incident 

beam had been inaccurately measured. However, to produce the 

observed effect, the error would have to be of the order of 

20 mrad, and the mean direction of the K1 
observed in the chamber 

agreed with the mean beam direction within + 2 mrad. 

It was therefore concluded that the dip found in the 

forward direction was a small but real effect. 
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Chapter 6. INTERPRETATION OF RESULTS 

6.1. 	Introduction  

In this chapter the results of the previous chapter 

are compared with those of other experiments on charge ex-

change. A review is then given of the predictions of various 

theoretical models of the interaction. 

6.2. 	Comparison with previous K-p charge exchange  

experiments  

Most experiments on K-p charge exchange have been per-

formed at low energies where the interaction is dominated by 

Y
o 

production. The total cross section(33) shows large peaks 

at centre of mass energies corresponding to resonant Yo 

(1520) and Y: (1815) production; above 1.1 GeV/c it decreases 

with increasing energy. 

The differential cross section(33) at low energies has 

a peak in the backward direction which decreases with in-

creasing energy and is not significant above 1.6 GeV/c. A dip 

in the forward direction is only found in data at higher 

momentum (figure 24), at 1.8 GeV/c
(34) and 2.45 GeV/c, how-

ever, at 2.63 GeV/c the dip is no longer significant and at 

2.70 GeV/c is replaced by an increase in the differential 

cross section. The last three experiments were all part of 



r 

. ••-• 	
I . 

± 

0 	 -10 0 	-1 0 
ccos 

L. 9 00 -1 

9-45 GeV/cc 

1.0 
	

0 	-1•0 
C 

-I 03- 

2-70 GeVic... 

T 

1.0 	- 6 	 -1 0  

ccos 	(.m.) 

c..,va PI 9 
	 n 

V-4.3. 	 7:4,3 	1 



- 109 - 

the same experiment(35) so that it is unlikely that this 

change is a result of an experimental bias. 

The variation in the charge exchange differential 

cross section between 1.8 and 2.7 GeV/c may be a consequence 

of the relation of the interaction to elastic scattering 

given by equation 1.7. The diffraction peak in elastic 

scattering is mainly due to shadow scattering resulting from 

inelastic collisions. In the above momentum range where the 
as- 

number ofelastic channels is limited, changes in one or more 

inelastic interactions are large enough to produce the ob-

served effects in charge exchange. Thus although the dip in 

the forward direction found in the present experiment has 

also been found in some previous experiments, the interaction 

at lower energies appears more complicated than is expected 

at 9.5 GeV/c where resonance production and individual in-

elastic channels should have little effect. 

6.3. 	Comparison with 'rip and np charge exchange  

at high energies  

The present results can be compared with the 

differential cross sections for Tcp charge exchange at 

9.8 GeV/c(36)  shown in figure 25 and that for np charge 

exchange at 8.15 GeV/c(37) shown in figure 26. None of the 

three charge exchange interactions had a differential cross 
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section similar to the respective elastic interactions at 

similar energies which all have differential cross sections 

of the form 

do_ e  a-pbt-i-ct
2 

dtEL 
... 6.1 

The np charge exchange has a width consistent with that 

expected if a pion is exchanged; in the forward direction the 

angular distribution is flat. The u p charge exchange is 

superficially similar to the K-p. The differential cross 

section also drops at t=0 and the value at t=0 is similar to 

that of the K-p. It is, however, considerably narrower than 

the K-p and this produces a lower total cross section 

48 + 2.5 microbarns compared with the K-p value of 70 	10 

microbarns. 

The differences between the differential cross sections 

for the three interactions reflects the differences in ex-

change mechanisms discussed in Chapter 1. The u-p and K-p 

are similar and a p exchange mechanism was expected to be 

important in both interactions. Several particles could be 

exchanged in the n p interaction, as a consequence its 

differential cross section was expected to differ from those 

of the other two interactions. 

The value of a calculated for the up is 0.95 0.25 

showing that the imaginary and real amplitudes contribute 
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almost equally to the forward differential cross section. 

This is consistent with recent measurements of the 

real amplitudes of the n p and 7
+p elastic scattering(38)  

The large contribution of the real amplitude in the charge 

exchange is obviously related to the difference in the real 

amplitudes of the elastic scattering interactions the values 

of a obtained being - 0.300 + .045 for the np and 

- 0.109 + .024 for the Zp. The value of a for the Kp charge 

exchange suggests that the K-p and K-n real elastic scattering 

amplitudes are more equal than the I  p and n  p, but a is not 

well enough determined to allow any definite prediction. 

6.4. 	Relation to KN elastic scattering 

Although the Kp charge exchange differential cross 

section is quite different to that of K-p elastic scattering 

it can be interpreted as resulting from a difference in slope 

of the Kp and K-n elastic cross section. At small t the Kp 

elastic differential cross section is 

dtK-p 

e ai+bit gioaa,44L—i D-bkcie-02.1. 6.2 

where a1  = 3.62 and b1  = 10.5/(GeV/c)
2 (39). 

Assuming the K-n elastic interaction has the same form 

4 and that the 	:;;Lapy parts of both scattering amplitudes 

are small, the charge exchange differential cross section can 



— 114 — 

be written 

dc 	(e1-(a2+b2t) - e4.(a1+b1t))2 ... 6.3 dt- K°n 

Using the Optical Theorem 

4a2 
... 6.4 

4ncr,  
ZK21). 

so that the only unknown parameter is b2, which is related to 

the slope of the K-n differential cross section at small t. A 

fit to determine b2  gave a value of 12.5/(GeV/c)2. The charge 

exchange differential cross section given by inserting this 

value of b2  in 6.3 is shown in figure 27. This shows that the 

dip in the charge exchange cross section at t=0 is consistent 

with the observed experimental behaviour of Kp elastic 

scattering at small t if it is assumed that the K-n elastic 

scattering has the same form, but has a different slope. 

6.5. 	Spin effects in charge exchange scattering 

It has been suggested by both Lovelace(4o) and 

Phillips(41) that the slope of the charge exchange differen-

tial cross section at small t can be explained by a large 

spin flip amplitude. 

The scattering amplitude for the interaction of a spin 

i nucleon with a spin zero particle is 

A(t) = Anf(t) 	Asf(t) 
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where Anf(t) and Ast
(t) are respectively complex non spin-

flip and spin flip amplitudes. 

Asf(0 has the form 

Asf(t) = s.n.f(t) 

where a is the spin direction and n the normal to the pro- 

duction plane. Consequently Aef(t) disappears at t=0. 

The spin-flip and non spin-flip amplitudes can be 

expressed in terms of helicity amplitudes G(t) and H(t) of 

the t channel
(42) 

t 	W 	t(t + 4q2)' 
Anf = iG(t)(1- 	) - H(t) 

4M(E+M) 	M 4(E+MX4M
2
-0 

,.6.5 

E-M 	4ME 
Asf = sinQ 	-G(t)+H(t) W(1+ 

2M 	4M -t 
...6.6 

where WIE,q0) are thetbtal energy, nucleon energy, momentum 

and scattering angle in the centre of mass system. 

Amplitudes of this form give a differential cross 

section 

da 	7C 
= [11  dt q2  

t 
4m2; 

IG(t)1 2  
t(t+412)W2 IH(t)12 

4(4M2-t )M2 ... 6.7 

Lovelace() suggested using helicity amplitudes of 

the form 

IG(t)I 2  = G 2 eat 	... 6.8 

and 

IH(t)12 = 112 eat 	 ... 6.9 
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The differential cross section obtained by inserting 

these amplitudes in equation 6.7 was used in a maximum likeli-

hood analysis to determine Go, Ho  and a. The results obtained 

were 

G2 = 229 microbarns/steradian 

H2 = 114 microbarns/steradian 

a = 7.4 (GeV/c)-2  

The differential cross section is shown in figure 28 

and the ratio of the amplitudes Asf/Anf  in figure 29. The 

dip in the experimental distribution is well reproduced and 

the values of G
o 

and H
o 

obtained mean that the spin-flip 

amplitude makes a large contribution to charge exchange 

scattering. Both A
nf 

and Asf 
are much smaller than the 

corresponding elastic scattering amplitudes so that this is 

not in contradiction with the assumption that the non spin-

flip amplitude dominates elastic scattering. 

6.6. 	One particle exchange model including absorption 

effects  

The differential cross section for n-p and Kp charge 

exchange has been calculated by Hogaasen and Hogaasen
(43) 

assuming p exchange in both cases. The model used was that 

described by Gottfried and Jackson(44) namely a Born 

approximation modified to take into account init.al and final 
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Tke 4-or 0,s pc 
state interactions.Lwere given by parameters derived from 

elastic scattering and were assumed to be spin independent. 

The calculated differential cross section for Kp charge exchange 

is shown in figure 30. Although this model is better than the 

unmodified Born approximation, the cross section is still much 

too high, particularly at large t. The dip in the forward 

direction is predicted by the model, but Hogaasen and Hogaasen 

state that it would disappear if the t dependence was modified 

to agree with the experiment. The failure of the model in this 

particular case is considered to be due to the relation of 

charge exchange to elastic scattering, the model is only 

expected to be valid for true inelastic interactions whose 

probabilities are small. lime general the model has only been 

successfully applied to interactions in which a spin 0 particle 

is exchanged, when a non-zero spin particle is exchanged the 

model fails at high energies because of the divergence of the 

Born amplitude 

Another failure of the model is that it predicts that the 

K-p and n-p charge exchange differential cross sections should 

have similar form, although the magnitude could differ as a result 

of the difference in the puc and pKK coupling constants, the SU
3 

prediction of the ratio of the coupling constants
(46) 

suggests 

that the K-p cross section should be a factor 2 less then the 7t7p. 
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This does not depend on the detailed mechanism of the 

absorption. Henley and Muzinech
(47) using a different 

absorption model have made a similar prediction. It therefore 

seems difficult to explain the observed differences between 

the two interactions using a one particle exchange model. 

6.7. 	Regge pole model for charge exchange  

This has been described in detail in two papers by 

Phillips and Rarita(48). In the first one, the effect of the 

R Regge trajectory on K-p charge exchange is discussed and in 

the second a fit is made to all high energy meson - nucleon 

scattering data using a multi-Regge pole model. 

The R trajectory 

The R trajectory is one member of an even signature 

Regge pole octet, proposed by Pignotti(49). It has I spin 1, 

parity 	1 and G parity - 1, so that it can in principle con-

tribute to K-p charge exchange scattering. The R trajectory 

is close to that of the p, so that no spin 0 particle lies 

on it. The first physical particle on the trajectory was 

therefore expected to have J=2 with a mass of the order of 

1500 MeV. The A2 meson has the required quantum numbers and a 

mass of 1310 MeV and it has been proposed that it lies on the 

R trajectory(50).  AhMadzadeh(51) has shown that the p-p and 

n-p total cross section differences, together with n-p charge 
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exchange can be explained using the p and R trajectories 

together but not by the p alone. In their first paper Phillips 

and Rarita show that the same is true for the K-In and Ktp 

total cross section differences. The prediction using p alone, 

that 

a
T
(K-p) - T

(Kn) . a
T
(ep) - T(en) 

is not consistent with experimental results. 

Application of R to charge exchange  

The K-p and 7C.p charge exchange differences can be 

explained if the R trajectory is considered. The R cannot 

contribute to 11-p charge exchange because of G parity. Using 

the p alone a Regge pole model predicts that the forward cross 

section should be twice the optical limit, in good agreement 

with experiment. In Kp charge exchange the real amplitudes 

of the p and R are of opposite sign and the imaginary ampli-

tudes are of the same sign because the two trajectories have 

opposite signature factors. This means that the forward 

scattering cross section is dominated by the imaginary contri-

bution, the predicted value being 205 + 40 microbarns/(GeV/c)2  

to be compared with the experimental value of 200 + 40 micro-

barns/(GeV/c)2, the'optical limit of 185 + 88 microbarns/ 

(GeV/c)
2 

and the forward cross section if p alone is considered 

of 370 + 176 microbarns/(GeV/c)2. The figures here are some-

what different to those of Rarita and Phillips which are based 



- 124 

on preliminary cross section data. 

In their second paper Phillips and Rarita use a Regge 

pole model including spin effects to fit all high energy 

meson total cross section, elastic and charge exchange 

scattering data. Three poles are used to fit the mN data, 

the Pomeranchuk pole, a second vacuum pole, and the p. For 

the KN and RN data the wand P in addition are used. 

The fit to the data determined various parameters in 

the assumed forms of the trajectories and residue functions. 

Constraints were applied so that the final solution did not 

violate unitarity. A good fit consistent with SU
3 

predictions 

was obtained and several predictions were made including the 

sign and magnitude of the real amplitude of Tcp elastic 

scattering which gave good agreement with experiment. The fit 

obtained to the Kp charge exchange at 9.5 GeV/c is shown in 

figure 30. The fit to the 717p charge exchange was equally 

successful. 

6.8. 	Conclusions  

The measured differential cross section for K-p charge 

exchange at 9.5 GeV/c has a form different from but consistent 

with that of K-p elastic scattering. The differential cross 

section cannot be explained unless a significant spin flip 

amplitude is assumed, indicating the presence of a small 
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spin flip amplitude in elastic scattering. A one particle 

(p) exchange model including absorption effects does not 

give the magnitude or form of the differential cross section 

or explain the observed differences between K p and n p 

charge exchange interactions at this energy. A Pegge pole 

model including contributions both from the p and the R 

trajectory proposed by Pignotti is however successful in 

all three respects. 
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We have measured the total and differential 

* Preliminary results of this work were presented at 
the International Conference on High-Energy Physics, 
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cross sections for the reaction IC' + p ---0 	+ n. 
The data were obtained during a three-and-a-half 
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days' run at the CERN proton synchrotron, using 
a large magnetic spark chamber in a negative 
particle beam of 9.50 GeV/c ± 0.20 GeV/c. 

A counter telescope defined the beam, and the 
K-  were selected by two gas threshold Cerenkov 
counters of the Vivargent type [1]. The average 
beam intensity was 1.2 x 10° particles per pulse; 
the ratio of IT-  : K-  :if, was 1 :0.0053 : 0.0009. 

A 40 cm long hydrogen target was mounted in-
side a 60 cm long anticoincidence counter to dis-
criminate against charged particles and y rays 
emitted forwards and sideways. The counter con-
sisted of alternate layers of scintillator and lead 
(2.8 cm Pb in the forward direction, 2 cm of Pb 
and 1 cm of Cu at the side). 

Thus the trigger system accepted K-  interac-
tions in which no charged particles or 7r° mesons 
were produced. The accepted interactions were 
observed in a magnetic spark chamber starting 
22 cm downstream from the end of the hydrogen 
target. The chamber had a useful volume of 
60 x 67 x 170 cm3; it consisted of seventy-two 
8 mm gaps defined by 25 µ aluminium foils, giv-
ing a radiation length of 30 m. The magnetic field 
in the chamber was 10.5 kG, and a typical mo-
mentum resolution of Ap/p = 0.017 was obtained 
on 160 cm long, 9.5 GeV tracks. With two charged 
particles passing through the chamber, the per-
centage of visible sparks was 95%, and with eight 
particles 60%. 

The 7000 photographs taken were scanned twice 
for V° decays; the scanning efficiency on the two 
scans being estimated as 96% and 99%. In a fidu-
cial volume of 106 x 60 x 50 cm3, 412 events were 
measured at CERN on IEP measuring projectors 
and analysed by a modified version of the THRESH-
GRIND series of programmes. 

The charge exchange events were identified by 
the following criteria: 
1) The counter logic must indicate an incoming K-

and no outgoing charged particles or r°'s. 
2) The V° photographed in the spark chamber must 

fit kinematically the decay of a K°1. 
3) The momentum and scattering angle of the K°1 

must fit kinematically the process K" + p 
K°  + n. 
The observed V°'s were tested for consistency 

with the hypotheses K°1, A°, A°. Of the 412 
events, 323 satisfied criterion 2), 42 were iden-
tified as A°, 1 as A°, 12 gave no fit and 34 were 
bad measurements. 

The 323 events fitting K°1 decay were con-
sidered as candidates for charge exchange. To 
apply the criterion 3), a parameter A was de-
fined as: 

2 A = (P  K0 - P0 	- 0 + 
2 

) K1 
where PK01  and o- Koi  are the fitted momentum 
of the K°1  observed in the spark chamber and its 
error, Pe  is the momentum of a K° produced in 
a charge exchange interaction of a 9.50 GeV/c K-
at the observed scattering angle 0, and UK- is the 
momentum spread of the beam. 

The distribution of A is shown in fig. 1, to-
gether with a normal distribution which has a 
standard deviation of 1.0. The 286 events having 
a value of I A I less than 3.0 have been accepted 
as a charge exchange, together with a further 
eight which did not quite satisfy this criterion, 
but on closer inspection could not be given an 
alternative interpretation. 

These accepted events still contain a number 
of ambiguous fits (23 K°1 or A°; 14 Ko1 or A°). 
The distribution of the decay angle in the c.m.s. 
of the assumed K°1 is, however, consistent with 
negligible contamination by A°'s. 

A run with the hydrogen target empty gave no 
events, putting an upper limit of 3% on the back-
ground due to interactions in the target walls, etc. 
From the measured resolving power of the ee-
rekov counters, we expect that the background 
in the charge-exchange peak due to 7r-  and -1-3-  
interactions, the incident particle being mis-
identified as a K-, is negligibly small. Experi-
ments using the same set-up of trigger counters 
and 7r -  or 15 as incident particle have shown that 
a tr-  background would be signalled by a large 
number of low-energy K° and a p background 
would be signalled by a large number of high-
energy A, neither of which is observed. 

The background from other K-  interactions 
must be negligible as the particle or particles 
associated with a K°1 in the charge-exchange 
peak must have even strangeness, baryon number 
one and little energy. The last condition rules 
out :° or a A°K°  combination as these would de-
cay before passing the anticoincidence shield. 

After applying all corrections, the total cross 
section was determined as 70 ± 10 µbarns. The 
main correction factors are as follows: a factor 
of 3* for the ratio (K°1 K°2)/(K°1 + Tr), 
2.57 ± 0.03 for the probability of decaying inside 
the fiducial volume, 1.42 ± 0.06 for the loss of 
events due to chance anticoincidences. Other 
corrections were applied for losses due to inter-

* We have taken I as the branching ratio (K°1 ir++77.)/ 
all K°1  according to the AI= rule and neglecting 
the small difference due to phase space. The corre- 
sponding experimental value is 0.694 ± 0.051 [2]. 
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Fig. 1. Distribution of the parameter A. 

actions of K-  and Ko in the target and antico-
incidence shield, and also for loss of events due 
to bad measurements (these were consistent with' 
being an unbiased sample of the events). The 
neutron detection efficiency of the anticoincidence 
counter was calculated by a Monte Carlo pro-
gramme and was consistent with previous experi-
ments [3]. 

The differential cross section is shown in fig. 2. 
The mean error on t is 0.005 at t = -0.05 increas-
ing linearly with t to 0.04 at t = -1.0. The detec-
tion efficiency due to decay probability is effecti-
vely constant up to the highest momentum transfer 
observed [-2.2 (GeV/c)2] corresponding to a 
scattering angle of 170 mrad in the laboratory. 

Fig. 2. Differential cross section of 1(-  + p 	+ n at 
9.50 GeV/c. 
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Table 1 
in gbarns/(GeV/c)2  for K + p 	+ n 

at 9.50 GeV/c. 

Optical theorem assuming a purely imagi- 185 ± 88 

370 ± 176 
245 + 50 

Experimental value at t = 0.05 (GeV/c)2 	200 ± 30 

At twice this momentum transfer, the detection 
efficiency has fallen by less than a factor of 2; 
the quoted value of the total cross section is 
thus reliable, provided there is no backward 
peaking. The shape of the differential cross 
section is clearly inconsistent with exponential 
behaviour at low t and similar to the one found 
for 7T-  + p 	fr°  + 11 [4]. 

We have compared our dcr/dt with different 
theoretical models. Table 1 shows the compari-
son at t = 0 with the optical theorem, using the 
experimental values of atot(K-p) and atot(K-n) 
obtained by Galbraith et al. [5]. It also shows a 
theoretical prediction made by a Regge pole 
model with the exchange of a p and (p+R) [6]. 
Due to the large error in the difference between 
the experimental total cross sections, [crtot(K-13) 

c/tot(K-11) = 1.90 ± 0.45 mb], it is not possible 
to draw any conclusion on the real part of the 
forward scattering amplitude and on the relative 
merit of p and (p+R) exchange. 

In fig. 2 is plotted the prediction of a modified 
one meson exchange model, including absorption 
effect [7], which is clearly inconsistent with the 
experimental data. In the same figure we plot 
the curve obtained by fitting heiicity amplitudes 
[8]; setting 

`
do-  

\dt/ t =0 

nary amplitude 
p Exchange 
(p+R) Exchange 
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do. 	7T r (1 	t 	, G  ,2 	t(t+4q 2)s 	IH121 
dt = q2 L \ 4M2/' 	4(4M2-t2)M2 

where we have assumed 

IG1 2  =A eat; 	!HI 2  = Beat  

we fitted the following values: 

B = 114 ster ' • a = 7.4 (GeV/c)-2. 

It is a pleasure to thank Mr. W. Fisher for 
useful discussions and help in the calculations on 
the theoretical models. We wish also to express 
our gratitude to Professor P. Preiswerk for his 
continuous support and advice. The help and ef-
forts of the CERN P. S. staff made the experi-
ment possible. We finally thank our technical 
staff for their generous assistance. 
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The ratio of the transition rates for the reac-
tions 

K2 	 + - 
IT 7T 77 

v 

e V 

has been measured with a magnet cloud chamber, 
using a nearly monochromatic K-3 beam [1]. The 
knowledge of the 4 incoming momentum allows, 
for each mass assignment, an overdetermined 

* Work supported in part by the Swiss National Science 
Foundation. 

** Visitor from Imperial College, London. 
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kinematical fit with one degree of freedom. 
A 7r beam of 1.063 ± 0.038 GeV/c momentum, 

produced at the CERN Proton Synchrotron, was 
focused on a 2-m long H2 target. The Tr-  mo-
mentum has been estimated both by a floating 
wire measurement and by the magnetic curvature 
of pion tracks photographed during a preliminary 
run. Published values [2, 3] of the cross-sections 
for the reactions 

7T-  + p A°  + K°  
EO Ko 

enable us to calculate the momentum spectra of 
the le3's stemming from both these production 
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Fig. 1. Calculated momentum spectra of the Kg's decay-
ing inside the chamber: 
i) assuming A°K°  associated production; 

ii) assuming 7°K°  associated production; the peak at 
0.230 GeV/c is due to lq's going backwards in the 
centre of mass; evidence for this peak has been 
found in the data and the standard error on the Gaus-
sian approximation of the peak at 0.405 GeV/c has 
been increased to take this into account. 

processes and decaying inside the chamber (see 
fig. 1). 

A sweeping magnet, a 10-cm thick Pb gamma 
absorber, a second sweeping magnet, and the 
magnet cloud chamber were placed successively 
along the beam, downstream of the 112 target. The 
cloud chamber, which was 7 m distant from the 
target, has a 40 x 60 x 170 cm3  illuminated 
volume, and was filled with a mixture of 80% He, 
20% A, and alcohol vapour at a total pressure of 
820 mm Hg. It was provided with a 26 cm diam-
eter entrance window of mylar, 0.5 mm thick. 
The 2 MW magnet produces a 10.7 kG field with 
3% variation over the illuminated volume. 

In six weeks of effective running time, 10 000 
useful pictures were taken at the rate of one 
picture every 4 minutes. The scanning was done 
on three stereoscopic views, by a physicist and 
a scanner working together. Low-energy electron 
pairs (both tracks less than 50 MeV/c) were re-
jected on the scanning table; 1063 V°-type events 
were found, of which 9 have at least one track 
ionizing like a proton and cannot be IC2 decays. 
The number of KS)  candidates accepted for mea-
suring was 1054. 

The measurements were made on a IEP-type 
projector, and the geometrical reconstruction 
calculated with the CERN THRESH standard pro-
gramme. For one of the following reasons, 257 
events failed in this reconstruction: track very  

short, track distorted, very high dip, or hidden 
apex. Of these 257 events, 141 have very small 
opening angles, and since, as we shall see below, 
the electron pair background is important, these 
presumably were high-energy electron pairs; 
the remaining 116 events probably represent 1(11' 
decays; the effect of discarding them will be dis-
cussed later in this letter. 

The 797 well-measured events were analysed 
with the standard CERN GRIND programme. 
Three hundred and nine high-energy electron 
pairs were recognized by their very small open-
ing angle and eliminated from the sample. Fig. 2 
shows that the electron pairs are well separated, 
and that the correction to be introduced for small-
angle Kg decays mistaken for electron pairs is 
negligible. 

For the analysis of the 488 remaining events, 
the 4 momentum spectra of fig. 1 were approxi-
mated by two distributions Gaussian in the recip-
rocal momentum, the one centred at (0.630 GeV/c)-1  
with a standard deviation of (0.048 GeV/c)-1, the 
other at (0.405 GeV/c)-1  with a standard devia-
tion of (0.095 GeV/c)-1. Combining these two IC' )  
incoming momenta with the five decay modes 
cited above, one obtains 10 decay schemes, Ac-
cordingly, 10 kinematical fits were attempted for 
each event. 

It turned out that 48 events fit none of the 10 
possible decay schemes (this point also will be 
discussed later), and that most of the 440 others 
fit several schemes with comparably good x2  
values, so that identification of individual events 
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Fig. 2. Distribution of opening angles for all 797 well-
measured events. 
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was often not possible. We therefore generated 
5 000 Monte Carlo events according to phase space 
and to the q calculated spectra, and analysed 
them in exactly the same way as the experimental 
ones; very often a Trey mass assignment could 
easily be made to fit a 7rµv generated decay con-
figuration, whereas the reverse was not generally 
possible. We therefore determined an arbitrary 
procedure of separation, a set of tests based on 
the values of the x2  associated probabilities of the 
10 attempted fits, which empirically gives good 
results for the Monte Carlo events. For instance, 
in one test, any event which fits either or both of 
the 7T +7T -7f °  decay schemes (with higher or lower 
K2 momentum assignment) is ascribed to the best 
of these two fits, regardless of the probability with 
which the event may fit any leptonic decay. The 
Monte Carlo events were then used to determine 
with which probabilities an event generated accord-
ing to any decay scheme will be correctly classi-
fied by this procedure in the mode to which it be-
longs, or mis-classified in each of the other 
modes. The same classification probabilities were 
assumed to be valid also for the experimental 
events and used to make a maximum likelihood es-
timate of the best values of the three parameters: 
% of 77+7r -7r°  decays, % of 71-ley decays, % of 
events produced in association with A°. Because 
no charge asymmetry was observed in the geomet-
rical parameters of our data, no attempt was made 
to estimate separate branching ratios for 7T +11 -  v 
and 71-µ+v, or for 7r+e-v and 7T -  erfv. The effect of 
form factors was taken into account by giving dif-
ferent weights to Monte Carlo events generated in 
different points on the Dalitz plot, thus modifying 
the classification probabilities; for this we used 
formulae of Pais and Treiman [4], V-A matrix ele-
ments, and a form factor ratio of 0.1 for the lep-
tonic decays, and an energy distribution parameter 
a = -7.3 for the 7r+77 -77° decays [5,6]. The results, 
which were not sensitive to the use of these matrix 
elements rather than pure phase space, were: 

r(71"1-7T 7T°)/1' (all charged modes) = 0.15 - 0.04 

l'(7±µT
ri)/1" (all charged modes) = 0.39 + - 0.

0.0
10 

roT±eT v)/r (all charged modes) = 0.46 + - 0.
0.08

10 
Percentage associated with A° — 67%. 

These results agree with previously reported 
values [5-8]. The errors quoted here are com-
pounded of the sampling errors and of the possi-
ble errors introduced by discarding a certain num-
ber of 4 decays from the sample, as discussed 
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below; the percentage of A°  associated K2 decays 
obtained by this estimate agrees with the a priori 
value obtained in the K2 spectra calculations. 

The 48 well-measured events which could not 
be made to fit any of the 10 K2 schemes were an-
alysed again, without putting any constraint on the 
incoming K2 momentum; 21 events gave K3 fits, 
most of them with low K2  momentum (3 K7T3  de-
cays, 1 K43  decay, 8 Kp3  decays, 9 decays fitt-
ing several leptonic modes). Another 8 of these 
events were compatible with various background 
modes, and 19 events remained unexplained. 

The 116 events whose geometrical reconstruc-
tion did not converge in THRESH were discarded 
from the sample. THRESH did, however, find 
first approximations for the geometrical param-
eters of all but four of these events. A two-dimen-
sional scatter diagram of the transverse momenta 
of the charged secondaries for these 112 decays 
was made; 14 very badly distorted events, whose 
estimated transverse momenta are patently 
greater than the maximum values kinematically 
possible in Ke3 decay, were neglected, and the 
distribution of the residual 98 was compared with 
the corresponding scatter diagram for the 440 ac-
cepted K? decays. This comparison seems to in-
dicate a slight lack of events with low transverse 
momenta (presumably Ka3 decays) among the re- 
jected events. 

The fact that the different decay modes may 
not be present in the same proportions within the 
samples of accepted and rejected events intro-
duces an error which was taken into account by 
estimating maximum and minimum values for the 
numbers of events of each mode within the dis-
carded events; the effect this would have had on 
the branching ratio estimates, had all events been 
accepted, could then be estimated. These new 
errors were found to be of the same order of mag-
nitude as the sampling errors, and both were added 
quadratically to obtain the errors quoted in the 
results. 

References 
1. A preliminary account of this work, employing an 

invalid maximum likelihood function, was included 
by error in the report of the Sienna International 
Conference on Elementary Particles 1963, although 
it was not in fact presented at the conference. 

2. L. Bertanza, P. L. Connolly, B. B . Culwick, F . R. Eis-
ler, T. Morris, R. Palmer, A. Prodell and N. P.Sa-
mios, Phys.Rev. Letters 8 (1962) 332. 

3. F.S.Crawford et al., Int. Conf. on High-Energy Phys-
ics at CERN (1962) p. 270. 

4. A. Pais and S. B.Treiman, Phys. Ref.105 (1957) 1616. 
5. D. Luers , I.S..Mittra, Ve. J. Willis and S.S. Yamamoto, 

Phys. Rev.133 (1964) 1276. 
6. R. K. Adair and L. B. Leipuner, Physics Letters 12 

(1964) 67. 



Volume 16, number 1 
	 PHYSICS LETTERS 	 1 May 1965 

7. G.P.Vardenga, D. M. Kotliarevsky, A.N.Mestvirish- 
. 

	

	Mestvirish- 
viii, D.V.Neagu, E.0.0konoV, N.I.Petrov, V.A. 
Rusakov and Wu Tsun-Fan, Preprint P-1920 (1964) 
JI/s1R, Dubna. 

8. A.H. Rosenfeld, A. Barbaro-Galtieri, W.H.Barkas, 
P. L.Bastien, J.Kriz and M. Roos, Rev. Modern Phys. 
36 (1964) 977. 

83 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139

